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The African Network for Soil Biology and Fertility (AfNet) of
the Tropical Soil Biology and Fertility (TSBF) Institute of CIAT

c/o ICRAF, United Nations Avenue, Cigiri
P.O. Box 30677 Nairobi, Kenya
Tel: (254)-2-524755/6; Fax: (254}-2-524763/4

The Tropical Soil Biology and Fertility {TSBF) Institute of CIAT is a
research programme whose main aim is to contribute to human welfare
and environmental conservation in the tropics by developing adoptable
and suitable soil management practices that integrate the biological,
chemical and socio-economic processes thal regulate soil fertility and
optimize the use of organic and inorganic resources available to the
fand users. TSBF research basically targets the empowerment of farmers
so as to effectively (i} manage nutrient cycles: (i) manage below ground
biodiversity and (iili) manage ecosystem services, so as to achieve the
necessarry sustainable Agro-ecosystermn management,

‘The African Network for Sofl Biclogy and Fertility (AfNet) is the single
most important implementing agency of TSBF in Atrica, Its main goal is
to strengthen and sustain stakeholder capacity to generate, share and
apply soil fertility and biology management knowledge and skills to
contribute to the welfare of farming communities, It18 a mechanism to
facilitale and promote collaboration In research and development among
scientists in Africa tor the purpose of developing innovative and practical
resources management interventions for sustainable food production.
AfNet has membership from National Agricultural Research and
Extension Services {NARES] and universities from various disciplines
mairdy soil science, social science, agronomy and technology exchange.
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Preface

In Sub-Saharan Africa (554} the economic growth and quality of life
largely depends on the agricultural sector. which accounts for mare
than 25% of the Gross Domestic Product {GDP). Nonetheless, the region
is characterised by declining per capita cereal production estimated at
150kg/person to 130 kg/person over the past 35 vears. As a result
recent estimates indicate that by year 2020, the S5A ammual cereals
imports will rise to more than 30 million metric tons.

Soil fertility degradation has been described as the single most
important constraint to food security in SSA. A large proporti n of soils
in SSA have low inberent fertility but the major cause of soil fertility -
degradation is the imbalance caused by nutrients are not commonly
replaced resulfing to negative nutrient balances. Despite proposals for
a diversity of solutions and the investment of time and resources by a
wide range of instilutions it continues to prove a substantially
intransigent problem.

The effects of soil fertility degradation are not confined to the impact on

agricultural production. The living system of the soil also provides a

range of ecosystem services that are essential to the well being of farmers

and society as a whole. Degradation of the soil resource also leads to:

Reduced capacity to maintain vegetative cover;

Decreased water quality;

Lowered efficiency of use of water and management;

Increased risk from pests and diseases because of lowered biological

centrol capacity;

+ Increased risk to human health for the same reason and because of
lowered water quality;

* Increases in the emission of greenhouse gases with consequent
effects on climate;

¢« Increased prevalence of catastrophic events such as landslides and
floods.

®« » O

In 1988, the Tropical Soil Biology and Fertility Programme {TSBF}
established the African Network for Soil Biology and Fertility {AfNet) as
the single most important implementing agent of TSBF programme.
The network has the overall goal of strengthening and sustaining
stakeholders capacity to generate, share and apply soil fertility
management knowledge to contribute and to the welfare of farm

¥
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commurtities. AfNet ts a network of resource management scientists
waorking in Africa whose objective is to promote research collaboration
to develop sustainable soil management practices through the
manipulation biological processes that control soil fertility. The network
is unique in that research projects are developed primarily by scientists
within national academic and research institutions so that research is
conducted to meet national or regional pricrities as well as personal
and institutional goals. The purpose of this network research is to apply
the principles of soil biology with emphasis on ways to increase food
production in smallholder production systems. This book is a synthesis
of results from AfNet and other sources and presents the views of African
scientists on the critical issue of improving the fertility and productivity
of the soils of the continent. The book incorporates both thematic and
agroecological reviews. In the former case the main thrust les in an
integrated approach to soil fertility management - combining biclogical,
physical and socio-economic scientific research with farmer’s needs and
ppportunities. In the latter, the focus is to apply the lessons from the
integrated analysis to the particular problems of different agroecological
zones. This book represents the first step in disseminating AfNet resulis,
concepts and recommendations to its clients. The writing of the book as
a collaborative effort of scientists from several African couniries has
forced a synthesis of results and a sharing and distillation of ideas
among network members from many countries and institutions. The
book also attemnpts to compile the available information from the
literature and from on-going work in soil biology. The target of such a
book is the first level of clients - researchers and development personnel
in Africa and influential international agencies. However, the authors
have also attempted to address the issues of dissemination of results to
the ultimate client - the farmer.

The presentation is divided into three main sections. The first section
{Chapters 1 and 2) introduces the principles of soil biology and fertility.
The second section (Chapters 3 to 8} focuses on the major production
systems in each of the main agroecological zones in Africa. The ecological
zones and the main soil fertility constraints are defined followed by
selected case studies of tmportant production systems. Each chapter
has a synthesis of strategies for integrated resource management for
that agroecological zone. The final section {Chapter 9} integrates the
coneepts in the framework of integrated soil fertility management

We anticipate that the book will serve as a source book for university
students, alongside the two previous TSBF texts {Laboratory Methods
of Soil and Plant Analysis: A Working Manual. edited by J.R. Okalebo,
K.W. Gathua and P.L. Woomer and The Biological Management of
Tropical Soil Fertility, edited by P.L Woomer and M.J. Swift). Teachers
of courses on soil biclogy and fertility in the region currently have only
limited exarnples from the iropical setting. Students sometimes have
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difficulties relating exampies from textbooks devoted almost exclusively
to temperate region agriculture to production systems in tropics. The
format of this book is however, aimed to serve as a source text for courses
in soil biology and fertility as a reference for agricultural scientists and
development workers interested in sustainable agriculture in the tropics.
We are grateful to DANIDA who provided funds to support the
workshop where the initial ideas to write the book were developed as
well as subsequent meetings tn Nairobi of the Editorial Committee
{Mwenja Gichuru, André Bationo, Mike Swift). Dr. Mary Scholes. of the
Department of Botany. University of the Witwatersrand, Johannesburg,
Republic of South Africa. and a long time AfNet member, organised and
provided the logistical support for the workshop. We are also grateful {o
the Technical Centre for Agricultural and Rural Cooperation {(CTA) who
provided the funds for the publication of this book. We also owe a debt
of gratitude to the African Acaderny of Sciences who through their
Acadermy Science Publishers kindly agreed to make our dream a reality
by publishing this book. Special mention is made to the efforts of
Professor Samuel Q. Akatch of the Academy Science Publishers who
worked tirelessly to co-edit the book and organise its final layout.
Professor G.B.A. Okelo and Professor Thomas Odhiambo of the African
Academy of Sciences on their part spared time fo give valuable advise
and direction for the book. All these efforts added value to the final
~putput of the book. Last but not least we would also like to take this
opportunity to thank all those who have been involved in one way or
another to make this book a reality. Particular mentfion goes to the
various donors who have funded the TSBF African Network research
aver the years and especially the Rockfeller Foundation.

Mwenja Gichuru
André Bationo
Mike Swift



Introduction

A. Bationo

AfNet Coordinator, TSBF-CIAT, P.O. Box 30677, Nairobi,
Kenya '

Soil fertility depletion has been described as the major biophysical root
cause of declining per-capita food availability in smallholder farms in
sub-Saharan Africa (854), with a decline from 150 to 130 kg per person
over the past 35 years in production. Emerging evidence attributes this
to insufficient nutrient inputs relative to exports, primarily through
harvested products, leaching, gaseous losses and soil erosion. This
results in yields that are about 2-4 times lower than the potential,
Adequate and better solutions to combat nutrients depletion where
known, are often limited in application because of the dynamics and
heterogeneity of the African agro-ecosystems in terms of biophysical
and socio-economic gradients, This calls for systemi-specific or {lexible
recommendations, rather than monalithic technical solutions such as
blanket fertiliser recommendation.

In essence, overtime, this has necessitated changes in research
approaches and context. There is more emphasis and shift in focus o
the identification of productive and sustainable alternative land
management techniques for the diverse farming circumstances of SSA.
The need has been recognised for integration of socto-economic and
policy research besides technical research geared to understanding
farmers’ perspectives and constraints. Soil fertility can no longer be
regarded as a simple issue squared by the use of mineral fertilizer as
the mainstream research approach. Moreover, reliance on the mere
combination of organic and inorganic sources of nutrients alone may
have its gwn limitations.

Emerging evidence indicate that there is considerable consensus on
guiding principles for integrated soil fertility management (ISFM) as the
more pragmatic and feasible approach to overcome the limitations of
past research approaches. As a holistic approach to research on soil
fertility, ISFM embraces responses to the full range of driving factors
and consequences, namely biological, physical, chemical, social,

Xiv
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economic and political aspects of soil fertility decline. The appreach
encompasses nutrient deficiencies, inappropriate germplasm and
cropping system design. pest-disease interaction with soil fertility, linkage
betweern land degradation and poverty and global policies. incentives as
well as institutional failures. Such long-term sofl fertility managemen:
strategy requires an evolutionary and knowledge intensive process and
participatory research and development focus rather than a purely
technical focus.

Translating knowledge gain and research outputs from processes
into farm practices to increase productivity may require both mechanistic
{e.g. defining recommendation domains with respect of biophysical and
socio- economic conditions and extrapolation potential} and humanistic
approaches (e.g. utilizing farmers experiences as a guide to the
dissemination of technologies), Thus. farmers’ practices and needs are
linked with current scientific information and technology,

Despite prescription of a diversity of solutions and the investment
of time and resources by a wide range of institutions and partners, soil
fertility management in SSA has continued to be a substantially
intransigeut problem. Research efforts and results of the African Network
for Soil Biology and Fertility (AfNet) of the Tropical Soil Biology and
Fertility (TSBF) Institute of CIAT {formerly TSBF Prograunme of UNESCO)
have however shown that the challenges faced in combating soil fertility
decline while daunting. are nevertheless not insurmourntable. This
initiative has operated through networked experiments, information and
documentation and training and capaeity building with about 200
scientiats from National Agricultural Research and Extension System
{(NARES} and universities in countries in Eastern, Southern, Central
ard Western Africa. AfNet ensures catalysis, facilitation and collaboration
among partniers in ecology, sofl sclence, sconomics and secial sciences
underpinning the biological basis of soil fertility managerment,

Since its establishment in 1988, AfNet has been the single most
important multidisciplinary implementing agency of the TSHBF
Programme. The senior authors of the chapters in this book are all
members of AfNet, The results of the report however draws on a much
wider source of literature of many institutions and individuals to give a
broader perspective to the review. Since AflNet members are often
members of other networks interactions focus on bringing together
different but complementary approaches to ISFM and hence complement
the agrononyic and genetic expertise of other organizations with AfNet's
biological and ecologival approaches. Over a period of a decade, AlNet
research efforts have been directed towards empowering farmers and
land managers to combat soil nutrient depletion and land degradation,
as major threats to food production in important agro-ecological zones
(semi-arid. sub-humid, and humid zones) of East, Southern, Central
and West Africa. These cover intensively managed irrigated lands,
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intensively managed high-quality rainfed lands, densely populated
medium guality rainfed intensively managed lands and hill masses;
extensively managed marginal lands and urban and peri-urban
agricultural lands. This book is intended to summarize and highlight
research findings accrued and their merit and/or lmitations in
confronting decline in soil fertility and agricultural productivity.

The book takes a regional perspective in order to confront the
dynamics and heterogeneity of the African environiment. The region-
specific case studies are preceded by expositions on global perspectives
of soil fertil’ty and ISFM in S5SA. The case studies finish with outlines of
research gaps. This book approach and context is expecied to appeal to
a wide range of audience in readership.
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Perspectives on Soil Fertility
in Africa

S. M. Nandwa

Kenya Agricultural Research Institute,
Nationat Agricuftural Research Laboratoties,
P.O. Box 14733, Nalrobi, Kenya.

Iintroduction

Sub-Saharan Africa (S5A) is as the area south of the iscline of 75 days
length of growing period, which runs from east to west through Southern
Mauritania, Central Mali, Niger, Northern Chad and Sudan. It has a
total land area of 1,510,600 ha. In S5A countres, like many other
developing countries, the economic growth and quality of life largely
depends on the agricultural sector, which accounts for more than 25%
of the Gross Domestic Produet {GDP), and is a source of income and
employment for the rapidly expanding population {3% per annum),
Recent estimates indicate that by the year 2020, the S58A annual cereal
imports will rise to more than 30 million metric tons, because the per
capiia food production continues to decline against a background of
rapidly growing population, as indicated by statistics given in Table
1.1, Pegged on an index of 100 for agricultural production and per capita
food production in the year 1979/1980, there was a significant decrease
of 12% in per capita food production in the period of 1975-80, However,
the decline was more marginal. Apparently the level of production did
not mateh pepulation increase. Thus while production increased by
37% in the period 1980-95, the increase in population was more than
54%. This failure to match food supply to demand in S8A is being
attributed to land degradation associated with {he intensification of land
use for agricultural production without adoption of proper land
management practices and exter nal inputs (Henao and Baanoante, 1999},
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Table 1.1. Agricultural production {total and per capita), population and fertilizer
consumption in S8A in the period 1975 - 1995,

Year Agricultural Population Per capita food Fertilizer
production index (milion} production index consumption
{1979 - 80 = 100) (1979 - 80 = 100} (1060 ton)
1975 a7 318 112 693
1980 100 &7 100 858
1985 114 425 98 1220
1950 132 498 98 12306
1885 137 564 96 1278

Source: FAQ, 1995

According to Cleaver and Schreiber {1994}, the problem of food
insecurity is most acute in Africa compared to other developing countries,
The authors argue that the attainment of food security in Africa, through
increasing per capita agricultural production, is closely linked with
reversing agricultural stagnation, safeguarding the natural resource
base, notably, vegetation, water, biodiversity and soil fertility, and
reducing population growth rate.

Soil fertility management is one of the most cherished natural
resource that requires to be safeguarded at all costs, According to recent
studies, the three roof causes of declining per capita food production in
Africa, are those of
il Lack of an enabling socio-econemic environment such as limited or

lack of access to credit facilities, inputs and impliments, markets

and extension information. poor communication angd infrastructure.

Lack {inadequate) supportive socio-economic environmnent is linked

to recent changes in agriculture-related policies, with negative

consequences in agricultural intensification,

{ii} Limited agricultural intensification and diversification with high value
crops and tree {forestry) products {Sanchez and Leakey, 1897,
Sanchez et al., 1996),

{iit) Land degradation manifested in form of soil fertility depletion,
especially under smallholder farming sector {Stoorvogel and Smaling,
1990G; Smaling ef al, 1997) and nuirient imbalance on large scale
farms {Nandwa and Bekunda, 1998).

Soit fertility can be dpfined as the capacity of a sail to support plant
growth and is determined by the physical, chemical and biological
properties of the soil {Ingram, 1990}, Soil fertility is closely linked to
productivity and is a function of individual soil variables {inherent and
influenced) such as climate, management and slope. According to the
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Tropical Soil Biology and Fertility {TSBF] Programime, two perspectives

of soil fertility are presently recognised [Seward and Woomer, 1992;

Seward and Swift, 1993). The first recognition is that the capacity to

manage soil fertility is dependent on the understanding of the biclogical

processes regulating nutrient flux, organic matter dynamics and soil
structure modification. The second recognition is that effective soil
fertility management can be achieved by the integration of the
contributory soil processes with other factors regulating ecosystem
dynamics including those of resource availability and access, and the
farmers’ decision making precesses., Therefore, in this context, soil
productivity strictly relates to the inherent or intrinsic soil quality and
refers to the productive potential of the soil [Tengberg and Siocking,

1997). Soil fertility decline and hence reduced productivity is a subject

ol major concern and debate in Africa.

Evidence and indicators of soil fertility decline in East and Southern
Afrtca {Nandwa, 1999; Nandwa and Bekunda, 1998) and West Africa
(Bationo ef al., 1999; Bationo ef al., 1998} includes:

i) Appearance of widespread distribution of seils deficient in major
macro-nutrients and micro-nutrients [ascertained from
comunensurate crap responses and soil analyses and local soil quality
indicators):

(i} Widespread appearance of plant species which thrive only under
tow soil fertility such as striga weed and poverty grass;

(ifi} Changes in soil colour and texture associated with low fertility;

{iv] Widespread negative nutrient balances.

Causes of decline include: widespread disappearance of soil fertility
restoration practices such as fallowing and inadequate and inappropriate
nutrient adding practices and nutrient saving practices. The challenge
of overcoming soil productivity decline is exercerbated by the fact that
soil fertility status is not a static phenomenon (temporal variability),
and that soil fertility can be fairly complex and heterogenous from the
spatial point of view. Both issues are addressed in this chapter. The
overall objectives of this chapter may be summarized as follows: to
discuss the complexity of the variable African Environment followed by
an exandnation of the changes that have taken place, or continue to
take place in the African Farming Systems, which have contributed to
the serious nutrient depletion in Africa. In spite of enormous research
on soil fertility problems in Afriea, the continent is still haunted with
huge food deficits attributed to low crop yields due to low soil fertility.
which is said to be at stake (Smaling et al, 1997} Low return to
investment in soil fertility research in the past, mitigates for change or
shifts in seil fertility research approaches.
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Heterogeneity of the African Environment

Africa is & continent covering an area of about 30.1 Million km?, out of
which about 2.3 Million km® represents natural water resources (FAQ,
1978]). The continent is diverse in endowment of agricultural rescurces.
Approximately 27% of ifs total landmass is considered as potentially
suitable for agricultural production {about 874 miilion ha}. About 33%
is too dry for rainfed agriculture. Most of the humid eentral region s
agriculturally not used due to poor infrastructure, diseases (human,
livestock and plant] and variable rainfall. Its diversity is also reflected
in the wide range of climate {from arid to humid), altitude {from sea
level to mountain peak) and geology (from young o old geological racks).

Agro-ecological diversity

An Agro-Ecological Zone {AEZ) has been defined as a geographical area
which represents approximately homogenous soil and climate conditions
capable of producing approximately the same rainfed potential yield of
crops, vegetation, Hvestock and their by-products depending on the relative
state of soil quality and variability, Different criteria have been used to
define AEZ. Climate and particularly rainfall, or a derivative thereof have
usually been used as the primary determinant of AEZ. Besides rainfall,
several other indices have been used to stratify $5A into AEZ as shown in
Table 1.2, Thornwaite {1948} used the index of total monthly precipitation
{P) divided by total monthly evaporation (E); each month's P/E being added
together to obtain the indices for Arid zone (18} and Semi-Arid {16-31).
Martonne (1962) used the aridity index said to be equal to:

-H

+10

Where

n = number of rain-days

p = mean precipitation per day (mm)

t = mean temperature for the peried (°C)

Troll {1966) stratified climatic zones according to the number of
humid months, defined as those months in which precipitation (F) is
greater than evaporation (E). This scheme has also been used by FAO
{1981} but defined in terms of months in which P is greater than 0.35E.
FAQ (1981) has also defined climatic zones on the basis of total rainfall
and also length of days of growing period (FACQ, 1978). In the latter
case. length of growing period is defined as the accumulated number of
days in which mean daily rainfall is greater than 50% E. Sombroek ef
al., (1982) stratified zones, defined as ratio of average rainfall (r) over
average annual potential evaporation (E ) measured as a percentage.
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On the basis of rainfall and temperature regime, $8A can be divided
into different Agro-Ecological Zones. Most classifications use the Length
of Growing Period (LGP} which defines the potential moisture supply to
the crop. Using this criteria, there are three major AEZs in S8A. These
include the send-arid zene (LGP 75 ~ 179 days, 34% of total SSA area),
the sub-humid zone [LGP 180 - 268 days, 38% of the total S5A area)
and the humid zone LGP > 270 days, 28% of total SSA area), as shown
in Fig. 1.1. There is a strong correlation between nutrient depletion, the
AEZ {Fig. 1.1) and the dominant major soils of each AEZ as shown in
Fig. 1.2 according to FAO classification system (Deckers, 1993). In the
semi-arid zone, Lixisols, Arenosols and Vertisols cover 33%, 26% and
10% of the total surface area, respectively, while Ferralsols (32%), Lixisols
{29%). Arenosols [10%), Acrisols (9%) and Nitisols [8%] are the most
dominant soils in the sub-humid zone. In the humid zone, Ferralsols
[32%), Acrisols {12%]. Arenosols [9%) and Nitisols (3% are equally
important. From the crop production point of view, Ferralsols, Acrisols
and Lixisols are of low chemical fertility while Arenosocls are of poor
physical fertility. These soils are most dominant in the humid and sub-
humid zones, Because of these relationships, the logical way to assess
soil fertility problems in S5A, in the light of sustainability, is to stratify
5S5A on the basis of AEZs (FAG, 1978 - 1981), focussed on the area of
interest. While the zonation in West Africa is stmplistically concentric
{latitudinal} away from the coastline, zonation in the Central. East and
Southern Africa is guite complex and varied within a short distance.
The latter region is the main focus of this book.

Figure 1.1. Average Nutrient Depletior: (NPK) n Aaroecniogical Zones in Afnca fYears
1993-95)
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Figure 1.2 Average Annual Nutrient Depletion (NPK) in Soils in Africa {Years 1893-95)
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Zones of focus and diversity of abiotic components or
major soil units, constraints and potential land use

{a) Sub-humid Zone

The 8SA sub-bumid zone identified on the basis of LGP, includes three

sub-regions;

*  The sub-humid West Africa (LGP 180 - 269 days with 1,200-500mm
rainfall and 8 humid monthsj consisting of parts of Nigeria, Ghana,
Benin. Céte d'lvoire and Guinea.

*  The sub-humid and mountainous East Africa (LGP 180 - 269 days
with 1,200-500mm rainfall, 8 humid months} consisting of Kenya,
Ethiopia. Madagascar, Uganda, Eritrea, Rwanda and Burundi.

» The sub-humid and semi-arid Southern Africa (LGP 120 - 179 days
with 1,200-800mm rainfail, 6 humid months} covering Tanzania,
Zambia, Mozambique, Zimbabwe. Botswana, Namibia, Angola,
Swagziland and Lesotho.

The characteristics of the major soil unifs in the sub-humid and
mountainous East Africa and the sub-humid and semi-arid Southern
Africa are given in Table 1.2 and 1.3. Table 1.3 aiso shows characteristics
of major soil units in the Homid and Sub-humid West Africa, The major
s0ils include Cambisols, Leptosals, Nitisols, Acrisols, Ferralsols and
Vertisols. Of these soils, Cambisols tend to be found mainly in the
mountainious steep highlands and upland areas. while Nitisols are often
Incated in the uplands as well as lowlands, especially in Ethiopia and
Kenva. The most dominant soils in the sub-humid Scuthern Africa are
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Lixisols, Acrisols, Ferralsols, Luvisols, Planosols, Fluvisols, Histosols
and Vertisols. Planosols are generally found in the sub-humid and most
East African parts while Acrisols and Lixisols are found extensively in
Tanzania, Zambia, Mozambique and Zimbabwe. Fluvisols and Luvisols
tend to be found in river plains, depression lowlands, swampy areas
and valley bottoms in the East and Southern Africa.

(b} Seml-arid zone
The semi-arid zones and arid drylands cover 4.8 and 6.1 Million km? of
Africa. respectively {Ayensu, 1985]). They are characterized by
unpredictable and poorly distributed rainfall within and between
seasonal rainfall variatien from location fo location. This is particularly
true for the semi-arid areas in East and Southern Africa, whereby this
feature has negative consequences on livestock and extensive crop
production systems. Such effects have also much more serious
implications in the semi-arid zones of Central and West Africa.
Defined on the basis of LGP, the semi-arid zones of Southern Africa
have between 75 and 119 days annually for crop growth {FAO, 1978).
In southern Africa, semi-arid areas stretch from the middle veld in
Zimbabwe through the low veld which continues into parts of South
Afriea across Beitbridge and Messina in south east of Zimbabwe.
Extensive parts of Botswana are in arid to semi-arid zones and are
continusus to Namibia and South Africa, predominantly comprising
the Kalahari and Namibian deserts.

Table 1.2, The characteristics of the major soif units in sub-humid East and Southern
Alrica

Sub-hurmid and mountain East Africa

Major soil  Texture Characteristics/ Major Potential

Units diagnoses congtraints tand use

Cambisois mediumto  Cambic B horizon, shallowness  grazing and crop

fine slightly or and stoniness  production

maderately
weathered

Nitisols fine texture  Argic B honizon, suitable for most
high aggregates corop production
stability, good

maoisture holding

Pilanosols  clay alluvial  Stagnating E: horizon  -waterlogging  grazing and
and alluvial  slowly permeable -low fertility fimited cropping
deposil subsoit layer-low -low buffering

structure stabiity capagcity
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Table 1.2. {Cont’)

Semi-arid and sub-humid Southern Africa

Ma[jor sl Texture Characteristics/ Major Potential

Uniis diagnoses Constraints land use

Ferrasols  finer than Ferraiic B horizon low fertility, forest, crop
SL>8% CECs 16 cmolikg iow water production and
clay holding agroforestry

capacity,
high Fe®,
Mg? and Al

Acrisols finer than Agric B horizon, The same as  The same as
SL.>8% CEGs 24 emobkg, above above
clay BS<than 50%

Lixisols finerthan  Agric B horizon Thesameas The same
SL>8% CECs 24 cmol/kg above as above
clay

Luvisols  mediumto  Agric B horizon, Waterlogging  suitable wide
fise CECs 24 emolikg SB? range of erop

50% production

Fluvisols  coarse developed from Jow wide range of
sand to glluvial deposits, accessibility,  crop production
heavy clay  fiuvic properties waler logging

ang acidity

Source: FAD, (1991, Word Soil Resources No. 88)

The most dominant soils include Lixisols (FAQ/UNESCO, 1990) or
Alfisols/Oxic Kandiudalfs (USDA, 1975)L Arenosols (FAQ/UNESCO,
1990} or Entisols/Psamments (USDA, 1975) and Vertisols {(FAQ/
UNESCO, 1990). Lixisols are soils of importance in South and East
Africa and in Madagascar. Although these soils have better physical
fertility and storage of cations than Acrisols, they however have a clay
accumulation horizon with a low capacity to store plant nutrients. Their
pH is medium to high but with neo occurrence of aluminium toxicity. An
important area of cccurrence of Arenosols is in South and Western Africa
including parts of Botswana, Angola and Southwest parts of the
Democratic Republic of Congo (DRC). Arenosols consist primarily of
quartz with low water-holding capacity and nuirient content, a low
nutrient retention capacity and deficiencies of micronutrients {(zinc,



Table 1.3. Physical and chemical soil constraints fo production (thousands of ha, and % of the sub-humid African zones)

Physical constraints

Chemical constiaints

Zone Total  Steep Sandy  Specitic  Low Alumi-  Phog-  Low Excess Excess Excess  Sulphate
land slopes texture manage- nutrient  nium phorus  pota- soluble  sodium  calcium  acidity
area ment retention foxicity  fixation ssium  salts carbonate

problems hazard hazard  supply

Humid and 2086 153 575 63.0 11.9 67.1 38.1 86.3 3.0 39 06 1.8

sub-humid 7.4 (278 (305 {56.2) (32.5) (18.4) (41.8) {15} (1.9 {0.3) 0.9)

West Africa

Sub-humid 2510 848 19.1 522 60.7 455 34.0 £0.8 12.3 B.2 22.2 Q7

and mountain 218) (7.6) {20.8) (24.2) (18.1) (138} (242) (4.9) (2.5) (8.8) {0.3)

East Africa

SBub-humid B582 481 2714 §1.1 ap7.8 169.1 99.2 1719 144 7.0 31.8 0.2

and semi-arid (8.8) {485  (9.1) {69.3) 302y (177 (307 (28 (1.8 {57} 0.0

Southern Africa

Source: (FAQ, 1986)

EOMY Ul Ao H0G U0 SOMI8088d
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manganese, copper and iron} usually bonded 16 clay or organic matfer.
These soils suffer from severe leaching (ritrogen and potassium} and
deficiencies of sulphur and potassium are common, They are highly
prone to compaction of the subseil and erosion of the topsoil due to
their weak structure. The largest distribution of Vertisols occurs in the
semi-arid and sub-humid zones especially in Ethiopia and East African
shores of Lake Victoria. During the rainy season, Vertisols expand and
surface flooding becomes a major problem to arable cropping {due to
high conient of swelling clays], while in the dry season the clay shrinks
and large deep cracks develop. This implies that tillage is hampered by
stickiness when wet and hardiness (stoniness] when dry. These soils
have a very narrow range between moisture stress and water excess,
with low permeability when moist (hence sensitive to erosion). Vertisols
are generally chemically fertile {but phosphorus availability may be low).
Losses of nitrogen under waterlogged conditions tend to be very high.

{¢} Humid zone

The Humid zone of SSA conasisis of two sub-zones:

{i) ‘The Humid Central Africa consisting of Cameroon, Central African
Republic, Equatorial Guinea, Congo, Gabon and parts of DRC;

(1} The Humid - Sub-humid West Africa consisting of parts of Nigeria,
Benin, Togo, Ghana, Cote d'lvoire, Liberia, Guinea, Sierra Leone
and Guinea-Bigsau.

The most dominant soils are Ferralsols [FAQ/UNESCO, 1980) or
Oxisols (USDA, 1975) and Acrisols [FAQ/UNESCO, 19890) or Ultisols
[USDA, 1975). Ferralsols and Acrisols are characterized by low capacity
to supply and retain nutrients (at acidic levels) which makes them prone
to leaching of nitrogen. These soils also have a high capacity to fix
phosphorus by free but toxie iron and aluminium oxides, Other common
deficiencies include bases and molybdenum. They also suffer from the
problem of moisture availability (both] and shallow rooting and high
erodibility {for Acrisols). Correction of soil acidity through liming and/
or organic matier management is one strategy to improve productivity
of these soils,

Diversity and Complexity of Biotic Components of
Agroecosystems

The diversity of $8A is in both natural and agricultural ecosystems. A
major distinguishing feature between agricultural systems compared
to natural systems is that of the internal regulation of the ecosystem
function. Most Agroecologists agree that in a natural ecosystem, the
internal regulation of function of the ecosystem is substantially a product
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of plant biodiversity through flows of energy, nutrients and information.
On the other hand, this function is increasingly invested in the below-
ground subsystems, regulated predominantly by agrochemicals, with
the advent of agricultural intensification. The structure of agricultural
system is perceived conveniently represented as a hierarchy, in whose
products of interaction at the system function level are often not scale
neutral. The biologists perceive a production unit as a convenient scale
for study, characterized by the existence of fixed boundaries that facilitate
ecosystem energy and/or nutrient budgeting. The boundaries are
determined by social or economic factors as well as biological and/or
physical factors, which may regulate or constrain ecosystem functioning.
In considering the functional regulation of an agricultural system, Swift
and Anderson (1993), sub-divide the hiological production system into
three subsystems: The plants, the herbivores and the decomposers as
shown in Figure 1.3. They also do classify the biotic components of
agricultural ecosystems in relation to the role they play in the productive
function of the systemn, as well as in conventional ecosystem function
term. The first class, termed the productive biotic consists of primary
production or the crop plants and secondary production or the livestock;
which account for the production of food, fibre or other products for
consumption, use or sale, for medicinal or construction purposes. This
is the component of biota that is deliberately chosen by the farmer and
is the main determinant of the diversity and complexity of the system.
Shifting cultivation farming system and the smallholder mixed farming
system are examples in which internal ecosystem regulation is by
biodiversity and agrochemicals, respectively. The second-class, termed
beneficial resource biota consists of organisms which contribute
positively to the productivity of the system but do not generate a product
directly utilized by the farmer. This class might include plant species
used as bicmass transfer, improved fallows or cover crops for
management of soil fertility. Some of the plant species may have both
beneficial and deleterious effects such as leguminous weeds recycled
back to the soil. A common dominant example of short-term fallows in
the humid forest zone is Chromolaena odorata. Also fauna and flora of
the decomposer system also fall in this class, and also predators of
pests used directly as a biological control strategy or through inclusion
of plants that encourage diversity in the herbivore subsystem. The third
class, termed the destructive biota consists of weeds, animal pests and
microbial pathogens, whose management is targeted at lowering their
diversity.

The subsystemn relationships discussed above indicate that ecological
questions regarding ecosystem function and biodiversity in
agroecosystems are pertinent to the concerns of practical agriculture.
This is particularly significant in the issue of internal complexity such
as nutrient cycling and efficiency of resource use. These findings are of



Figure 1.3. The functional reguiation of an agricultural productive system
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of importance in soil fertility management. This mitigates for the need
to change strategy to exploit biodiversity, as this leads to systems that
are more sustainable, productive and more environmentally
conservative. For example, recent studies indicate aliey cropping and
intercropping with 2 or 3 species systems yields comparative or even
higher return than intensive monccrops. Similarly, judiciously
managed smallholder mixed farming systems gives much more
sustained yields than upland cereal-based farming system
characterized by indiscriminate use of agrochemicals and mechanized
operations. Therefore, coupling of activities between the plant and
decomposer subsystemn is a keystone process in ecosystem function
in which plant biodiversity (rather than indiscriminate use of chemicals)
plays an important role.

Changes in African Farming Systems

Although there is no commonly used and accepted comprehensive
definition of a farming systemn {Simmonds, 1984}, nevertheless, it is
often defined as a unit consisting of a human group [usually a
household} and the resources it manages {land, labour. capital} in its
envirorment. involving the direct activities of producing plant and/or
animal products {with or without contribution of off-farm activities)
{Beets, 1990). The products rmay be in form of flows of outputs (in an
ecosystem) such as food, raw material and cash. The system is always
a part of a larger social, political, ecenomic, cultural and political
environment, that impacts on everything happening within the farming
system. The type and complexity of a farming system is determined by
both natural and socio-economic factors. Natural factors include both
physical elimatic, topography. soil and physical structure} as well as
hiological factors (crop, livestock, weeds, pests and diseases). Among
endogenous socle-ceconomic factors determining a farming system
include those of family composition. health and nutrition, education
levels. food preferences, risk aversion, attitudes/goals and gender
relations. Exogenous factors include,; population, land tenure. off-farm
opportunities, social infrastructure, credit, markets, prices, technalogy,
input supply. extension and saving opportunities. The farming system
can be pictured as series of Hnked sub-systems such as one or more
socio-economic confrol units, feod processing units and production
units,

Farming systems in SSA are diverse and range from traditional
farming systems, through a range of changing phases of true shifting
cultivation to permanent and intensive arable cultivation with livestock
and range production, at times with integration with wildlife
enterprises. It is important to emphasize that in all areas, traditional
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farming system {including their pertinent soil management practices)
were evolved and continue to evolve as coping strategies for the
environment, and its changing biophysical and socio-economic
circumstances. This in essence means that current farming systems
are a mixture of aspects of traditional farming system, emergent and
modern farming system or agriculture. In some areas of 83A, only one
farming system can be found. For example we find shifting cultivation
in large forest areas, while in other parts, several systems can be found
in an intricate pattern or patchwork. The latter system may consist of
a mixture of subsistence farms, for example a combination of
smallholder tea/coffee farms and large-scale plantations as comimonly
ohserved in the highlands of Kenya.

Farming systems have severally been defined using different criteria.
For example, Duckham and Masefield (1971) defined the farming systems
of the world in terms of presence or absence of tree crops, tillage with
grass, bush or forest. or systems of grassland or grazing of land
consistently in indigenous or man-made pasture. The use of this criteria
resulted in four farming systems: very extensive, extensive, intensive
and semi-intensive, In defining farming systems at both farm enterprise
level as well as regional/area level {the recommendation domain), Beets
11990} recognised seven crop-based farming systems:

{ii Shifting Cultivation,

{ii) Lowland Rice-Based System,

{iii) Upland Cereal-Based System,

{iv} Smallholder Mixed Farming.

(v} Irrigated Smallholder Farming.

{vi] Smallholder Farming with Plantation (Perenmnial} Crops, and

villAgroforestry.

More recently, Scherr {1997h; 1999} defined farming systems in
terms of seven land types and associated farming practices/systems
namely; irrigated lands, high to medium quality rainfed lands practicing
either high-external input (market-oriented) agriculture or high-internal
input (subsistence-oriented} agriculture; densely populated, intensively
managed marginal lands: extensively managed marginal lands; and
urban and pert-urban agricultural lands.

A combination of the three classification criteria gives six farming
systems {See Table 1.5); namely, irrigated lands; high quality rainfed
lands; high-medium guality rainfed lands with poor soil fertility; densely
populated marginal lands; extensively managed marginal lands and
urban and peri-urban agriculture.



Tabie 1.5, Major pathways of change in agricultural fand use and farming systerns in developing countries and associated degradation problems

Land type Farming Systems Main Changes On-site Soil Degradation
1. lrrigated a} Cormmercial enterprise With the exception of a} Salinization- thers is need
Lands type of technology e.g. a few countries e.g. Egypt for integration of technical
drier areas of Kenya, where 40% of all arable solutions that work undsr

Sudan Egypt, Chad stc.

b} Traditional techniques
of dryland or upland
system of irigation e.g.
Uplard Rice-Based
Systemns (weflands with
soil flooded to 5 - 10 cm
through rainwater through-
out the growing seasoh)

¢} Phreatic upland or ground
water system depends on
beoth rain and ground water
e.g. lowland rice-based
gystems {swamp land ang
lower parts of catena)

land was under iitigation
(1994) only 4% of Africa’s
arable land is under irrigation
thus making the system lo
be unimportant in many

of the continent’s countries
{World Bank, 1997}
Recently there are increasing
number of plans for lowland
rice-based development of
hitherto unused lowlands

iny Africa especially

in West Africa (WARDA, 1980).

This implies intensification
and divergification of the
system towards the Asia type
of green revelution {e.9. use
of HYVS, agrochemicals, and
mechanization, eic)

b)
£)

prevaiting biophysicat

and sotio-economic conditions
to counteract salinity-
retated problems.

Water logging

Nutrient constraints under
multiple cropping associated
with imperfect marketing
infrastructure and supply

of production inputs.
Biclogical degradation

due to blanket excessive
use of agro-chemicals,
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2. High-guality
rainfed lands:
in areas with
naturally deep
fertiie and less
weathered soils
¢.4. the East African
Hightands, Troplea
areas with vertiscis
and alhsols e g. West
African Savannahs.

a)

b)

Upland Ceresl-based
systems of the East
African Rift Vallay

with soils of high to
medium potental,
whereby cereals ¢.9.
maize, wheal, barley,
Triticale are commercially
and pradominantly
produced as cash crops
{in cereal mone-cropping
tarms but sometimes mixed
with livestock)

Plartation Crop-Based
systems found in Eastern
and Western African
Highlands with farms
dominated with one or
more cash or industrial
tree or shrub erops

{e.g. coffes, tea, cocoa,
oil palm, rubber e..c.)

of hon-waoody perennials
{sugarcane and bananas)

Transition from
predominantly crop-
livestock based systems
1o upland cersal based.
Transition from short
failow to continuous
cropping with
mechanization,
Evolution of present
system comes naturally
vig shifting cultivaton
{e.q. coffee in Ethiopia}
or via arable-cultivation
failow larming towards
a segusnee of arable
cropping-perennial
crops feeding to
stationary systerm,
Expioitation by
migidiermen leads to

a vicious cycle of fow
incoma, litlle plantation
mainignance, low

productivity and low income,
Less commerciakoriented
farms may revert to mulli-

a} Nutrient imbalance

b)

c}

due o non-balarced
fertilization.

Nutrient mining due

¢ depletion

Increased use of low
quality planting materials,
fertilizers and pest control
comributes 1o low
productivity and

tow income

story cropping (e improve productivity

Fiuture sustenance will depend on less reliance
on world market prices which require policy on
the sstablishment of critical hectarage

gl
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3. High-medhm

guality rainfed
intensivaly managed
lands in the Eastemn
and Southern African
Highlands, These
are areas which

are well watered

but with considerable
poor soit fertildy
areas e.g. in Zambia

Densety populated,
semi-intensively
managed marginal
lands e.g. hill masses
of Machakos Distriet,
Kenyz

a3 Smati-holder mixed
farming systems {e.g.
in the highlands of
Kenya, Uganda, Rwanda,
Camearoon, Ethiopia)
with complete crop-
fivestock integration,
Tends to be largaly
subsistense (finger-millet,
maize, potatoas, vegetables,
rice, wheat, teff, fruit
trees, ensel and bananas)
sometimes with cash crops
{toffee, tea, enset, bananas,
chat etc.)

b} Small-holder farming
with plantatian crops.

¢) integration of agro-forestry
practices {“bush faliow”,
home gardens, taungya
afforestation, agro-silviculture,
tradifional agriculiure etc)

Smail-holder crop livestock
system of the arid and
semi-aridd lands in the
Eastern, Southemn and
Wastemn Alrica. The system
is common in the seasonally
semi-arid tropics with high-

Transition from shifting a)
cultivation 1o continuous
cultivation with rotation/ b}
mixed cropping/

multistoreys which tends ¢
to make the system d
sound and sustainable. e
Transition from traditionat
practices to HYVS agro- f)
tachnical sophistication

and fine Wning the system
with erop intensification

and diversification

P

Transition from long to short  a)
fallows or continuos cropping bl
Transition from extensive ¢}
grazing and cropping only

in traditional landscapes

o cropping in new landscape d)
niches e.q. valley bottoms,

Nutrrent and SOC mining
though depietion

Hutrient imbalance due

to non-balanced ferfil:ization,
Acdification

Soil erosion

Biological degradation

with agro-chemicals

Loss in biodiversity resulting
in environmental deterioration

Soeil erosion

Soil fettility depletion
Rernoval of natural
vegetation perennials
from jandseape.

Soil compaction,
physical degradation
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5. Extenswely
managed marginal
lands

6. Urban and peri-
urban agricultural
lands {intensive and
semi-intensive
system}

textured sasily erodible soils hugh fertility niche crops, from over cultivation.
and the seasonally humid inclusion of vanous low &) Acidification.
pars of Eastern and Southem fartiity adapted crops.

African and the marginat

2ones of the 8ahel and Guinea

Savanna patts: with pockets

found gn the deep vertisols e.g.

Kenvya, Zimbabwe and Nigeria,

The system is based on a selt

sufficient semi-sedentary form

of agriculture primarily founded

o grain crops {millet and sorghum

ete. in drier areas, maize gic in

wefter areas) and cash crops such

as cassava, sunflower, forage crops,

cotion, groundnuts and sesame.

The farming systams of the . immigration and land aj Soif grosion from land

Savanna Margins and clearing for low-external clearing,

Pioneer Forests input agricuiture. b) Soil erosion from cropy
livestock production

¢} Sail nutrient depietion

d} Weed infestation

e) Biclogizal degradation
from top soil removal.

{a) Subsistence-oriented, »  Rapid urbanization a}) Soil erogion from poor
compest-based urban »  Diversitication of urban agricultural practices.
agricullure food market, b} Soitcontamination from

{o} Urban sewage tarming +  Hise in urban poverly urban poliutants,

fe} Urban ormamental farming ¢) Overgrazing and

{d} Commercial-onentad compaction.

peri-urban agiiculture

81
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The growih of urban, peri-urban and rural agriculture is now
recognized to be important in the alleviation of food security and poverty
to meet the needs of fast growing population and urbanization. Presently,
nutrient mining, pesticide pollution, water degradation and loss of
biodiversity: besides spread of human disease vectors and air/water
pollution; atiributed to agricultural intensification/extensification,
threatens the attainment of this goal. There is need for interaction
between the three spatially differentiated types of agriculture with
particular regard to food, nutrients and financial exchanges. Future
research should aim at the enhancement in the improvement of these
flows and stocks in order to increase food security and stabllize and
increase the profitability of the three agriculiural sectors. The next section
locks at the strategies for combating nutrient and soil organic carbon
depletion.

Nutrient and Soil Organic Carbon Depletion

The concept of nutrient depletion is derived from quantification of
nutrient flows resulting in negative nutrient balances and/or stocks.
The concept is not new, because more than 150 years ago Justus von
Liebig stated “thal nuotrients taken away from the soll should be
replenished.” This culminated in the recognition of the importance of
plant nutrient balance sheets in soil fertility by Cooke {1967]. More
recently, the attention has shifted from nutrient stocks to nutrient
flows, with the main focus shifting from soil fertility per se, towards
imbalances between nutrient inputs and outputs, and their agronomic,
economic and environmental consequences. This implies that both
organic matier and soil fertility must be recognized as important
regulators of plant nutrients and therefore critical components of
production In cropping and forestry systems (Doran and Smith, 1987),
Although 50M is not a requirement for plant growih per se, it is however
of fundamental importance in chemical, physical and biological aspects
of soil fertility (Follet et al., 1987]. The recognition of the importance of
SOM in nutrient cycling has prompted extensive studies on SOM and
its transformations (Schimel et al, 1985: Janssen, 1987; Parton et
al., 1988], which have provided evidence that SOM is not uniform but
has components that turn over or decompose at different rates.
Therefore, SOM like other plant nutrients, is a depletable natural
resaurce capital (since primary production combines carbon
sequestration by photosynthesis] like with nutrient balances. Soil
Organic Carbon {8OC} has been widely used as an index or indicator
of soil quality and sustainable land management in East and Southern
Africa (Woomer et al., 1994). Yet when it comes to calculating balances,
little attention has been directed to SOC depletion. Results from long-
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term soil fertility trials indicate that losses of upto 0.69 t carbon ha”’

vr'tin the soil surface layers is common in SSA even with high levels

of organic inputs (Nandwa, 2000).

The political significance of the concept is increasingly being
recognized in developed as well as developing countries. The importance
of "nutrient mining” in tropical environments is gaining momentum,
partly as a result of Agenda 21, the legacy of 1992 UNCED conference.
Not too long ago, European member states around the North Sea agreed
on implementing “balanced fertilization” in agriculture by the vear 2002,
despite the fact that an accepted definition of balanced fertilization was
still lacking (Vagstad, 1994). Nevertheless, until recently, the concept of
nutrient depletion was hardly given recognition in SSA. This is because
of several reasons, namely
{if Although nuirient balance studies are supposed to serve the

* reflection and desires of the information users (farmers, extension
staff, researchers, policy makers etc), so far, most studies have lended
to serve research purposes of quantitative understanding of nutrient
pathways and cycling in agro-ecosysiem {Sconnes and Toulmin,

1998],
fi} Not much data was available to convince policy makers and

econagmists about the extent of the problem. Thus despite the long-

term recognition of the problem, the hard data has been very slow
to accurniilate,

(iif} The issue has been perceived differently at various spatial scales.
For example, it is difficult to convince farmers and policy makers
to react proactively to agro-ecosystems with negative nutrient
balances {(depletion class), which are continuously cultivated il
ofganic matter contents can no lenger buffer nutrient depletion,
by making plant available Nitrogen and Phosporus to be more than
what is required.

Nutrient stocks, flows and balances are currently and increasingly
being used as powerful tools for estimating nutrient depletion/
accumulation. There are several, simple and complex approaches and
methods for calculating nutrient balances, which strongly depend on
the purpose of the exercise and the end-user of the results obtained.
Black-box models are mostly used at higher spatial scales and have
“awareness raising” as their main goal, and pelicy makers as the principal
audience. In this approach, nutrient depletion or enrichment of the
system simply follows from the difference between total nuirient inputs
frmineral fertilizers, organic inputs, deposition, biological nitrogen
fixation, sedimentation, subsoil nutrient exploitation) and ocutputs
{harvested products, crop residues, leaching, gaseous losses, erosion,
faeces and urine}, without paying attention to processes within the box..
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More complex approaches used include process models, process and
compartment models; budgeted flows and compartment models; and
simulation models. The compartment approach considers nutrient pools
compartments, connected by nutrient pathways and transfer rates and
allows calculation of output/input ratios for the whole agro-ecosysiem
as well as for each compariment, These dynamic, compartment models
are used at plot and farm level to assist farmers and policy makers in
evaluating the agronomic and environmental impact of their farm
management practices, by providing the nuirient output/input ratios
for each compartment of the farm.

In assessing nutrient depletion through use of nutrient balances,
agro-ecosystems of spatial scale {8), at any given time (t), may be
characterized by a nutrient balance, made up of a nmumber of nutrient
inputs that may exceed nutrient outputs (EZIN - ZOUT>»0, termed
surplus nutrient accumulation class); or where nutrient ouiputs exceed
inputs {ZIN - ZOUT<<0,, termed nutrient depletion class); or where
LIN - TOUT = 0, which is termed balanced or equilibrium class,

Status of Depletion at Different Spatial and
Temporal Scales

Nutrients flow at every spatial agro-ecosystem level [country, region,
district, catchment area, farm, plot and soil solution), but the basic
unit of study in agriculiure is commonly the farm, which is
fundamentally, a socio-economically defined system of production. The
nutrient budget concept also includes different temporal scales, ranging
from a few minutes to geological Hime scales. For example, long-fallow-
based agro-ecosystems do not need to be balanced annually, since a
negative halance in one or few years may be compensated with soil
fertility restoration during subsequent years. According to Fresco and
Kroonenberg {1992) in ecological and geological time-secales, equilibrium
situations as to nutrient budgets hardly exist as climate change,
volcanism and biodiversity development all have their more or less
gradual impact on agro-ecosystems. Irrespective of the temporal scale
at each spatial level, different processes and flows determine actual
value of the nutrient budget. To calculate the nutrient budget of a spatial
scale, one must visualize the box walls that encompass the system.
Table 1.6 and Figure 1.4 indicates the six key nutrient inputs {IN 1-8},
outputs {OUT 1-6) and internal flows NT FL 1-6), and what it takes to
quantitatively analyse nutrient stocks and flows at higher and at lower
spatial scales, and whether to use black box or compartment approaches
and models,
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Tabie 1.6. Nutrient Hows considered in Farm-NUTMON and their sources and dastination

Flows into the farm Destination (unit -
sub-unit}

a2 Mineral fertilizers ppu-soit

INZ Organic inputs

iIN2a organic feeds ppu-f, spu-fe

IN2b organic fedilizers ppu-ff

IN2¢ input by browsing spu-an, spu-dh

IN 24 purchased food hs-fs

iN3 Atmospheric depasition

IN 3a dry depositior: ppu-s0H

iN 3b wet deposition ppu-50il

N4 Biological nitrogen fixation

[N4a symbiotic fixation ppu-crop

IN4b non-symbiotic fixation ppu-Crop

IN5 Sedirmentation, as a result of.

iNba irrigation ppu-soil

IN &b natural flooding ppu-sail

N8 Subsaoil exploitation ppu-soil

Nutrient Hlows out of the farm Source { unit - sub-unit)

OuT i Farm products leaving the farm

QUT 1a  crop product poU-LTOp

OUT 1b  animal products {meat and milk} spu-an

OUT 2 Other organic products feaving the farm

OUT 25 crop residuss ppL-crop

QUT 2 Manure ppu-dh

QUT3  Leaching

QUT 3a"  soil nutrients pRu-soi

QUT 3b  nutrients from dunghills spu-dh

OUT 4  Gaseous losses

OUT 4a  soil nutrients ppu-soil

OUT 4 nutrients from dunghilis spu-th

OUT 4¢  buring of crop residues Spu-CroD

OUT S  Runoff and erosion pr-soil

OUT S Human fasces hs-ff

Key:

ppu - primary preduction unit (crops)

spu - secondary production unit (iivestock)
hs - household

dh - dunghil
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Table 1.8, Nutrien: flows considered in Farm-NUTMON and their source and destination
{continued)

Internal Hows Source Destination
{unit - {unit -}
subunit) subuit)

Fit External feeds

FL 1a consumption of éxternal feeds ppu-if SpU-an
spu-te Spu-an

FL 1b decay of external feeds ppu-ff ppu-soil
spu-fe left-overs

FL2 Housshold waste

FL2a redistribution of heusehold waste ppu-crop ppu-f
ppU-crop spu-fe

FL 2B consumption of household waste ppu-ff Spu-ar:
spute Spu-an

FL2¢ decay of household waste ppu-f ppu-soil
spu-fe left-overs

FL3 crop residues

FL. 3a redistribution of crop residues ppu-crop ppu-ff
ppu-crop spu-fe

FL3b consumption of crop residues ppu- spu-an
spu-fe spu-an

FL 3¢ decay of crop residues ppu-ff ppu-soif
sbu-fe lett-overs

FL 4 grazing of vegetation ppu-ff spu-an

ELS animal manure

FL 5a excréfion of manure by the animals Spu-an spu-dh

FL 5k redistribution of farmyard manure spu-dh ppu-soil

FLG tarm products to the house keeping

FL Ba orop producis to the food stock BpU-crop he-lg

FL 6b animal products to the food stock spu-an hs-tg

FL 62 consumption of food items hs-is hs-is
hs-ff hs-gh

Key:

ppu = primary produclion unit

soil = subunit soit

# = subunit leeds and fedilizers

Crop = subunit crop

spu = gsecondary preduction unit

an = gubunit animals

fe = subunit feed stock

dh = slibunit dunghill

hs = ynit homestead

fs = subunit food steck

t = subunit farm family

ah = gubunit garbage heap
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A majority of the nutrient budget studies in 35A have been conducted
primarily at the Plot/Farm level {(Elias et al, 1998; Baijukya and De
Steenh, 1988, Wooman and Kaizzi. 1998; Harris, 1998 Bosch ef al,
1998; Shepherd and Soule, 1998; Brouwer and Powel, 1998}, with only
a few studies also covering the village/community level (Defoer ef al.,
1998; Brand and Pfund, 1988} and district/country level (Folmer et al.,
1998). Similarly, a majority of the above cited studies have used full
balances {IN 1-5 minus OUT 1-5) except that of Brouwer and Powel
{1998), Harris (1998] and Defoer et al, {1998} who reported partial
balance results {(IN 1-2 minus OUT 1-2), In this context the farm is
conceptualized as a set of dynamic units which, depending on the
management, form the source and/or destination of nuirient flows and
economic flows. The external of the farm is defined in terms of nutrient
pools consisting of markets, other families and neighbours, being a
source and a destination at the samne time which is itself not monitored.
internal to the farm are found the houschold (groups of persons who
usually live in the same house or group of houses and who share food
regularly) and stock {other amount of staple crops such as cereals and
pulses. crop residues for cattle feeding, and chemical fertilizers
temporarily stored for later use]. Within the farm are found four units
examplified by Farm Section Units [FSU} which is farm land with rather
homogenous properties of soil, slope and tenure eharacteristics; Primary
Production Units (PPU} namely, crop activities for example one or more
annual or perennial crops, or pasture; a fallow or a farmyard lccated in
one or more FSU: Secondary Production Unit {SPUY namely, livestock
activities for example a group of animals within the farm that are treated
by the farm household as a single group in terms of feeding, herding
and confinement. usually consisting of a single speeles; and
Redisiribution Unit (RU} namely, location within the farm where
nutrients gather and from which they are redistributed for example,
manure heaps and compost pits.

(a) Higher Spatial Scales: From Continent to District to
Land Use System

The nutrient balanice study for 38 S8A countries (Stoorvoge] and Smaling,
1990, Stoorvegel et al., 1993) involved the partitioning of the continent
into rainfed cultivated, irrigated and fallow land, for which FAO provided
hectarages and yields. Rainfed land was further divided on the basis of
the length of growing period, and the FAQ Soll Map of Africa, at a scale
of 1:5000 000. The basic spatial unit was the land use system, for which
5 nutrient inputs (IN1-5) and 5 nutrient outputs {OUT 1-5] were
calculated. For this fask, country statistics. maps, reports and literature
wete senitinised.
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The amount of data available to ¢aleulate IN 1-5 and QUT 1-5 varied
largely between and within countries. As a consequence, much available
detail had to be dropped and diserete ratings had to be developed for
variables that normally represent a continuum. Soil fertility classes, for
example. were merely rated low (1), moderate {2}, high {3), on the basis
of soil clagsification (sub) orders. Mollisols, for example, were ranked 3,
whereas Psamments were ranked 1. Also, average values were used for
properties that showed wide ranges, such as crop nutrient contents.
Other methodological setbacks at this spatial scale are discussed in
detail by Stoorvogel and Smaling (1997).

Results obtained {Table 1.7} cant be portrayed per land use system,
per agro-ecological zone, per country and also per nutrient for the entire
continent, The average N, P and K balances for 88A were -22, -2.5 and
'5 kg ha' yr'. respectively. It is particularly nutrients exported in
harvested products (OUT 1} and in runeif and eroding sediments {OUT
5) which are high and which cause the balance to be negative. The
implication of the N value, for example, is that on the average, soils in
38A have to supply 22 kg N ha'' each year to balance the ledger, leading
to a decline of the N stocks, Tabile 1.7 shows that the mountainous and
densely populated countries in East and Southern Africa {(Malawi,
Rwanda, Kenya and Ethiopia), have higher nutrient depletion rates than
those of the drier countries (Mali, Benin and Botswana). This is caused
by the high values of nutrients in harvested products and ¢rosion, and
also by the higher inherent fertility of the soils in East and Southern
Africa. In Sahelian soils, there are relatively htlle nutrients left to be
lost.

Table 1.7. Average of 1982~1984 nutrient balances of N, P and K (kg ha” yr'} for the
arable tand for some sub-Saharan African countries

Country N P K
Botswana 0 1 0
Mali -8 '1 -7
Senegal 2 -2 g
Benin 3 it -9
Cameroon -20 2 2
Tanzania -27 -4 18
Zimbabwe -3t “2 -22
Nigeria -34 -4 -24
Ethiopia -41 -B 26
Kenya 42 -3 -28
Awanda -54 -9 -47
Malawi -68 0 -44

Source: {Stoorvage! ef al 1983).
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The study identified three nutrient depletion classes, calculated for
countries shown in Table 1.8,

{ii Moderate/Low rate — less than negative 30 kg NPK ha yr!
{ii) Medium - between negative 30 and 60 kg NPK ha’' yr*
(iii) High - greater than negative 60 kg NPK ha't yr!

The highest nutrient depletions in Eastern Africa (Ethiopia, Kenya,
Rwanda and Malawi} were primarily attributed to high outputs of
nuirients in harvested products in the relatively high inherent fertility
of the soils {AHI, 1997). Least mutrient depletion in the Sahelian Belt
and Centrat Africa was attributed to low inherent fertility of the soils,
low rainfall and low putrient exports,

Table 1.8. Countries grouped by average level of NPK batances (kg NPK/halvear} in
1993-85

High Madium Moderate/Low
Worse than -60kg Betwesn ~30 and -680 kg Better than —~30kg
Burkina Faso Benin Angoia
Burundi Cape Verde Botswara
Camsroon Central Republic of Africa  Nonth African Countries
Céte d'veire Chad South Africa
Democratic Republic of Cange  Congo Zambia
Ethiopia Equatorial Guinea

Gambia Gabon

Ghana Lescthe

Guinea Mauritania

Guinea-Bissay Niger

Kenya Sierra Leone

Liberia Suddan

Madagascar Toge

Maiawi Zimbabwe

Mati

Mozambique

Nigeria

Hwanda

Seanegal

Somalia

Swaziland

Tanzania

Uganda
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In country studies, the focus is often on districts or regions which
constitute the country. For monitoring purposes, the largest spatial
scale in a district may be the Land Use Systems [LUS). The sub-
continental scale-inherent limitations [data paucity} triggered studies
in the south-western Kenya district of Kisii consisting of two
temperature zones, 16.2°C - 18°C (with fhree land ase types) and 18.0°C
- 20.5°C {with four LUTS) (Smaling et al, 1993). The aggregated nutrient
balance of the seven LUTS for the Kisii District were -112 kg N, - 3 kg
P and -70 kg K ha' yr’, The study shows that pyrethrum LUT Il had
one of the lowest K depletion and the strongest N depletion being
accounted for by harvested products and erogion {Table 1.9}, Another
subsequent nutrient balance study was carried out for 28 farms in
three different disfricts in Kenya, namely, Kisii, Kakamega and Embu
{Bosch et al, 1988). The farm nutrient balances for Kisti District were
close to those of the earlier study (-102 kg N, -2 kg P and -34kg K ha
' yri). In Kakamega and Embu Districts potassium (+18) and
phosphorous (+9) were found to accumulate, respectively. The nutrient
balance for Kakamega was -72 kg N, -4 kg P and +18 kg K ha'’ yr!
while that for Embu was -55 kg N+9 kg P and -15 kg Kha' yr'. The
mean balance of the 26 farms was ~71 kg N, +3 kg P and -9 kg K ha'f
yr-! with little variations between districts but large variations between
farms.

Land Use Type (LUT] balances are obtained from aggregated
halances of major farm types in such LUT. In the assessment of soil
fertility depletion in Mozambique, determined by combining land units
{soil fertility, precipitation and erosion) and land use types {crops,
scale and occupation percentage of the land) into Jand use types,
nutrient depletion was calculated for cultivated fields, nutrient
depletion was averaged over land use systems [cultivated and non-
cultivated land) and nutrient balances compared with nutrient
resources to assess buffering capacity, While maize/cassava plots had
the highest nutrient depletion af field level, on the other hand cultivated
fields with more than 1000 mum precipitation per annum and annuat
erasion of 25 t ha'! had the highest nutrient depletion at land use
system level.

The country balance was: -32.9 N, -6.4 P and -25.0 kg K ha”" compared lo
irrigated tarms balance which was: 34.4 N, 4.1 Pand 200 kg K ha yr and
Large scale rainfall balance which was -49.9 N, -8.6 P and -37.2 kg K hg'yrt and
Small scale raintall balance which was -32.6 N, -6.4 P and -24.9 kg K ha'* yr

In the district studies in Kisii, six LUT were identified {Table 1.9). As
one moves from tea/dairy LUT towards coffee/banana LUT both N and
K depletion become accelerated, while more P accumulates. The agro-
ecological zone related nutrient balances showed no consistent
correlation with return to land and net farm income.
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Table 1.9. Nutriert balances and economic performance of six LUT farms in Kisii district

Ho. Land Usa Type Nuirient batance Nat farm Return to

Income Ksh Land

{Ksh/ha)

N P K

I Tea/Dairy -43 4 14 74,841 1,922
it Tea/Pasture/Cairy -67 5 -2 205,948 16,242
it Pyrethrum -B8 2 10 17,168 -72.98
v Tea/Coffee/Pyrethrum -82 7 3 28,021 8,465
¥V Coffes/Banana -84 21 21 59,543 6,801
vi  CoffeesExtensive grazing -46 11 -8 57,341 3.500

60 Ksh =1 US Dollar {1998 rate)

Source Van den Bosch ef al, 1998, de Jager &f al, 1998

{b) Lower Spatial Scales: From Farm to Plot to Niches

Farm and subseguent farm typology balances are obtained from
aggregated balances of farm plots. In studies carried out in the three
districts in Kenya {Kakamega, Kisti and Embul. a strong correlation
between nutrient balances and production goal notably market
orientation {Table 1.10} and crop activities {Table 1.11} was obtained,
such that the higher the market orfentation the higher the nutrient
depletion of the farm typologies and farm plots (Table 1,10} {de Jager et
al., 1998]. However, correlation hetween nutrierd balance and net farm
income was observed between less than 33% farms and 33-66% farms.
but net farm income declined with more than 66% farms. At activity
level. the Kisii District pyrethrum LUT shows a strong negative correlation
hetween market orientation and N balance as shown in Table 1.9.

Table 1.10. Relationship between nutrient balances and market orientation of different
farms

Nutrients Market orientation

< 33%farms 33 - 66% farms » 66% farms

N {Kg ha' yr'} -28 -89 06
P -2 5 B

K 3z -12 -68
Net fanm income {USS$ farm %) 1380 1620 1456

Source: de Jager ef &/, 1998
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Plot level nutrient balances are shown in Table 1.11. Depletion of N,
P and K was accelerated on moving from coffee, tea, maize/beans to
napier. High retumn to milk of 8645 (derived from napier feed) compared
#0 maize ($85) and maize and beans (8205) did not guarantee adequate
replenishment of N, P and K. This also applies to coffec and tea which
gave the highest returns.

Table 1.11. Relationship between nutrient balaness {Kg ha''j and plots of crop types
{index of market crigntation}

Farm activily plots

Nutnents Goffes Tea Maize Maize- Pyrethrurn  Napier
Beans qrass
N -36 -48 -68 -74 -88 -154
P & 17 -1 2 +2 -10
K -4 -26 -44 -37 +10 -153
Return (USS$ ha-1} 1355 820 85 208 -12,183 645

Source: de Jager st af. 1838

Soil fertility at lower scales for example, of individual niches and
plots in farms and village settings can also differ considerably. Reasons
range {rom differences in soil texture, land use/fallow history to
microclimatic differences. Smallholder farmers exploit microvariability,
as for each weather condition, there are always pieces of land where
crops perform well {Brouwer, 1993}, Hence, farm and field heterogeneity
is often regarded as an asset by those who are after adequate subsisience
levels rather than bumper harvest. A striking example of farm-level
variation is in the ring management systems in sermi-arid West Africa,
where inner circles near the farms and village are much more intensively
used and managed (Table 1.5}, and the "homestead fields’ represent the
plots just around the homestead. and receive substantial amounts of
nutrients from animal manure and household wastes. As a consequence,
soil productivity in this part of the farm remains at a reiatively high
level. One way of solving the use of microscale data is to extrapolate to
macroscale may be through use of appropriate data upscaling toels
such as GIS and modeiling.

(¢) Implication of Nutrient Depletion Results on
Agroecosystem Productivity and Sustainability
The foregoing studies indicate that high SSA population growth rates

and subsequent intensification of agriculture without proper land
management and addition of nutrients is the primary cause of its high
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nutrient depletion, thereby predisposing soil fertility at stake (Smaling
et al.. 1997). This is exacerbated by the widespread soils with inherent
low mmineral stocks and the climatic conditions characteristic of the vast
interior plains and plateaus which aggravate the consequences of
nutrient depletion, which s not matched by gains through mineral
fertilization, deposition and nitrogen fixation, Moreover. most phosphorus
is depleted through erosion, which also depletes nitrogen, besides
leaching {together with potassium), All these contribute {o reduction in
agricultural productivity, as a result of declining soil fertilily. Strategies
are required that help bring back the depleted soils to their original
sustainable agriculture production potential,

Soil Fertility Management Strategies, Approaches
and Options to Combat Nutrient and Soii Organic
Carbon Depletion

The fundamental biophysical cause for declining per capita food
production i SSA (17% in 1980 ~ 1995} is soil fertility depletion in
smallholder farms. During the last 30 vears, this depletion has been
estimated at an average of 680 kg N ha', 75 kg P ha' and 450 kg
K ha'’ from about 200 million ha of cultivated land in 37 African countries
{Sanchez et al, 1897). To produce enough food for a growing population,
requires an increase from 1 billion tonnes per vear at present to 2.5
bhillion tonnes by 2030 (Walker et al., 1899, These authors believe that
in S5A such increases are possible with judicious implemerntation of
agricultural intensification to contribute 53% of the increase, with other
increases coming from extensification {30%) and diversification and cash
cropping (17%).

(a) iIntensification

The strategy entails increasing agricultural production primarily through
increased yield per unit area of land and/or of individual crops, through
two approaches

{i} Increased use of production inputs, notably plant nutrients, and
(i} Improving nutrient use efficiency.

{i) Options fer increasing farm inputs

Mineral fertilizer (iN1) use in SSA is variable for example from 234 kg
NPK ha ' yr! in Egypt to 99 kg in Swaziland, 46 kg in Kenya but s less
thai 10 kg ha~ yr' for most countries in S8A {Henao and Baanante,
1999}, Even where fertilizers are used, they are mostly applied to cash
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crops and plantation crops [coffee. tea, cocoa, cotton, tobaceo,
sugarcane and oil palm], because of the high profitability. For most
food crops. unfavourable crop/fertilizer price ratios and financial
constraints are the two key factars responsible for current low level of
fertilizer use in many countries in 8SA. Therefore, most foad crops are
continuously grown with little or no replenishment of nutrients removed
through crop harvests or other losses, thus resulting in the depletion
of natural capital stocks below critical levels. To maintain current
average levels of crop production without soil nutrient depletion. Alrica
will require to use approximately 11.68 million metric tonnes of NPK
in fertilizers annually. A number of strategies and options are being
recommended and their implementation explored, on how to meet such
targets.

Soils with below eritical nutrient levels, require "Recapitalization
Jertilizafion.” (IN 1b} an application thal views depletion as a loss of
national resource capital {Buresh et ol | 1997). Such soil replenishment
seeks to recapitalize soils after several vears or decades of losses as a
means of restaring agricultural productivity and presperity of smallholder
farming communities faced with the problem of nutrient-depleted soils.
This is an approach of “jump-starting” rehabilitation of their degraded
soils. This approach has atiracted attention of the donors who argue
that those who benefit should share the costs in equitable manner (World
Bank, 1996). It suffices to say that S8A is operating under rules such
as credit, subsidy and infrastructure which do not apply in North America
and Europe. This disparity could affect the desired impact of the
approach, unless accommondative caveats or exceptions are integrated
into the approach.

{ii) Replacement fertilization

This approach regards mineral fertilizer inputs as the sole external
input hence is intended for routine application at recommended rares
which may be blanket {uniform) fertilizer recornmendation because
the limiting nutrients have not been adequately diagnosed and
delineated {lack of soil tests or representative field trials). When these
Hmitations are overcome, then specific climate, soii and crop fertilizer
recornmendations are adopted to combat nutrient depletion. The latier,
“replacement fertilization recommendations” are well developed in S5A.
Usually, zone-specific fertilizer recommendations have to be replaced
with “halanced fertilizafion” as nutrients not limiting production
initially, emerge in form of deficiencies. Besides "Replacement” and
“Recapitalization” and “Balanced” fertilization, there is further need
for “Complementary Soil Fertilify Management Practices” that help
farmers to increase production inputs in their cropping systems so as
to ameliorate nutrient depletion. This is particularly important when
considering the sources of nitrogen arkl phosphorus {and potassium
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to some extent). Most phosphorus replenishment strategies tend to be
mainly mineral fertilizer-based with biological supplementation. This
is in contrast to nitrogen replenishment strategies which are mainly
biologically-based {manures, residues and leaf litter, agro-industrial
by products and wastes, biomass transfer and improved fallows) with
mineral fertilizer supplementation. Cemplementary approaches are
required to overcome the problem of prohibitive high cost of imported
fertilizers, {especially non-nitrogeneous types) and consequences on
subsequent draining of scarce foreign exchange, against a background
of currency devaluation in 8SA. One such approach underpins the
need to strengthen research on use of regionally and locally available
inorganic sources of plant nutrients and amendments, These include
rock phosphate, since there is ample phosphate rock deposits in the
region {(McClellan and Notholt, 1986} that can be used directly or
processed as superphosphates to reverse P depletion {(Woomer and
Muchena, 1986; Okalebo and Nandwa, 1887; Kathuli and Nguluu,
1996). Other locally available resources include limestones {Grant.
1981), gypsum [Weil and Mughogho, 19383]. sulphur and magmax,
besides use of ashes, termitaria seil and the strategy of subsoil nutrient
exploitation by help of deep-rooted plants,

Options for nitrogen replenishment in SSA are receiving a lot of
attention and include use of leguminous tree fallows, improved fallows,
agroforestry trees and herbaceous leguminous cover crops grown in
situ {Mureithi, 1999, Gachene ef al., 1999). Other options include green
manure which plays a major role in both N capture and internal nutrient
eycling in ways that are compatible with most farmers constraints. An
example of such complementary approach is on-going work in Western
Kenya, in South Western Uganda and Eastern Zambia (Rao et al., 1998).
In Western Kenya options used include integrated use of inorganic P
frock phosphate or triple super phosphate} and organic nutrient sources
either through short duration fallows of Crotalaria or Tephrosia or
biomass transfer from Tithonia green manure. In South-Western Uganda,
the options include stabilization of terrace risers with napier grass/
Calliandra contour hedge rows, integrated with use of inorganic P and
organic matter on terraces and tree fallows with shrub or cover crops
on terraces. This compares favourably with the use of a 2-years Sesbania
fallows with mixed intercropping with Gliricidia and relay planted
Seshanig in Malawi; or 1-2 years Sesbania and Tephrosia fallows in
Tanzania; or use of a 2Z-years tree fallows and 1-year Caliiandra or pigeon
pea shrub fallows in Camerpon.

These results demonstrate how agricultural research and
extension can have an impact in combating nutrient depletion and
increasing agricultural production by adapting promising solutions
to actual conditions faced by different countries and smailholders of
different cultural and resource endowments (Waddington and Snapp,
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1999). In Malawi, low resource endowed farmers tend to have access
to small, infertile fields, characterized by predominance of sandy soils
with low nitrate levels and limited growth of Sesbania, which implies
reduced benefits from organic matter technologies systems (Kanyama-
Phiri et al, 1998}. Such farmers may be candidates for more Intensive
use of grain legume infercrops and rotations, as benefits from the
grain are essential for such food-insecure households; and will
complement soil fertility restoration as a means of combating nutrient
depletion,

(iii) Options for increasing nutrient use efficiency

Although increasing production inputs may be the centre piece
approach for successful agricultural intensification while combating
nutrient depletion, however, environmental and socio-economic
circumstances dictate the need for enhanced nutrient use efficiency.
Several options are available and offer promise for cambating nutrient
depletion while at the same time enhancing returns to inputs. One
such embracing approach is that of Integrated Nutrient Management
{INM]), loosely defined as combined use of organic and inorganic sources
of plant nutrients {Janssen, 1593). Many studies conducted in S5A
under the framework of the Tropical Seil Biology and Fertility
Programme’s {TSHBF] Synchrony theme have demonstrated high
nutrient recoveries when organics are combined with inorganics (TSBF
1985, 1987). In the first Nutrient Use Efficiency (NUE} hypothesis,
states that in the long-tertn, the system nutrient retention remains
highest when the nuirients are applied in the least available forms
such as low available mutrient index (AN]) materials which have 2 high
Organic Stability Index (OSI) (Parr et ol.. 1986). The second N trap
hypothesis states that in environments where significant leaching or
denitrification occurs, plant uptake of nitrogen can be increased by
simultaneous application of a low N organic material which temporarily
tmmobilizes N early in the crop cycle, allowing it to remineralize when
the crop is ready for uptake. Split application of nitrogen fertilization
underpins the philosopy behind this hypothesis. The third, organic
optimization hypothesis states that, in the shori-term (current crop)
the maximum yield achievable by the use of mineral fertilizer inputs
can be approached or exceeded by optimizing the time of application,
placement, quantity and quality of organic nutrient spurces, The fourth
hypothesis, the P trap states that immobilization of F by microbe
following additior of low guality organic material, can prevent P-fixation,
thereby improving medium term availability of P. This is an effective
strategy for fertility management in soils with low organic matter and
high Fe. but prone to P-fixation, Many experiments whose results are
reported in this book. have tried to confirm or repudiate the validity of
these hypotheses.
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Integraied nutrient management is recently perceived much more
broadly as the judicious manipulation of all nutrient inputs {IN 1-6)
and all nutrient outputs (OUT 1-6} and internal flows (INTFL 1-6} {Table
1.5} (Smaling et al., 1996). This approach provides windows of
opportunities for combining practices in High Yielding Variety
Technologies (HYVTS) and Low Yielding Variety Technologies [LYVTS),
also called Low-External Input Agriculture (LEIA). This definition and
approach of INM recognizes the fact that nutrients enter and leave
managed ecosystems in different capacities and hence the need for better
understanding of the nutrient balances. In continental nutrient balance
studies reported elsewhere in this section by Stoorvogel and Smaling
(1990}, the highest nutrient depletion rates calculated for the sub-humid
and mountainous East African Region were mostly atiributed to erosion
{OUT 5) and harvestable products {QUT 1}. This suggests that for efficient
return to increased agricultural production inputs will have first to
depend on the extent to which farmers minimize or eliminate non-useful
outflows like OUT2 (residue burning), OUT 3 fleaching), OUT 4 (gasseous
losses, for example, undesirable volatilization and denitrification escape
of nutrients}, QUTS (erosion) and QUT 6 (human waste and sludge]. In
recognition of this strategy and approach of combating nutrient depletion,
FAQ and World Bank have jointly launched the Soil Fertility Inibiative in
SSA aimed at recapifalizing Africa’s soils through INM approaches
(Smaling et al., 1999),

In most soil fertility replenishment initiatives, promotion of high
nutrient use efficiency is achieved through many cropping options.
Faor example agroforesiry intercrops and crop rotation systems are
adopted to help not only increase nutrient pools but also help to
reduce loss of SOM, sediments and run-off. Tillage practices are also
adopted which help reduce erosion and hence water infiltration, while
use of soil amendments such as liming, manuring of acid soils has
been found to correct acidity, especially in the Ultisols and Oxisols
frem sub-humid and humid areas and thereby increase nutrient use
efficiency.

Another option entails refraining from application of higher doses
of fertilizers to less responsive indigenous crop varieties or cropping
systems (liable to be leached or volatilized). The key to successful
implementation of these options. requires that the approaches rely
primarily on locally-available resources and to improve upon them
with fertilizers such as fortification of compeosts with rock phosphate
or lime; improve manure quality with livestock mineral supplement
and use of improved legume seed inoculant among others. In
conclusion, it can be said that INM practices that optimize nutrient
inputs while concurrently minimizing nutrient losses are most likely
to contribute towards increased efficiency of the applied nutrient
material, manifested in high crop response.
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(b) Extensification

Extensification system of expanding cultivated land in toial or in
sequence is common where land and labour are available, and low
vields are being experienced in presently cultivated fields {often
attributed to nutrient depletion plus or minus high “pest” status). These
circumstances usually force farmers to expand cultivated land, often
at the expense of forested areas or marginal soils subject to erosion or
desertification. In SSA, there is some uncertainty in the scope to
contribute the projected 30% increase in food production {1998-2010)
through extensification. It must be emphasized that such scope for
area expansion in new areas (semi-humid and semi-arid) is limited
because these are the areas with low inherent soil fertility, hence
requiring very long fallow periods [sometimes upto 20 years). The
potential success of this strategy lies primarily on two options: that is
forus on newly opened lands that ensures establishment of balanced
nutrient systems put in place. and reclamation of wastelands through
biological management of the system that ensure recapitfalization. Slash
and burn extensification where land expansion is plausible still offers
hope. Among the deleterious effects of agricultural extensification
through slash-and-burn include disadvantages of above-ground
biomass volatilization losses of nitrogen, sulphur, phospherous and
potassium, often estimated o amount to 96%, 76%. 47% and 48%,
respectively. These deleterious effects can however be overcome through
replacement of the natural fallow with short duration cover crops (Luna-
Orea and Wagger. 1996) or with alley cropping (Wade and Sanchez,
1983; Palm. 1988) or mulching or incorporation of slashed vegetation
(Braakhekke ef al. 1993), However the reduction of the systems
productivity following shorter fallowing in traditional slash and burn
such as rice yields reduced by 47% and 80% alter 4 and 10 years
fallowing, respectively, makes such innovation unacceptable to the
farmers {Kato et al., 1999, But this constraint may be overcome when
judicious {ertilizer use is part of the intensification approach. Kato et
al. [1999) reports that application of fertilizer was able to raise yields
of rice from around 0.7 t ha'' to over 2 t ha'’ and that of cowpea from
less than 0.2 t ha' toaround 1.5 tha'', in spite of the reduced fallowing,
These results thus show that the risk of soil degradation [declined
productivity] due to infensified cropping by shortened fallow or
prolonged cropping pericds is considered low, so long as adequate
plant material and nutrients are supplied to the soil by fire-free tamd
preparation and fertilization. It has been recently reported that the
extensification systems that maintain sustainable preductivity of crops
and forest products are those in which the length of the arable phase
is adjusted to fit nuirient stock replenishment (Nandwa and Bekunda,
1998).
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(¢c) Diversification and Cash Cropping

The third most important method of increasing agricultural
production is by intensifving the production system by inereasing
the number of crops (including cash crops] or cropping cycles sown
on a particular area of land. In cases where economic activities allow,
farmers may devote their land to cash erops, and use income from
them for purchasing food from elsewhere and also to invest in
measures for combating nutrient depletion. Sustainable production
of food fibre and fuel for rapidly increasing population in developing
countries to some extent imply changes in types of crops grown to
satisfy food as well as cash earnings. In Kenya success has been
achieved in the Western Kenya Soil Fertility Replenishment Project
whereby farmers after successful intensification. start to partially
substitute land devoted to the staple crops with high value crops
[Niang el al., 194949

Increasing number of cropping cycles (another option) if done
successfully, should optimise use of non-renewable inpuis and
technologies such as shifting from single annual cropping to double
or triple cropping, whereby the agro-economic benefits of the latter
outweigh the former. This option may be exploited through increased
number of crops for example in kitchen garden or double-dug beds
{Hamilton, 1997); or through a shift from pure-stand or mono-cropping
to crop mixtures fintercrops and refays) (FURP. 1987, 1994). This may
also be achieved through introduction of crop varieties that are tolerant
or resistant to abiotic and/or biotic factors limiting production of
commonly grown crops. This calls for land evaluation to establish its
suitability for growing of different types of crops (Da Costa. 1999).
One of the factors driving a system to a high level of diversification is
the goal to attain complete self-sufficiency at farm level by growing
staple crop such as maize, banana. cassava, potatoes, sorghum or
millet, a protein {leguminous cropl. an oll crop {sesame. coconuts,
sunflower and sova-beans). a fibre for clothing (cotion) and various
minor products {herbs. medicines and dyes). In most cases, most
farming systems becorne less diversified as traditional crop and soil
fertility management practices are lost and families get less diversity
in farm products and diets, Commercialization is often the reason for
less in farmers’ skills and for present-day systems becoming less
diversified. This may be in form of sale of surplus production of
subsisience crops or through cultivation of specialized cash and/or
export crops which cannot be used directly on the farm, but have a
Bigh market value.
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Emerging Approaches in Soil Fertility
Management Research and Development

The foregoing sections show that low agricultural productivity
attributed to degraded arable lands, is the major cause of food-
insecurity in S8A. Technical solutions to the problems of land
degradation are being researched and tested, and many show potential
for redressing the problem in some places. How widely applicable
these technologies may be somewhat uncertain. This suggests that
technical research approach should shift focus to identification of
productive and sustainable alternative land management techniques
for diverse farming circumstances in 8SA, Besides, technical research,
there is also need for integration of socio-economic and policy research
to identify factors that may inhibit or favour adoption of more
sustainable land management practices. In soil fertility management
research, these factors have received less focus and have been less
well researched than biophysical factors affecting land management
practices (Fig. 1.5}, The need fo better understand farmers’
perspectives, constraints and facilitation of a favourable policy
environment are both critical determinants of the success of effort to
promote sustainable development. Part of the failure for widespread
adoption of technical options is because of the oversight of these
determinants.

This therefore means that the maintenance of the complexity of the
landscape, for example agro-ecosystems in SSA creates implications
for the relationship between technological change in resource-
management practice and the policy environment necessary for its
success. Inevitably, the spatial scale at which this link is made is once
again of critical importance (Swift, 1998). This is increasingly being
demonstrated in studies to monitor and evaluate flows of nuirients and
stocks in agro-ecosystems, with implication for on-site and off-site effects
{de Jager et al., 1998a; 1998b). In the nutrient flow studies, agriculture
is described as a hierarchy of nested agro-ecosystems, that one may
trace to a greater complexity and longer temporal scales, from the crop
and animal communities upwards, through the farm system {with plot
and soil solution as the lowest spatial scales) with potential to upscale
and extrapolate solutions at catchment, regional {district), national and
even global levels. These are the scales which are perceived as being
appropriate for society to assess the by-products of soil management
practices (Figure 1.4). The figure clearly shows that as we move across
the scales, significant variation occurs, not only in the nature of the
resource management determinants, but also in the type and origin of
polivies necessary 1o govern them.
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Figure 1.5. The relationships between resource management and decision-making
{ipolicy} across a range of spatial scales; and required discipiinary research
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Framework for research and development

Wider adoption of strategies, approaches and soil fertility management
oplions requires that their profitability for smallholder farmers be
carefully evaluated, infrastructural and institutional arrangements for
enhancing their access to inputs and output markets be developed,
and appropriate policies be established to support an economic
environment for the farmers to adopt recommended technologies and
options. Pelicy research and advocacy is inevitably required to create
an enabling policy environment. At the research and development (R&D)
level, there is also need for priority setting and targeting of potential
“best bet” technology for smallholder farmers in terms of agronomic
supertority, economic viability and culturally acceptable opiions
{(Waddington and Snapp, 1999). To meet both goals requires a shift in
research focus, approach and partnerships. Thus, there is need for
creation of a holistic framework for closer interaction between soil fertility
subject matter specialists [SMS], economists, extensionists and policy
makers (multi-disciplinary approach] in strategies for combating nutrient
depletion in a manner that involves increased farmer parlicipation and
all stakeholders. The degree of farmers’ participation in research is
expected to vary with shift from contract type of research {researcher-
designed and managed} to collaborative, consultative, collegial
{researcher and farmer-designed and farmer-managed]. It is only in
collegial type of research where the farmers' role is less passive,

A handful of examples of the collegiate type of research approach
reported in Africa, has been attributed to limited training in participatory
research skills, tools and methodologics such as Participatory Rural
Appraisal (PRAJ (Chambers, 1993), Participatory Learning and Action
Research (PLAR) {Defoer et al, 1998) and Participatory Agro-Ecosystem
Management {PAM). Secondly. it is difficult to sustain intensive farmer
participation in the research cycle such as that adopted in the Farming
System Approach to Research Extension and Training (FSA-RET) with
the cycle activities ranging from diagnosis through to planning;
experimentation; end of research project evaluation and re-planning (if
necessary); recommendation and dissemination of technologies: and
adoption and impact assessment. A third reason is that of researchers’
hesitance to pre-maturily expose their work to clients for fear or inability
to publish in journals and also fear of interference by farmers or losing
dominance and control over the research agenda. especially in contract
type of research. A recent improvernent in FSA-RET approach has been
the integration of gender and multi-disciplinary teams. As this shift is
intensified and internalized by the players, it Is interesting to speculate
on how this new dimension in approach is likely to progress through
different farming systems and how far they present real innovation on
the other systems, as the farmer becomes the central personage of the
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research system. What will be exactly the partnership between the
researcher and different stakeholders in this context? How will
Indigenous Technological Enowledge {ITK) and modern scientific
knowledge marry each other in these approaches? These questions are
already major challenges in many case studies of participatory research
in Africa.

The major intriguing issue with the proposed framework is that of
the dilemma of participatory research. namely meeting farmer needs
when every farmer is unique. Limitations of studies at higher spatial
scales are tmany. as discussed by Stoorvogel and Smaling (1897) and
Scones and Toulmin {1998). Results at sub-national level, for example,
may conceal the wide variation around the mean when individual farms
are taken into account. The ‘positive outliers’ may. for example, in fact,
provide valuable information on preconditions and driving forces for
sound resource management. For example, in Kisii District in Kenya
(Bub-humidl, with reliable rainfall and deep, relatively fertile soils, more
options are available to safeguard soil fertility than in Machakos District
in Kenya {Semi-Arid} with less and erratic rainfall and sandy soils. At
farm household level, however, microclimate and sofl fertility of Individual
plots and niches can be considerably modified by the farmer (Table
1.5). Individual households can be strikingly active and innovative,
increasingly making use of indigenous knowledge to adjust their farming
practices to changing agro-ecological conditions,

Linking productivity to sustainability

The two primary challenges in soil fertility management research are to
improve and maintain or sustain crop productivity to meef demands for
food, fibre, fuel and materials for agro-based industries and to enhance
the quality of land, water and other natural resources. The major forms
of soil fertility research in Africa is therefore to replenish mined nutrients
on one hand as reported in Chapter 1.4 and identifving ways to solve
the problem of imbalanced plant nutrition, currently regarded to be a
serinus degradation problem in high input agroecosystems. Judicious
management and balanced application of plant nutrients is a strategy
that should overcome the hazards of nutrient depletion through mining
as well as environment pollution for example deterioration in biodiversity
and ecosystem function {Swift and Anderson, 1893).

Agricultural research approaches, like agricultural systems in Africa,
have evoived with time {historical perspective} as well as in the confext
{methodological perspective) as well as integrative approaches. This shift
in research now to focus to INM system equally implies a broader
mandate and greater responsibility for soil and plant analytical
laboratories in Africa (Smaling and Braun, 1996). Long ago, low soll



42 S.M. Nandwa

fertility was regarded as an issue that was straightforwardly squared by

the use of mineral fertilizer as the mainstream research approach, in a

linear way namely, more fertilizer gives higher plant production and

hence more food or more income. But in the course of time, the benefits
of mineral fertilizers (agronomic, economic and environmental) started
to be questioned on several grounds such as

() The high energy consuming process for production of fertilizers,

(i) Limited up-scaling of results from limited representativeness of
earlier trials examplified by the FAQ Programme,

(iii} Even if scaling up was possible as in FURP (FURP, 1994), low
resource-endowed farmers do not have sufficient means to purchase
fertilizers, or backed off because of low benefit/cost ratios or climatic
vagaries,

{iv) Moreover, Structural Adjustment Programme (SAP) put a cruel end
to fertilizer subsidies making the option non-sustainable for many
S5A countries. This was followed shortly by advocacy for low-external
input agriculture (LEIA) as the only strategy for sustainable
agriculture (Reijntjes et al., 1992), which has been found to be elusive
(Nandwa et al., 1999).

In early 1990's the debate of LEIA versus High External Input
Agriculture (HEIA} changed to INM, already described above, as an
“open-ended” cure. In the narrow definition of INM (combination of
organic and inorganic nutrient inputs). Kabete's long-term soil fertility
trial resuits indicate that only a combined annual application of high
inputs of manure (10 t ha''} and mineral fertilizers (120 kg N ha'! and
52 kg P ha'') maintains maize yields above the original yield potential
of 3.5 t ha'' grain, after 20 years of continuous maize-beans rotation
cropping (Figure 1.6). However, none of the treatments (including INM)
is able to improve and sustain most soil chemical properties (except
phosphorus) as shown in Table 1.12. In the new INM-based research,
INM is defined as the “judicious” manipulation of nutrient stocks and
flows in order to arrive at a “satisfactory™ and “sustainable” level of
agricultural production. In the biophysical approach of new INM, an
attempt is made to quantify or estimate what is meant by “judicious”,
“satisfactory” and “sustainable.” In the new participatory or actor
approach of INM, room is created for farmer “perceptions”, “views”
and “opinions” that do not necessarily correspond with “best technical
means”. Thus, while the conventional or former approach uses and
generates fundamental, scientific knowledge on nutrient flows and INM
technologies, the latter approach {actor) uses a combination of
scientific, experiental and religious-cultural knowledge and the
approach tends to be tailored to a particular agro-ecologicat and socio-
econoinic context.
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Tabie 1.12. Changes in macro soil nutrients (1976/77 to 1387 from continuous cropping
at NARL Kabeie long-term soll fertility trial

Treatment Change in soil nutrients

AN% AC% AP ppm AK ACe AMg

m.e%

1. Hil -0.02 -0.55 29 -0.97 -1.1 -0.48
2.F¥M +3.03 -0.32 -5.8 -0.82 0.2 -0.41
3. NP +0.01 -0.32 +0.8 -0.88 -1.3 -0.96
4. FYM + NP -0.02 .66 -45 -0.80 0.6 -0.03
Key:

FYM - Famyard Manurs
NP —Nitrogen — Phosphorus

Dichotomy of Large Numbers of Monolithic Seil Fertility
Management Projects Against a Background of Worsening Nutrient
Depletion in SSA

From the foregoing sections, it is evident that many agricultural research
and development projects have been directed towards the problem of
soil fertility decline {net decrease of available nutrients and organic matter
in the soill caused by nutrient depletion namely a negative balance
between output tharvesting, burning, leaching, erosion etc) and input
of nutrients and organic matter {manures/fertilizers, crop residue
restitution, irrigation etc). This is often associated with biological
degradation {decline in carbon biomass, organic matter content, and
decrease in flora and fauna populations or gpecies resident in the soil,
such as earthworms, termites and micro-organisms} as a result of
intensive cropping, mechanical soil disturbance, accelerated soil erosion,
excessive pesticide application or industrial waste contamination causing
pollution and watershed degradation and lowering of water quality and
- loss of biodiversity. If these issues are addressed by the many past and
on-going projects then what keeps Sub-Saharan Africa from becoming
fertile and productive? This is because the nutrient balance approach
at different spatial scales consistently shows that soil fertility in Africa
is at stake! The current perception is that maost past projects have not
regarded soil as an environmental asset, part of the natural capital in
which soil nutrient stocks are capital stocks and nutrient fluxes are
equivalent to service flows from ecenomic principles point of view, This
view is clearly defined in special symposium at the annual America
Bociety of Agronomy and Soil Science Socicty of America meeting in
1998 as part of the World Bank’s Soil Fertility Initiative for Africa. The
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review postulated on strategies for building up phosphorus and nitrogen
capital, a more vulnerable capital than phosphorus through integrated
soil fertility management.

Conclusion

T1e author believes that exampies and information presented and
discussed above and in subsequent chapters helps to underpin and
will be incorporate in integrated soil fertility management research the
currenily widespread perception that agricultural development should
no longer be concerned solely with maximizing biological or economic
yield, but also with the issue of sustainability, including enhancement
of biodiversify and ecosystem function in agroecosystem. Secondly, the
author believes that seil fertility building up should be regarded as a
capital investment. a perspective which needs to be accepted by both
public and private donors of agricultural research and development,
rather than increased number of projects,

References

AHL (1987} African Highland Initiative, Phase [ Report. ICRAF. Nairohi, Kenya.

Allan, W. {1965) The African Husbandman. Oliver and Boyd, Edinburgh and
London, Uk.

Hadiane, O. and Delgado. C. L. {1995} A 2020 Vision for Food, Agriculture and
the Environment in Sub-Saharan Africa. Food, Agrie. and Envirort. Dis, Pap.
4 Int. Food Policy Res. Inst.. Washington, D C.

Haljukya, F. P. and de Steenhuijsen Piters, B, (1998) Nutrient Balances and
Their Consequences in the Banana-Based Land Use Sysiems of Bukoba
district. Agric. Ecosyst, Environ, 71; 147-158.

Batione, A., Lompo, F. and Keala, $. (1998). Research on Nulrient Flows and
Balances in West Africa: State-of-the-Art. Agric, Ecosyst. Environ. T 21-
38,

Bolo. J. (1994) "The cost of Land Degradation arom a National Perspective: An
Assessment of Africa Evidence.” A Paper Presented at the 8th International
Soil Conservation Conference, December 4th - 8th, New Delhi, India.

Boserup. E. (1965) The Conditions of Agricultural Growth. The Economies of
Agrarian Change Under Population Pressure. Geeorge Allen and Unwin,
London, Uk,

Brouwers, J. H. A. M. (1993} Rural Peoples’ Response to Soil Fertility Decline:
The Adja Case. Benin. Ph. D. Thesis No. 93-94. Wageningen Agricultural
University. Netherlands.

Buresh, R..J., Smithson, P. C, and Heilums, I. T (1997) Building Soil Phosphoras
Capital in Africa. In: R, J. Buresh et al ed. Replenishing Soil Fertility in
Africa. 885A Spee. Publ. 51, $58A, Madison, W1 This Publication.



Perspectives on Soil Ferdility in Africa 45

Buresh. R. J., S8anchez. P. A. and Calhoun, F. {Eds). {1997) Replenishing Soil
Fertility in Africa. 558A Special Publication No. 51. Madison, U.5.A. 281pp.

CABL. (19394} Soil Fertility Research in East Africa. CAB International, Wallingford.
Uk,

Cardish, G. and Giller, K. E. (Eds), {1997] Driven By Nature: Plant Residue
Quality and Decomposition, CAB International, Wallingford. .

Chambers, K. {1893} Rural Appraisal: Rapid Relaxed and Participatory. Institute
of Development Studies, University of Sussex, UK.

Cleaver. K. M. and Schreiber, . A. (1994) Reversing the Spiral, The Pupulation,
Agriculture and Environment Nexus in Sub-Saharan Africa. World Bank,
Washington, D. C.

Deckers. J. {1993] Soil Fertility and Environmentai Problems in Different
Ecological Zones of the Developing Countries in Sub-SBaharan Africa. In:
Van Reuler. H. and Prins. W. H. Ed. The Role of Plant Nutrients and
Sustainable Food Preduction in Sub-Saharan Africa. Vereniging van
Kunsimest Producenten, Leidschendam, The Netherlands,

Defoer, T., Budelman, A.. Toulmin, C., Carter, §. and J. Ticheler, {1898) Seil
Fertility Management in Africa. Resource Guide for Participatory Learning
and Action Research. Tools for the Field, Part 3. YED. UK.

De Jager, A, Kariuki, 1., Matir, F. M. Odendo, M. and Wanyama, J. M. {1888)
Monitoring Nutrient Flows and Economic Performance in African Farming
Systems. NUTMON, IV, Linking Farm Economic Performance and Nutrient
Balances in Three Districts in Kenya. Agric. Ecosyst. Environ. 71: 83-64.

[reugd. M., Rolling, N. and Smaling, E. M. A. (1998) A New Praxcology For
Integrated Nuirient Management Facilitating Innovation with and by
Farmers. Agric. Ecosys?. Enuiron. T1; 271-285.

Denovan, G. and Casery, F. (1988} 80il Fertility Management in Sub-Saharan
Alfrica. World Bank Discussicn Papers No. 408, Washington, DC, USA,
Doran, J, W, and Smith, M. S, (1887] Organic Malter Management and Utilization
of Soil and Fertilizer Nutrients. Seil Scf. Soc. Amer. J. — Special Publication

No. 19.

Duckham. A. N, and Masefield. G. B, {1971) Farming Systems of the World.
Chatly and Windus, Lendon.

Elias, E., Morse, 8. and Belshaw. D. G. R. (1998] Nitrogen and Phosphorus
Balances of Kindo Koisha Farms in Southern Ethiopia. Agric. Ecosyst.
Enviren. 71: 93-113.

FAQ. (1976) Guidelines for Land Evaluation. Soils Bulletin No. 32, FAG, Rome.

FAO. (1976} Scil Map of the World. Vol. 6 Africa FAG/UNESCO, Paris,

FAG. (1978) Report on the Agro-Ecological Zones Project. Vol. 1. Methodology
and Results for Africa. World Soil Resources Report No. 48, FAQ, Rome.

FAO. {1978-1981) Report on the Agro-Ecological Zones Project Vols, 1-4. FAD
World Seil Resources Report. 48. 1-4 , Rome, Italy: FAQ.

FAO. (1981) An Ecosystem Classification of Inter-Tropical Africa. Plant
Production and Protection Paper No. 31, FAG, Rome.

FAQ. (1985} The State of Food and Agriculture, Rome, Italy.

FAQ/UNESCO. {1890) Soil Map of the World. Revised Legend World Soil
Resources Report 60, Rome, ltaly,

Follet, R. H. Gupta, 8. C. and Hunl. P. G, (1987} Conservation Practices: Relation
to the Management of Plant Nutrients for Crop Production. Soil Sci Soc.
Amer. .J. Special Issue No, 146



46 S.M. Nandwa

Folmer, E. C. R, Genrts, P. M. H. and Francisco, J. R. {1998] Assessment of Soil
Fertility Depletion in Mozambique, Maputo. Agric. Ecosyst. Environ. 71:
159-167.

Freeman, H. A, Owitl, J. M. and P. O. Andi. (1998) Characterizing Farmers for
Research on Soil Fertility Maintenance in Semi-Arid Areas of Eastern Kenya.
In: G. E. Okwach and Siambi, M. M. Eds. Agricultural Resource Management
for Sustainable Cropping in Semi-Arid Eastern Kenya. CARMASAK
Proceeding No. 1. KARI, Machakos, Kenya.

Fresco, L. 0. and Kroonenberg, 5. B, (1992}, Time and Spatial Scales in Ecological
Sustainability. Land Use Policy. 9.

FURP. (1987] Fertilizer Use Recommendation Project. Description of First Priority
Trial Sites in the Various Districts, Volume 1-32. National Agricultural
Research Laboratories. Narl , Nairobi, Kenya,

FURP. {1994) Fertilizer Use Recommendations, Vol. 1-23. KARI, FURP, Nairobi,
Kenya.

Gachene, C. K. K., Palm, C. A, and Mureithi, J. G. {1998} Legume Cover Crops
for Boil Fertility lmprovement in the East African Reglon. Report of an AHI
Workshop Held at TSBF, Nairobi, Kenya, 18th — 19th February. 1989,

Cebremeskel, T. and De Vies, C. A, {1888] Report on the Agro-Socio-Economic
Survey of Two Sites in Central Nigeria WURFE, Phase I1. Pre-Implementation
Stage. ILRI, Wageningen, The Netherlands,

Geurts, P. M. H. and Van Den Berg, M. {1998} A Simple Agro-Ecelogical Zonation
for Fertilizer Recommendations in Mozambigque. Soil Use and Management,
14: 136-141.

Grant, P. M. {1981 The Fertilization on Sandy Seils in Peasant Agriculiure.
Zimbabie Agric. J. 78: 169-175.

Hamilton, P. (1997} Goodbye to Hunger: The Adoption, Diffusion and Impact of
Conservation Farming Practices in Rural Kenya, Association for Better Larud
Husbandry. Report No, 12, Nafrobi, Kenya.

Handayanto, E.. Cardish, G. and Giller, K. E. (19972} Regulating N Mineralization
from Plant Residues by Manipulation of Quality. In: Cardish, G. and Giller,
XK. E. Bds. 1997. Driven by Nature: Plant Residue Quality and Decompaosition,
CAB International, Wallingford.

Handayanto, E., Giller, K. E. and Cardish. G. [1997b] Nitrogen Mineralization
from Mixtures of Legume Tree Prunings of Different Quality and Recovery
of Nitrogen by Maize. Soil Biol. Biochem. 29: 1417-1426.

Harris, P. J. C., Lloyd, H. D., Hoiny-Collins, A. H., Barret, H. R. and Browne, A.
W. (1997) Organic Agriculture in Sub-Saharan Africa: Farmer Demand and
Potential for Development, a Study to Inform Policy. ODA Project RG632a

* Final Report. International Research Dept., Henry Double-Day Research
Assoctation, Ryton-on-Dunsmore, Coventry and Africa Studies Centre,
Coventry University, Uk,

Hassan, R. M., Onyango, R. and Rutto, J. K. (1998) Relevance of Maize Research
in Kenya to Maize Production Problems Perceived by Farmers. In: Hassan,
R. M. fed). Maize Technology Development and Transfer: A Gis Application
For Research Planning In Kenya. A CIMMYT - KARI ~ CABI International.
Oxon, Wallingford, UK,

Henao, J. and Baanante, C. {1999} Estimating Rates of Nutrient Depletion in
Soils of Agricultural Lands in Africa. International Fertilizer Development
Centre, Muscle Sheals, Alabama, USA.



Perspectives on 8cif Fertility in Africa 47

1IED. {1999} A Study Tour Report of the Concerted Action INCO-DC Programme-
Enhancing Scil Fertility in Africa: From Fleld to Policy Maker: A Visit by
African Researchers 1o Scotland, The Netherlands and Belgium.

Tzac, Annie Marie. {1997)] Ecological Economics of Investing in Natural Resource
Capital in Africa. In: Buresh, R, J. et al {ed}. Replenishing Soil Fertility in
Africa. SSA Spec, Publi. 51, 888A, Madison, WL

Janssen, B, H. {1893) Integrated Nutrient Management: The Use of Organic
and Mineral Fertilizers. In: Van H. Reuler and Prins, W. H, {eds}). The Role of
Plant Nutrients for Sustainable Food-Crop Preduction in Sub-Saharan Africa,

Janzen, H. H. {1987] Soil Organic Matter Characteristics After Long-Term
Cropping to Various Spring Wheat Rotations, Canadian Journad of Soil
Bcience. 87; 845-856,

Jones, R B. and Wendt, J. N, (1995} Contributions of Soil Fertility Research to
Improved Maize Production by Smaliholders in Scuthern Africa. In: Jewell,
D, Waddington, 8. R.

Kanyama-Phiri, G., Snapp, §. and Minae, 5. {1998) Partnership With Malawian
Farmers to Develop Organic Matter Techneologies. Qutlock on Agriculture
27. 3: 167-175.

Eathuli. P and Nguluu, S, N, (1996} Evaluation of Agronomic Effectiveness of
Minjingu Rock Phosphate Mimeograph Pamphlet, KARI Nairobl, Kenya.

Kato, M. S, A, Kato, O. R, Denich, M. and Viek, P. L. G. {1999) Fire-Free
Alternatives to Slash-and-Burn for Shifting Cultivation in the Eastern
Amazon Region: The Role of Fertilizers. Field Crops Research. 62: 225-237,

Kumwenda, J. D.T,, Waddington, 5. K., Snapp, S. §., Jones, R. B, and Blackie,
M. J. (1995) Soil Fertility Management Research for the Smallholder Maize-
Based Cropping Systems of Southern Africa: A Review Network Research
Working Paper Ne. 1 of the Soil Fertility Nebwork for Maize-Based Cropping
Systems in Countries of Southern Africa. CIMMYT Malze Programme, Harare,
Zimbabwe,

Ruyvenhoven, A., Bouma. J. and Van Keulen, H. Eds. (1898) Policy Analysis
For Sustainable Land Use and Food Security. Agricultural Systems. 58:
281-481.

Lee, B, 1993, Escaping From Hunger: Research to Help Farmers in Semi-Arid
Kenya to Grow Enough Food. ACIAR Monograph No. 23.

Lekasi. J. K., Tanner, J. C., Kimani, 8. K. and Harris, P. J. C. [1998] Manure
Management in the Kenya Highlands: Practices and Potential for High
Potential Production System Portfolio of the Natural Resources Programme-
Renewable. Natural Resources Knowledge Strategy Depariment for
International Development. HDRA Publications,

Malongoya. P. L., Giller, K. E, and Palm, C. A. {1998} Decomposition and Nitrogen
Release Patterns of Tree Prunings and Litter. Agro-For Syst 38: 77-97,

Martonne, E. De. {1962} Une Nouvelle Funetion Climatologue: Lindice D'aridite.
La Me'te'rologie Nouvelle 2 P 449-458.

McClellan. G, H. and Nothelt, A, J. H. {1986} Fhosphate Deposits of Tropical
Suh-8aharan Africa: In: Mokwunye, A V. and Viek, P.L.G. Eds. Management
of Nitrogen and Phosphorus Fertilizers in Sub-Saharan Africa. Martinus
Nijhoff Publishers, Dordrecht.

Mureithi. J. (1988} Leginme Research Network Project Annual Report. 1998 ,
Kari/Rockefeller Foundation, Nairobi, Kenya.

Nandwa, 8. M. and M. A, Bekunda. (1998] Rescarch On Nutrient Flows And



48 S.M. Nandwa

Balances In East And Southern Africa: State-ol-the-Art. Agric. Ecosyst.
Enuviron. 71: 5-18.

Nendwa. 5. M., De Jager, A., Onduru, D. and Ogulu, B, (1989 Farmers and
Researchers join forces in Nutrient Monitoring (NUTMON): The Development
of Integrated Nutrient Management. {INM} in S8ub-Humid Parts of Kenya
and Semi-Arid Areas of Uganda. I Press.

Ndiritu, C. {5, Kiome, R. M. and Nandwa, S. M. (1989) Strategies {or Sustainable
Praductivity of Cropping and Forestry Systems Under Global Change with
Particular Reference to Sub-Saharan Africa. Paper Presented at the Food
and Forestry Global Change and Global Challenges, GCTE, Focus 3
Conferenice, 20th - 23rd Sept. 1999, University of Reading, UK.

Ojiem. J., Odendo, M. and Nandwa, 8. M. {1985} Biological Management of Soil
Fertility in Small-8cale Farming Systems in Kskamega District. Annual
Report. KARI. Kakamega, Kenya.

Okalebo, J. R, and Nandwa, 8. M. {1897] Effect of Organic Rescurces With and
Without Inerganic Fertilizers on Maize Yields, Mainly on P Deficient Seils in
Kenya. National Seil Fertility Plant Rutrition Research Programme Technical
Report Serles No. 12 KARI, Nairobi, Kenya.

Okigho, B. N. {1979) Cropping Systems in The Humid Tropics of West Africa
and Their Improvement. Paper Presented at the [ITA Review 1979, 1ITA.
Ibadan, Nigeria.

Okigho, B. N. (1981) Alternatives to Shifting Cultivation. Ceres. 14: 41-45.

Osunlaja, J. €. {1990) Effect of Organte Soil Amendments on the incidence of
Stalk Rot of Maize. Plant and Soil. 2: 237-241.

Palm, C. A., Myers, R. J. K. and Nandwa, 5. M. (1897} Combined Use of Organic
and Inerganic Nutrient Seurces for Soil Fertility Maintenance and Nutrient
Replenishment. In; Buresh, R. J., Sanchez, P. A, and Calhoun, T. (Eds]
Replenishing Soil Fertility in Africa. Sssa Special Publication No. 51.
Madison, USA. Pp 193-217.

Palm, C. A., Giller, K. E., Mafongoya. P. L. and Swift, M. J. (1889) Management
of Organic Matter in the Tropics: Translating Theory into Practice. In Press.

Parr, J. F., Papendick, R. 1, and Colaciceo. D, (19861 Recycling of Organic Wasles
for Sustainable Agriculiure. Biological Agriculture and Horticulture, 3t 115-
130.

Parton, W. J., Stewart, .J. W. B. and Cole, C. V. {1988) Dynamics of C. N, P and
% in Grassland Soils: A Model. Biogeochemistry. §: 108-131.

Prait, D. J., Greenvay, P J. and Gwynne, M, ). (1986} A Classification of East
African Rangeland with an Appendix on Terminology. J. Appl Ecol. 3: 369-
382.

Rao, M. R., Niang, A., Kwesiga, F., Duguma, B., Franzel, S, Jama, B. and Buresh,
R. J. (1998} Soil Fertility Repienishment in Sub-Saharan Africa; New
Technigues and the Spread of their Use on Farms. Agraforestry Today. 10(2):
3-8.

Refjntjes, C., Haverkort, B. and Waters-Bayer, A, {1992} Farming for the Future:
An Introduction to Low External Input and Sustainable Agriculture. Leia,
Leusden, Netherlands.

Ruthenberg, H. {1976) Farming Systems in the Tropics. Oxford, Oxford University
Press.

Sanchez, P. A.. Izac, A. M. N., Valencia, 1. and Pleri, C. {1996) Sofl Fertility
Replenishment in Africa: A Concept Note. P, 200-207. In: Breth, 8. AL (Ed).



Perspectives on Soif Ferdility in Africa 49

Achieving Greater Impact from Research [nvestments in Africa. Sasakawa
Africa Assoc., Mexico City.

Sanchez, P. A. and Leakey, R. R, B. {1867) Land-Use Transformation in Africa:
Three Determinants for Balancing Food Security with Natural Resource
Utilization, Eur. J. Agron. 71 1-9,

Scherr, 8. J. (1997b) People and Environment: What is the Relatienship Between
Exploitation of Natural Resources and Popuiation Growth in the South?
Forum for Develnpment Studies. 1t 33-58.

Scherr. 8. J. {1999 Past and Present Effects of Soil Degradation, In: Scherr, &,
J. {Ed}. Soil Degradation - A Threat to Developing-Country Food Security
by 2020. International Food Policy Research Institute 2020 Discussion Paper
27, Washington DC. Pg 13-30.

Schimel, D., Stillwell, M. A. and Woodmansee, R. G. {1985) Biogeochemistry of
C. N and P in a Soil Catena of the Shortages Steppe. Ecology. 66: 276-282.

Schnier, H. F,, Recke, H., Muchena, F. N. and Muripki, A. N, {1997) Towards a
Practical Approach to a Fertilizer Recommendations for Food Production in
Smailhelder Farms in Kenya. Nutrient Cycling in Agroecosystems. 47: 213
226,

Scoones, L and Toulmin, €. (1988} Sqil Nutrient Balances: What Use for Policy?
Agric. Ecosystems Environ. 71: 285-267.

Seoones, 1. and Toulmin, C. {1999 Policies for Soil Fertility Management in
Africa. A Report Prepared for the Department for International Development.,
IDS/HED.

Seward, P. D. and Weomer, P. L. (1982} The Biology and Fertility of Tropical
Spils: Report of the Tropical Seil Biology and Fertility Programme. {TSBF).
1992,

Seward, P. D. and Woomer, P. L. {1992} Tropical Sofl Biology and Fertflity
Programeme Report of the Fourth TSBF African Network Workshop. Harare,
20-26 July, 1983 | Report No. 8.

Shepherd, K. D, and Soule. M. J. (1998) Soil Fertility Management in West Kenya:
Dynamic Simulation of Productivity. Profitability and Sustainability at
Different Resource Endowment Levels, Agric, Ecosyst. Environ. 715 133-147.

Smaling, E. M. A., Nandwa, 8. M., Presteele, H.. Roetter, R. and Muchena, F. N,
{1992) Yield Response of Maize to Fertilizers and Manure Under Different
Agro-Ecological Conditions in Kenya.

Bmaling, E. M. A., Stoorvegel, J. J. and Windmeijer, P. N. {1983} Calculating
Soil Nutrient Balances in Africa at Different Scales. I Distrizt Scale. Fert.
Res. 35 237-350.

Smaling, E. M. A, and Fresco, L. O. {1993) A Decision-Support Model for
Monitoring Natrient Balances Under Agricultural Land Use. (NUTMON),
Geoderma. 80 235-2586.

Smaling. E. M. A, Fresco, L. O, and De Jager, A, (19686} Classifying, Monitoring
and Improving Soil Nutrient Stocks and Flows in African Agriculture. Ambin,
25: 492-496.

Smaling, E. M. A and Braun, A. R. 1996. 30il Fertility Research [n Sub-Saharan
Africa: New Dimensions, New Challenges, Commur:. Soi Sci. Plant Analysts.
27: 365-3886.

Smaling, E. M. A, Fresco, L. O. and De Jager. A. (1996) Classifying, Monitoring
and Improving Soil Nutrient Stocks and Flows in African Agriculture. Ambio.,
25: 492-496,



50 S.M. Nandwa

Smaling. E. M. A, Nandwa. 5. M. and Janseen, B. H. {1997) Soil Fertility in
. Africa 15 at Stake. In: Buresh, R J., SBanchez, P, A, Callioun, F. {Eds).
Replenishing Soil Fertility in Africa. 8554 Special Publ. 81 888A. Madison,

Wi

Smaling, E. M. A, Van Keulen, H. and Nandwa, 5. M. {1899} Soil Fertility
Managenrent in Africa. In Press,

Sombroek, W. G., Braun, H. M. H. and Van Der Pouw. B. J. A, 11982} The
Exploratory Seil Map and Agroclimatic Zone Map Kenya. Scale 1:1 000,000
Exploratory Soil Survey Report No. EL Kenya Soil Survey,

Stoorvogel. J. J. and Smaling, E. M. A, (1890) Asscssment of Sofl Nutrient
Depletion in Sub-Saharan Africa, 1983-2000. Report 28, DLO Winand
Starring Centre For Integrated Land, Seil and Waler Research. 3C-DLO |,
Wageningen, Netherlands.

Sioorvogel, J. J., Smaling, E. M. A, and Janssen, B. H. (1983) Calculating Soil
Nutrient Balances in Africa at Different Scales. 1. Supra-National Scale.
Fertilizer Research, 36: 227-235. ‘

TSBF. {1885} Tropical Soil Biology and Fertility, TSBF: Planning for Rescarch.
Bislogy International Special Issue No. 9. International Union of Binlogical
Sciences, Paris.

TSBF. {1987} Tropical Soil Biclogy and Fertility. TSBF: Inter-Regional Rescarch
Planning Workshop. Biology International Special Issue No. 13, International
Union of Biological Sciences, Paris.

Vagstad, N. {1994) The Complexity of Balanced Fertilization. Report of Expert
Meeting on Balanced Fertilization, Oslo.

Van Den Bosch, H., De Jager, A. and Yiaming, J. (1998} Monitoring Nutrient
Flows And Economic Perfermance In African Farming Systems, (INUTMON;
{1, Tool Development. Agric. Ecosyst. Environ. 71: 51-64.

Van Der Pol. ¥. (1992} Soil Mining. An Unseen Contributor Incomse in Southern
Mali. Bulletin 325. Royal Tropical Institute Kil, Amsterdam.

Wadding, $. R. and Snapp, 5. {1999] Workshop on “Best Bet” Soil Fertility
Technologies Revisited for Malawl and Zimbabwe. In: Waddinglon, 8. R,
{Ed) Target, the Newsletter of the Soil Fertility Research Network for Maize-
Based Cropping $ystems in Malawi and Zimbabwe.

Walker. B., Steffen, W.. Canadell. J. and Ingram, J. {(19498]. The Terrestrial
Biosphere and Glebal Change: Implications for Natural and Managed
Ecosystems, Chapters | and 8 Reproduced with Permission for GCTE Focus
3 Conference, Cambridge University Press,

Woomer, P. L.. Martin, A., Albrecht. A., Resck , 3. V. 8. and Scharpenseel, H.'W.
{1994} The Importance of Soil Organic Matter in the Troples. I Woomer. P.
L. and Swift, M. J. [Eds]. The Biological Managemenit of Tropical Soil Fertility.
Wiley-Savee, Chichester, Uk, Pp 47-80.

Woomer, P, L. and Muchena, F. N. (1996} Overcoming Soil Constraints in Crop
Preduction in Tropical Africa,

World Bank. {1996} Natural Resource Degradation in Sub-Saharan Africa:
Restoration of Soil Fertility. African Region. World Bank, Washington DC,

Wworld Bank. (1987} Seil Fertility Initiative for Africa. Washington D. C. The
World Bank.

Wortman. C. §.. Lunze, L., Ochwoen, V. and Lynch, J. {1995} Bean Improverment
for Low Fertility Soils in Africa. Africa Crop Science Jownal, 3{4): 469-477.



!@%QQ”?

Principles of Integrated Soil
Fertility Management

S. K. Kimani', S. M. Nandwa?,
D. N. Mugendi?, S. N. Obanyi’, J. Ojiem®,

H. K. Murwira® and A, Bat:ono?

g b
* Kenya Agricultural Research msf?fzzte, National Agricultural
Research Centre — Muguga, P.C. Box 30148, Nairobi,
Kenya,
2ard4 Kanya Agricultural Research Institute, National
Agricultural Research Laboratories, PO. Box 14733, Nairobi,
Kenya,
3 Scheol of Pure and Applied Sciences, Kenyatta University,
P O. Box 43844, Najrobi, Kenya,
> Kenya Agricuftural Research Institute, Regional Research
Centre, P.O. Box 189, Kakamega, Kenya,
¢ TSBF — CIAT, ¢/o University of Zimbabwe, P.O. Box MP
228, Mt. Pleasant, Harare, Zimbabwe,
7 AfNet Cordinator, TSBF — CIAT, c/o ICRAF, F.O. Box 30677,
Nairobi, Kenya

Introduction

Africa’s agriculture, requires transformation if it has to contribute
towards alleviation of poverty, food insecurity and environmental
conservation. Many countries in the continent are unable to match
agricultural production to fast growing population to overcome food
deficits. Cereal grain yield increase is about 1% against a population
growth rate of about 3% and soil fertility management is at a crisis
point (Smaling et al., 1997). Approximately 65% (121 million hectares)
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of Africa’s total land (187 million hectaresj is degraded. Rates of nutrient
depletion are particularly high in areas with favourable climates for
crop production and high population densities, High External Input
Agricultural Systems (HEIA), most of which are characterized by
intensified production, are increasingly becoming non-attainable.
Moreover, in extensification sysiems which tend to be low external input
agriculture (LEIA], production takes place at the expense of soil as a
natural capital. the common property resource base.

Despite diversity of approaches and solutions and the investment of
time and resources by a wide range of instifutions, soil fertility degradation
cottinues to prove to be a substantially intransigent problem, and as the
single most important constraint to food security in the continent [Sanchez
etal, 1997). For exampie, soll loss through erosion is estimmated {o be 10
times greater than the raie of natural formation. Return to investinent in
soil fertility has not been commensurate to research outpuis [AHI 1997).
Farmers are ondy lilely to adopt sound soil management if they arc assured
of return on thelr investment. Integrated soil fertility management {ISFM)
is now regarded as a strategy that helps low resource endowed farmers,
mitigate many problems and the characteristics of poverty and food
insecurily by improving the quantity and quality of food. income and
resilience of soil productive capacity. The next section defines ISFM, lists
mudtiple purpose ISFM options/components/ technologies and guiding
principles for sustainable ISFM.

What is Integrated Soil Fertility Management (ISFM)?

Essentially, ISFM is the adoption of a systematic conscious participatory
and broad knowledge intensive holistic approach to research on soil
fertility that embraces the full range of driving factors and consequences
such as biological, physical, chemical, social. economic and political
aspects of soil fertility degradation. The approach advocates for careful
management of soil fertility aspeets that optimize production potential
through incorporation of a wide range of adoptable soil management
principles, practices and options for preductive and sustainable agro-
ecosystems. 1t entails the development of soil nutrient management
technologies for adequate supply and feasible share of organic and in-
organic inputs that meet the farmers’ praduction goals and
circumstances. The approach includes other important aspects of the
soit cornplex; soil life, structure and organic matter content. The approach
integrates the roles of soil and water conservation; land preparation
and tillage; organic and inorganic nutrient sources; nutrient adding
and saving practices; pesis and diseases; livestock; rotation and
intercropping; multipurpose role of legumes and integrating the different
research methods and knowledge systemns. The approach also includes
a social and economic dimension,
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Range of ISFM componentsftechnologies

The major emphasis in the ISFM paradigm is on understanding and
seeking to marnage processes that contribute to change. Literature review
indicates that there is a wide range of ISFM components and techriologies
in the continent. The increasing adoption of ISFM as a long-term
perspective and holistic approach derives its success on the emergence
of a consensus on its guiding principles. This paradigm: is clogely related
to the wider concepts of Integrated Natural Resources Management (INRM},
thereby representing a significant step beyond the earlier, narrower
concept and approach of nutrient replenishment/recapitilization for soil
fertility enhancement {Sanchez et al.. 1997]. ISFM thereafter embraces
the full range of multiple purpose options (MPOs} and driving factors and
consequences {namely, hiological, physical, chemical, social, economic
anel political), of sofl degradation in different farming systems and fand
types, reviewed in Chapter 1. The ISFM MPOs may include:

{1 Integrated Nutrient Management [INM], which is the technical
backbone of ISFM approach. It entails integrated use of organics as
well as in-organic sourees of plant nutsients; as well as the entirety of
possible combinations of nutrient-adding practices and ruirient saving
technigues. The latter INM is percelved as the judicious manipulation
of nutrient inputs, cutputs and internal flows to achieve productive
and sustainable agricultural systems (Smaling et al, 1996),

{ii} Integrating the beneficial and deleterious effects of the relationship
between abiotic factors fincluding tillage, soil and water management)
and biotic stresses {including integrated pest and disease
management: integrated crop management].

{itl) Integration of crop and livestock preduction,

(iv) Integraiion and gdreater productive use of local and indigenous
knowledge, innovations. practices and resources and science
knowledge based-management system,

(vl Integration of policy and institutional framework, as well as on-site
and off-site (landscape] effects,

Amongst success stories in the adoption of MPOs in parts of 83A
Inchude the practices of intercropping and integration of multiple purpose
iegumes (green manure, cover crops and herbaceous, tree, forage or
fodder and grain or food legumes): manure use by low resource endowed
farmers: and the emerging spread of improved fallows and biomass
transfer. especially of high quality organic inputs: use of regionaily and
locally available inorganic sources of plant nutrients and amendments
(for example rock phosphates. limestones, sulphur and magmax,
termitaria soil, ashes etc.). Another option entails the use of high-
efficiency micro-dose fertilizers on high value crops as opposed to their
application to less responsive indigenous crop varieties or cropping
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systems. Besides these technical research options, there is also need
for integration of socio-economic and policy research to identify factors
that may inhibit or favour adoption of more sustainable land
management practices (for example MPOs), a neglected area of soil
fertility research. Qther new dimension in the [SFM approach is the
tocus on farm scale recommendations within farm variakility instead of
plot scale-base recommendations, upscaling of strategies beyond village
boundaries and focus on ISFM instead of INM. This was embraced
recently in the TSBFI, CIAT and ICRAF strategic alliance to “improve
rural Hvelthoods™ in SSA through sustainable ISFM [TSBF, 2002b).

Principles of ISFM

Diversification of nutrient sources

In Africa, high fertilizer use efficiency is not achieved (N recovery < 30%)
and access to inorganic fertilizer by smallscale farmers is increasingly
hecoming elusive, and it is now apparently clear that there is need for
rapid reintroduction of organic sourcing of plant nutrients in smailtholder
agriculture. This may be achieved through improved fallows, rotations,
green manuring, farmyard or compost and animal manures, mixed
cropping with legumes, crop residues restitution, agroforestry and biomass
transfer. For example, there are areas where agricultural practices are
predominantly based on organic sources of plant nutrients and has been
termed “organic” or “conservation” or “ece-intenstfication” farming, at its
extremity. By definition, such smallholder agriculture is “regenerative”
to some extent. This is because their farms are characterized by muliiple
cropping, for example, maize-based systems including legumes, roots
and tubers, fibre and horticultural crops grown in complex mixtures. As
low-external input soil management systems, soil fertility buffering in
such farming systems is mainly from organic nutrient sources. The
potential benefits of adding erganic nutrient sources include: source of
nutrients {multiple nutrients); regulation of mineralization or
immobilization (synchrony or asynchrony); energy source for microbes
{enhanced nuirient cycling): precursors to SOM (residual effects). But
the amount available and quality of organies is often the main Wmitation
io the widespread adoption of this option.

Ta satisfy crop demands and ligands for reducing P-fixation and Al
toxicity requirements, there is need to understand the merits and trade-
offs of the organics (Prasad and Power, 1991) and nen-conventional
inorganic sources (Nandwa and Bekunda, 1998) especially factors which
regulate the decomposition and mineralization and nutrient release patterns
(Whitermnore and Hadayanto, 1997}, The technologies so formulated must
take into account the access and availability {quantity or rates} of the
materials, their quality (that is the rafe of nutrient release in relation to
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uptake demand by maize) placernent and time of application with respect
to crop sequence and time of planting, Presently, many studies and field
experfments are conducted in the region aimed at gaining insights of the
processes which regulate the release of nutrients from materials of
contrasting qualities {Kimetu, 2002). Many of them are conducted within
the framnework of the Tropical Soil Biology and Fertility (TSBF) programme,
especially the African Network {AfNet) of the programme (TSBF, 1895, 1997a,
1997b; Woorner et al., 1995]. The adoption of minirmum site characterization,
data sharing and use of standard methodology are among the requirements
of the AfNet parinerships (Anderson and Ingram, 1993). Results obtained
from such studies indicate that a wide range of organic materials can be
considered as alternative source of plant essential nutrients, sofl
amendrment and supplants (substitute) for chemical fertilizers (Kayuki and
Wortman, 2001). The TSBF research on managing nuirient cycles seeks {o
optimize the use of organic inputs for ISFM through manipulation of
decomposition and other soil biological processes. The manipulation helps
in the enhancement of the soil organic carbon pool as an integrator of
various soil-brased functions related to production and ecosystem services
tdemanstrating the environmental benefits and trade-offs that accrue from
diverse, healthy and active soil biological communityl. Research on
characterization of organic materials has helped develop an organic resource
database and translate the information into scil management practices
relevant for and targeted at conditions experienced by farmers. A decision
tree (Decision Support System) on the use of organic resources for INM is
a useful tool (Figure 2.1) emerging from this approach (Palm et al., 1997,
2001; Singh et al., 20013, A farmer user-friendly decision tree provides
indicators farmers can use to predict the nutrient release potential of organic
inputs {Figure 2.2} (Palm ef al., 2001; [IRR, 2000}.

In the two decision tools (DTs), the quality of organics depends on
the amount of nitrogen. lignin polyphenol and whether the leaves are
waxy or not. Physically dark green and yvellowish leaves contain high
and low nitrogen. respectively: and make good and poor organic fertilizer,
respectively. Secondly, leaves with low and high lignin contenis will
flow easily and with difficulties, as indicators of goad and poor organic
fertilizer, respectively. Thirdly, {esting organic materials will reveal that
those with high polyphenal (substances that inhibif rotting} will have
astringent taste as an indicator of a poor organic fertilizer while good
organic fertilizer will have no or limited astringent taste. Fourthly, waxy
leaves inhibit rotting as an indicator of poor guality organic fertilizer
compared to good organic fertilizer.

The quantity of nutrients sourced from organics vary greatly as
shown in Table 1. However, many of the materials when applied in modest
amounts 1.e. < 5 t dry matter ha'. contain sufficient N to match that of
a 2 t crop of maize but they cannot meet P requirements and must be
supplemented by inorganic P in areas where P is deficient.
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Figure 2.1. A preliminary quantification of the Decision Support System for organic
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{a} Leaves colour

Figure 2.2, The use of leaves colour, waxiness, brittleness and astringent taste to
distinguish between good and poor organic fedifizer
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Table 2.1, Average nutrient contents on a dry matter basis of selected plant matenals
and manures coillected in Eastern and Southemn Africa {Palm ef a/, 1987)

Matena! kgt
N P K
1. Crop residuss restitution
Sorghum stover 1G <% 15
Maize stover 8 < 7
Miligt stover 13 4 18
Flean trash 7 <1 14
Green maize stover 20 2 &
Tea leaves wasteditter 21 3 2
Pigeon paa grean ieaves 23 2 13
Mango tree leaves 18 «1 9
Banana leaves 19 2 22
Acacia mearmzi 23 4 20

Sweet potato leaves

2. Biomass transfer material

Tithonia diversifolia 38 3 43
Lantana camara 27 3 21
Grevilig robusta 14 <1 8
Chromolasna ordonata 38 3 15
Pasture grass 29 4 46
3. Lompost manures
Urban garbage {low quality) 11 8 15
Urban garbage {medim gquality; 20 ? 20
Water hyacinth i3 28 4
Eartnworm {Vermcutture} 11 7 &
4. Agro-processing waste-products
Sugascans trash (haggase) 8 <1 10
Filter mud 14 8 4
Coffes husks 16 4 12
GCofuna organic tertilizer 20 8 &5
8. Animal manJres
Cattle
High quality 23 k! &
Medium quality 15 4 7
Low gquality 7 1 8
Chicken
High quality 48 18 18
Low quality 24 7 14
Goat (low quality) 19 8 24
Mixture of low quality Cattle/Goat/Chicken 18 8 20
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Table 2.1 (Cont’}

8. LeQuninous cover crops
{Herbaceous impound fallows species)

Crotalana ochroleuca 42 2 8

Dolichos lablab 41 2 2

Mucuna pruriens 35 2 7

Canvalia ensiformis a7 1.3 1

7. Leguminous trees

{Waody tree fallows)

Catfiandra calothyrsus 34 2 11
Giirfcidia sepium 33 2 21
Leucasna levcocephaia 34 2 21
Sesbara sesban 34 2 ih
Tephrosta vogelli 21 2 ]

Senna spectabdis (Non-BNF) 33 2 16
Crotalana grabamiana 21 16 12

Maximization of input use efficiencies and return to
investments

One of the basic principle for adoption of 1S8FM especially INM is
underpinned in the value of combining of organic and inorganic materials
to maximize nutrient use efficiency. Fertilizer N losses of 20-40% through
gaseous and leaching losses are commonly reported (Palm ef al 1997)
while yield reductions due to low quality organics may also occur,
suggesting the need for appropriate combination. INM trials in the
continent have been used to establish the fertilizer equivalencies of locally
available organic resources, Higher N content results in higher fertilizer
equivalent values. For example Tephrosia {4% N]. Tithonia {3.5% NJ.
Seshartia {3.5% N] and Figeon Pea (2.8% N] have been reported to have
93. B7. 38 and 33% fertilizer equivalencies, respectively (Palm ef al.,
2001}, In a recent study in Kenya, Tithonia diversifolia, Callicndra
calolhyrsus and Senna spectabilis had fertilizer equivalencies of 130,
72 and 68, respectively {or yield increases over control of 71.4, 48 and
43%, respectively) (Bimetu, 2001). Many studies including long-term
ones have shown that, INM results in more yield and nutrient use
efficiency than that expected from mere additive effects of sole
appiications (Bekunda et al., 1997 Kang and Baleshbramanian, 1990).
The higher utilization efficiency {agronomic and/or nutrient recovery
efficiency} obtained from INM [as compared to sole application] may be
attributed to the principles of synergisiic effects involving different
mechanisms for example synchrony, which underscores the importance
and need for mechanistic understanding of the soil biological processes.
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The higher values of fertilizer equivalency of the tested organic materials
suggest that organic amendment have beneficial roles besides the
addition of plant nutrients such as improvement of water holding
capacity. Therefore, the release of nutrient with mineralization over time
can synchronize with plant demand resulting in higher nutrient use
efficiency from the organic amendments. The amendments have also
been reported to reduce the capacity of the soil to fix P thereby increasing
P availability for uptake and hence higher ¥ use efficiency (Buresh et
al., 1897). In long-term soil management trials., application of crop
residues, N, ridging and rotation of pearl millet with cowpea were
evaluaied to determine their effect on phosphorus use efficiency (PUE),
and results obtained showed that PUE increased from 46% with P
application alone to 133% when P is combined with N and crop residue
applications and the crop sown on ridges in a rotation (Table 2},

Tabie 2.2, Effect of mineral ferdilizers, crop residues, nitrogen (N} and crop rotabion (R)
on peast millet yisld (kg ha’) and phosphiotus use efficiency (PUE, kg grain kg P') at
Sedore, Niger, rainy seasort 1998, The results were compared when P was applied
{13kg ha'') and ridging {RG) was practiced or not

Treatment Yield RONO {PUE;  RORi (FUE} RINO {PUE}  RiNI (PUE)

Conirol 33 58 61 a8

P alone 633 48 1030 75 726 51 1212 86
P+ RG 448 32 946 68 785 58 1146 81
P+R 1285 G4 1441 106 1475 109 1675 121
P+ R+ RG 1351 104 1581 117 1703 128 1826 133

SE + {407 for grain in all cases)

Source: A. Bationo, unputlished data

Recent studies in improved fallows have identified short/medium-
term legumes that yield 6 - 11 { ha'! of dry matter, 150-300 kg ha'* of
N and 20-30 kg ha’ of P in 62 months. A 4-year experiment in india
({Goval et al, 1992} compared the N substitutive effects of wheat straw,
FYM and Sesbania green manure on pearl millet (Pennisetum glaucum
LI R. Br) yvields, N uptake and SOM. The results (Table 3) showed
that crop yields, N uptake and N recovery were greater with the
combination of FYM and/or green manure and urea compared with
application of urea alone but less recovery was obtained when wheat
straw was combined with urea. The highest N use efficiency (%
recovery) of 38 and 33% was obtained with urea + sesbania and urea
+ FYM, respectively compared to 29% (urea alone] and 17% lurea +
strawl.
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Table 2.3. Pead miltet yield, N uptake, N recovery, and soil properties following 4 yr of
appication of fertilizer {Urea) compared with the combination with organic materials of
differing qualitiss

Treatmentt Grainyield Nuptake  Nrecovery SOM-Gt  Microbial C
tha kg hat % g kg mg G kg’

NO PO 1.51 31 — 40 180
N120 P40 278 58 29 4.3 260
NEO P20 + NEG

{FYM) 2.81 71 33 5.0 330
NGO P20 + N6C

{wheat straw) 2.33 51 17 4.5
3585
N6C P20 + N6o

{segbania) 318 78 38 4.8 35
LSD (P = 0.05) 027 57 0.8 19

1 N = kg of N added as fertifizer ar organic material, P = kg of P added as inorganic
tertihzer,

Adapted from Goval ef af, 1892

Emerging knowledge has also revealed that in environments with
high leaching and denitrification potential. immobilization of N initially
raay after all help increase nutrient use efficiency eventually, thus
mimicking the concept and principle of split application of N fertilizer,
In conclusion, it may be stated that INM practices that optimize nutrient
inputs while concurrently mirdmizing nutrient losses are most likely to
contribute towards increased efficiency of the applied nutrient material
manifested on high crop respense. This has been clearly demonstrated
by long-term INM trials in West Africa (Kang and Balasubramanian,
1990) and Africa (Bekunda et al., 1997).

Research on the determination of optimum combination of inorganic
and organic N sources {Tithonia and Sesbanta) in Eastern and Southern
Africa have shown 50% organic and 50% mineral N source e.g. urea) as
the opiimum combination ratio {Palm ef al, 1897]). NUTMON studics
and resulis (see Chapter 1) bave demaonstrated that for efficient return
to increased agricultural production, inputs will have first to depend on
the extent to which farmers minimize or eliminate non-useful ouiflows
like OUT 2 (residue burning). 3 {leaching), 4 (gasecous losses such as
valatilization and denitrification escape of nutrients), 5 {erosion) and 6
{human waste and sludgej. A case study of two farm types on eastern
slopes of Mount Kenya (Gitari et al, 1299), showed higher net farm
income {Kshs 94,300 in medium resource endowed farm compared to
low resource endowed farm (Kshs 39,000), which was associated with
positive {105 kg NPK ha'? yr'} and negative {15 kg NPK ha”? yr} balances,
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respectively (Table 2.4). Thus, the predominantly low ar no cost nutrient
supplies in the first farm was responsible for high return to investment.

Tahie 2.4. Economic performances and nuirient balance of two farm types in land use

zone IV and ¥V in Embu District, Kenya

Charactenstics

Resource endowmaent
Nutnent Balance N
o
K
NPK

Net Farm incoms
{Kshsfarmivear]
{1 1I58 = Kshs G0}

Sources and cost of
nutrent supphes

Crop gy livestock
contnbution o farm
ncoeme %)

Tobarce and Food Crops
Farm Type in Land Use
Zong (V (Nitisol/Cambisois)
Zone V {Arenosols)

Low
26
15
-4
-5
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High 1evei of incrgani
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zero mingral fertihzers but
70 kg NPK ha vear’
manures i LUZ Vi

78 and 22 respeciively

Extensive Livestack Grazing
and Shifting Cultivation
Farm Type Land Use

Medium
43

2

o

105

64,300

Browsing of livestock from
commural grazng fand ang
accumuiation of manure in
kraals 1§ responsible for
positive balance in spite of
no external mineral
fortilizers brought in the
farm

53 and 47, respectively

U

Scuree: Gitarj gt af, 1989

ISFM as a knowledge intensive holistic approach and long-
term perspective

Agricultural productivity is as much a funietion of human capacity and
ingenuity as it is of biological and physical process (Pretty ef al.. 1996).
Iniegration of the two helps to show the potential synergy and
complementarily of the processes {Onduru ef at., 2001). One of the TSHY
research foci is empowering farmers. which aims to strengthen farmers
status by facilitating access to knowledge and decision-making through:
evaluation of management options for 1SFM: facilitating pathways of
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knowledge interchange and: improving policies for sustainable soil
management. On-farm [SFM research involves the need to understand
the basis for decision making by farmers and the extent to which the
decisions are based on principles of scientific processes and how these
are modified by the socio-economic constraints.

Participatory learning and action research (PLAR)

Recent trend to make ISFM a knowledge intensive approach is by

integrating local and scientific knowledge through the development of

Participatory Learning and Action Research (PLAR] for ISFM, as a process

to help farmers to improve their soil fertility management strategies

{Baltissen et al. 2000). This can be achieved through:

i) Self-diagnosing and analyzing of current soil fertility management
{SFM] strategies and practices:

{iiy Planning. experimenting and evaluating alternative SFM practices
that are practical, appropriate to their particular situation and better
able to expleit available resources and diversity, and

fiti) PLAR for ISFM aims to build effective and efficient farmer
organizations that will ensure that successful and continued
development of ISFM practices {(Defoer and Budelman, 2000,

FLAR enables farmers to discover and experiment with new SFM
practices on a step-by-step basis, promotes joint learning between
farmers and facilitates demand-driven extension. The potential for
institutionalization of PLAR for ISFM should be determined by capacity
building in PLAR skills and involvement of policy makers in the process
and tramning in related participatory research approaches. A good
example is the development of a guide for identifving, classifving and
integrating local indicators of soil quality (LISQ) and technical indicators
of soil quality (TISQ) 1o guide the development of sustainable
management principles and strategies for ISFM {Barrios et al. 2000).
Integration of LISQ and TISQ helps in the capture of farmers knowledge
about soils which is the result of hundreds of yvears of trial and error
and accumulated experiences. Such valuable knowledge tends to fade
away with time. Moreover. it is the farmers who know and experiment
with their soils. and hence such knowledge integration facilitates actors
(farmer. extension and rescarch technicians) to have a shared
understanding of the soils. The approach helps to overcome some of the
past conventional research methods and assumptions such as fields
are uniform resulting in general and irrelevant recommendations for
dealing with fertility problems of heterogeneity gradients and niches. A
good example is from a case study of Kabras Division in Kenya, where
seven niches were identified under a smallholder farm which tended to
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vary tremendously in fertility [Table 2.5] (Ojiem ef al, 2000). From a
case study on experiences in participatory diagnosis of soil managernent
in Kenya, Onduru et al (1998} found close correlation between LISQ
and TI5Q in Machakos District, thus emphasizing the importance and
feasibility of the integration. These farmers’ participatory research
approaches tailor research focus on recommendation domains e.g. based
on farmers wealth classes. In conclusion. these approaches emphasize
empowering farmers to do their own analysis, learn, adapt and do better
and not transfer of known technology: not a package of practices to be
adopted but a basket of choices and options from: which to select. not
precepts but principles; not strict messages but methods. This
integration of farmers’ indigenous knowledge with science knowledge
gives allowance for farmer "perceptions,” “views™ and “opinions” that do
not necessarily correspond to the "best technical means™ to ISFM (Defoer
et al., 1998, Garforth and Gregory, 1997). This approach contrasts with
science approaches that use and generate fundamental scientific
knowledge that may not be readily translated into farming systems
practices because of socio-economic constraints (de Villiers. 1996).

NUTMON: Nutrient stocks and balances as indicators of
productivity and sustainability

Nutrient Monitoring (NUTMON] is another Participatory Farmer Research
Approach (like PLAR} that uses INM as the judicicus manipulation of
nutrient stocks and flows, in order to arrive at a "satisfactory” and
“sustainable” level of agriculiural production, at minimum environimental
cost. Nutrient budget is often simpiified as the summation difference
between nutrient inflows and outflows which resulis in a net flow figure
ftermed the balance]. In the 1830s, experiments of Boussingault set up
to draw up balance sheets {0 show how far manure and other sources of
nuirient supply {air, rain and soil} had satisfied the crop. In the 1950s,
approaches to inputs and output analysis formed a major focus of systems
ecology. Therefore. the importance of the concept of nutrient balance
sheets or budget in sofl fertility is not new (Cookes, 1967). More than 150
vears ago Justus Von Leibig stated that “nutrients taken away from the
sail should be replenished.” But more recently, the nutrient balance focus
has shifted from soil fertility per se towards imbalances between nutrient
inputs and outputs. and their agronomic and environmentai
consequences. The nuirient budget concept consists of spatial and
temporal scales. The spatio-agroecosystem levels include country, region.
district, catchment area, farm, plot and soil solution. The concept includes
different temporal scales ranging from a few minutes to geological time
scales. Irrespective of the temporal scale, at each spatial level, different
processes and flows determine actual value of the nuirient budget.
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Nutrient stocks, flows and balance are currently and increasingly

being used as powerful tools and indicators for estimating nutrient
depletion or accumulation. There are several, simple and complex
approaches and methods for calculating nutrient balances, which
strongly depend on the purpose of the exercise and the end-user of the
results obtained. Black-box models are mostly used at higher spatial
scales and have “awareness raising” as their main goal and policy makers
as the principal andience. In this approach, nutrient depletion or
enrichment of the system simply follows from the difference between
total nutrient inputs (mineral fertilizers-IN 1, organic inputs-IN 2,
deposition-IN 3, biological nitrogen fixation-IN 4, sedimentation-IN 5,
subsoil nutrient exploitation-IN 6) and outputs (harvested products-
OUT 1, crop residues-OUT 2, leaching-OUT 3, gaseous losses-QUT 4,
erosion-OUT 5, faeces and urine-OUT ), without paying attention to
processes within the boxz. Soil fertility Uncluding nutrient stocks) is not
a static feature but changes constantly and its direction (accumuiation
or depletion) is determined by the interplay between physical, chemical,
biclogical, and anthropogenic processes and principles (Smaling et al.,
1997). :
Nufrient budget is therefore, "best first approximation estimate”
of agro-ecosystems productivity and sustainability. Since most work
ir: Africa reveals that most SSA agro-ecosystems can be labelled as
non-sustainable due to negative nutrient budgets and low nutrient
stocks (from few studies), it is meritable {0 adopt ISFM approaches
to generate technologies that are agronomically superior, economically
viable and socially acceptable. There is great need however to intensify
ISFM research agenda based on nutrient budget results and
knowledge gaps in the context of prevailing socic-economic factors
at each spatial scale.

The success of the application of nutrient budget results has been
at the higher spatial scale level (country/district), where they have been
used to influence policy to help in initiating projects to combat nutrient
depletion. There is urgent need for nutrient budget research at farm/
watershed level to help influence farm household decision making and
perception regarding increased investment in nutrient recapitalizatiorn,
replenishment and balanced fertilization, taking into account the trade-
off between the economic, sustainability and environmental issues.
Integration of participatory and multidisciplinary approaches is a major
precondition to success. Presently most nutrient budgeting studies
overlook the conventional soil productivity indicators such as soil
chemical analytical parameters, crop growth and yield, fertility indicator
plant species etc.

There is need for research to provide a better insight on the dynamic
aspects of nutrient flows, nutrient balances and stocks and their relation
to crop yields and related to soil productivity indicators. The imperative
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is to present reliable sustainability indicators and more accurate
economic impact assessments. Research needs to determine future yield
developments under specific nutrient balances and nufrient stock levels.
This will mitigate for the development of tools that enable integration of
large amount of available information collected in nutrient monitoring
and also to enable “what-if” type of calculations fo explore various options
and assumptions. This approach should help provide essential inputs
in scenario studies and play a major role in placing integrated soil fertility
management {(ISFM) and sustainability issues on the agenda of policy
makers (Scoones and Toulmin, 1998). A major breakthrough in farmer
participatory research (FPR) include integration of gender and
multidisciplinary expertise: training in skills, tools and FPR
methodologies, As the marriage between ITK and MSK becomes a reality
the farmer becomes the central personage in the FPR eyele. This makes
the approach a keystone of agricultural improvement in which all
programmes aimed at sustainably raising agricultural productivity must
be constructed.

Interaction between abiotic and biotic factors (stresses)

In most agroecosystems in Africa, potential yields of improved crop
cultivars are not achieved because of the interaction between the
germplasm, environment and crop husbandry (Y = G x E x H). For
example, in a case study on the very puor Sahelian soils, research
demonstrated that there was high potential to increase the staple pearl
millet yields by integrating rotation and crop residue restitution, which
resulted in 21.6 and 52.8% yield increases, respectively {(besides vield
increase of 23.9% from N fertilization) (TSBF, 2002} However, replacing
land cultivation and planting on flat beds with animal traction and
planting on ridges, resulted in a yield decline of 18.4%. The lowest yield
of 146 kg ha'' was obtained in traditional planting without fertilization,
retation and crop residue restitution (compared to a vield of 1866 kg
ha ' under opposite conditions]. Integration of green manure cover crops
{GMCCS). another important aspect of ISFM, provides the potential io
improve soil productivity through increased S8OM content, improved
soil raicrobial and physical properties, suppression of weeds and pests,
eroston control and contribution of nitrogen through N fixation. But
often this may cause trade-offs such as competing with the food crops
of inter- or relay-cropped or for land if rotated. These deleterious effects
need to be investigated as a precondition for successful introduction
and integration of GMCCS in the agricultural systems as part of the
ISFM. For example, work in Eastern and Southern Africa has shown
variable results with Crotalaria grahamania and C. ensiformis to repel
mole rat. while Tephrosia vogelii has been reported to be prone to root
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knat nematodes. The studies have shown that short-term legume fallows
reduce weed infestation and are also effective in striga weed control,
Potential niches for such legumes include:- cereal-legume intercrops,
relay cropping. rotational systems. short-term improved fallows. cover
crops in steep slopes or under tree crops, fodder systems or bench
terraces. under bananas, ete.

Major research breakthroughs have been made in integrating ISFM
and IPM. especially through Farmers’ Field Schools. The success include
management of hean roots diseases through soil ferdility improvement,
cultural control and use of resistant varieties and integrated disease
management (AHL 1997). Crop tolerance to roots was improved through
application of green manure's of Tithonia diversifolia (Otsyula e al.
1998), Similarly, bean stem maggots are now effectively managed through
optimum time of sowing, earthing up. planting density/soil fertility
improvement, use of resistant varieties and use of pesticides
{conventional insecticides as well as botanical insecticides such as neemy).
Integrated potato disease management for Potato Bacterial Wilt (PBW)
studies showed that PBW could effectively be managed through use of
clean seed. spacing, full roguing, cereal-potato inter-copping/rotation
and minimurm cultivation after crop emergence {AHI 1997). Butin related
studies the development of an IPM programme for the banana weevil,
based on sound seil fertility management practices has been constrained
by tack of thorough understanding of the interactions among the pest,
mulching and organic fertilizers (AHI. 1996). This is an area that requires
more ISFM-oriented research,

Crop-livestock Interactions

Mixed farming {crop-livestock) is and has been commonly practiced in
the intensively managed high quality rainfed lands; densely populated,
high/mediom quality rainfed intensively managed lands; and the sparse
to densely populated. semi-intensively managed marginal land
{discussed in Table 1.5, Chapter 1}. Recent studies indicate transition
from predominantly crop-livestock based system to upland cereal-based
system n the high quality rainfed lands. On the other hand in the
marginal lands, the transition is from extensive grazing and cropping in
new landscape niches resulting in several forms of degradation: Soil
erosion. soil fertility depletion, removal of natural vegetation perennials
from the landscape, soil compaction and acidification. Degradation in
the high quality land include nutrient mining due to depletion or
imbalance (due to non-balanced fenilization), and increased use of low
quality planting materials, fertilizers and pest control. Purposive
integration of crop and livestock farming is perceived to be one strategy
to overcome these types of degradation.
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A survey conducted in West Africa agricultural intensification system

showed that:
{a} Ecology. population density and market access and their interactions

ib)

are important drivers. manifested both in terms of higher levels and/
or mtensity of use of various production inputs and interactions
and mtegration between crop and livestock in the various socio-
geonomic domains that represent their inferactiorn.

ritensitication increases as one moves from low to high population
densities through increased intensity of use of farm resources,
commercial inputs {like fertiizers) and sale of outputs. The study
conlirmed manure as the hub of crop-livestock interaction. Gne way
to smprove quality of manure is through evolution of pasteral to
mixed farmimg or crop farming to mixed farming, which may involve
an initial decline in the share of livestock or crop income in gross
revenue of farms. In the East African Highlands introduction of full
or pofential Hvesiock confinement (zero-grazing dairy unit] has
resulted in higher qualify manure and crop vields and involves
complex inter-relationships {figure 2,31

Figure 2.3. Crop-livestock nteractions m East Afncan highlands

foragactigentiales + )
A

Lo
e

.,

TN

: UL ity Tl
stratogic é& : P Tig st

) Fodder /\/\/\ feeding e At SOV S

! e | e L Fepiave
B Faext orops Agronomy ! ments

| |Coshorops | esticted ‘(nap ler, ‘ ;dfatfp%?!ﬁ{r’r&zfng
er-— Spetsating ﬂg‘{@g i e f

teed/water maize,

! supply

H 52

S - utrignt

. > 1nsses
'!' o fertilizer
inergant: fertizer

" mineral depcsits

{Modified from Jon Tanner, DFID, UK)



70 5. K. Kimani et al

Policy and institutional framework

Institutional, socio-economic and biophysical factors governing agro-
ecoystems in Africa are highly diverse. This calls for the need for
combined approaches, with special attention for strengthening farmers’
capacity to adopt their systems over time. In this context, [SFM approach
should aim to contribute more broadiy to sustainable livelihoods of the
target farmers. This calls for direct interventions to improve soil status,
support to micro-finance and formal credit systems, improving market
access, strengthening farmer knowledge and skills, and improving
organizational linkages which promote better learning and sharing of
ideas [Hilkorst and Toulmin, 2000).

A macro-policy focus may be ideal in circumstances where farmers
are sufficiently well integrated inte economic and policy circuits for
changes at national level to feed rapidly down to the farm. For ISFM to be
successful there is need to: influence input and output prices; improve
market arrangements; facilitate credit provision; strengthen networks of
input suppliers; invest in rural infrastructure, communication and
training; change research and extension approaches; accomodate changes
in land tenure; and promote diversification of the rural economy. This
calls for participatory policy design. Reflection on policies for ISFM clearly
needs to link into what is being done in other fields of agricultural policy.

Conclusion

The ISFM, as a new research approach, seeks to overcome the
shortcomings of past conventional approaches. This is based on agro-
ecological principles, farmers’ participation and interdisciplinary
perspective and therefore, emphasizes context-specific and adaptive
responses, tailored to local conditions, as well as opportunities and
constraints faced by farmers. It links the development of resource
conserving technologies, support to institutions and farmer groups and
provision of enabling policy environment for agricultural investment.
The approach advocates for participatory farmers research; a holistic
approach to address many and complex farming systems problems so
as to achieve wide validity and adoption of agro-ecosystems that operate
with dynamic natural and economic environment. Research based on
new approaches indicate that ISFM is a rational research approach and
is based on sound soil management principles. These include:
¢ Maximization of input use efficiencies and return to investments
through integrated use (supplantation or supplementation) of mineral
fertilizers with organic resources of animal or plant origin,
» Integration of legumes with multi-purpaose roles in agro-ecosystems,
* Crop-livestock integration to improve the sustainability of nutrient
cycles,
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» Integration of abiotic factors such as water harvesting and soil
conservation methods to control soil loss and improve water capture
and use efficiency,

« Integration and judicious application of knowledge on the
relationship and interaction between soil fertility management and
biotic stresses of crop diseases, pests and weeds,

+ Integration and application of knowledge gained from studies aimed
at enthancing of the soil organic carbori pool as an integrator of many
abiotic-hased functions related to ecosystemns services,

» Integration of farmers and scientist knowledge.

The 1SFM also requires that the notion of dynamics and diversity be
integrated in policy interventfons. Policies which positively influence
the profitability and security of farming are likely to have important
impact in the investment in ISFM,
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Introduction

The subhumid zone accounts for 38% of the total land arca of Sub-
Saharan Africa (S8A) (Deckers, 1993). The subhumid zones of Southern
Africa, Central, East and West Africa have a variable growing season
length of 180 to 270 days. The rainfall pattern in the Southern Africa
region is unimodal with a range of 800 to 1200 mun per annum. The
rainfall pattern in East and Central Africa is bimodal characterized by
short and long rainy seasons. In the unimodal subhumid areas, rainfall
pattern is highly variable in terms of start of the season and amount of
total rainfall received in the season. This high variability in the amount
of rainfall received is associated with mid-season droughts and variable
crop vields especially for maize. The zone is commonly referred to as
‘the bread basket of Africa’ and it is characterized by high variability in
soil types, rainfall, altitude and climate. High population densities are
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found in this zone resulting in various degrees of agricultural
intensification.

The major soil types in the subhurmid zone of East, Central and
Sauthern Africa are a result of parent material, age and past and current
climatic conditions. The main soil types found in this zone are shown in
(Table 3.11

Table 3.1. Distribution of major soil types in the subhumid zene of Sub-8Saharan Africa

FAG USDA Area Y coverage  Areas of major
classification Taxonomy  in kmé of totatarea  occurrences
Ferralsols Oxisols 1847898 32 Zuire, Angola, Zambia,

Rwanda, Burundi,
Uganda, Southern Sudan

Acnisols Ulitisois 830603 3 Subburnid West Africa,
Scuthern Guinea, Togo,
Benin, Nigena, Central,
Cameroon, Cale d'lvoire

Lixisols Alfisols 16661581 29 South-East Africa,
Madagascar
Mitisols Palpustults 435831 8 Ethiopia, Kenya, Tanzania,
Paleistalfs East Zaire
Arerpsols Psamments 580433 10 N. Senegal, N. Maii,

Southern Niger, E. Sudan,
S-k Zaire, Botswana,

Angola
Vertisols Vertisols 158785 3 Sudan, Tanzania, Ethiopia
Others Various 301258 g timited ooourences

Totat - 5753564 100

Source: Decker, (1993} and Sanchez and Logan, (1952)

With the exception of Uganda, Burundi and Rwanda where bananas
are the main staple food, maize is the main staple food crop in East and
Southern Africa, with an estimated land area of about 15.5 million ha
(Pingali. 2001). Rosegrant ef al. (1996}, estimated that the demand for
maize in this region of Sub-Saharan Africa would rise from 21.3 million
tonnes per year in 1990 to over 52 miilion tonnes in 2020. Compared to
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the minor cereals such as millet and serghum, maize is a main staple

food due to its:

* Higher grain yields compared to miliet

* Requires loss processing

= Not susceptible {¢ bird damage when compared to sorghum

+ Maize crop has wide plasticity; it is grown in a wide range of
environments
Maize is also a cash crop with ready markets within the region
High input responafveness

»+ Easy to grow agronomically using hand labour and tools

» High suitability for many agro-industrial processes

This chapter will discuss the soil fertility managemenl in the
subhurnid zone in relation to sail biology, then discuss the main maize
cropping systems such as intereropping and maize monocropping
systemns and soil fertility management issues in these systems. Maize-
livestock interaction will be discussed since manure is a predominant
source of nutrients for most maize cropping systems in the subhumid
zone. lssues on integrated resource management including organics
rombined with inorganics are also discussed. A synthesis is presented
including some highlights of what works and some indication of
innovations for future research.

Soil Fertility Constraints

Soil constraints in the subbumid tropical Africa can be divided into two
major types: scil chemical and physical constraints. The chemical
constraints include low nutrients reserves, low cation exchange capacity
{CEC), aluminium toxicity, soil pH and phosphorus fixation as suggested
by Sanchez and Logan (1992). The physical constraints to increased
soll productivity are limited rooting depth, low water holding capacity
and susceptibility to soil erosion, soil crusting and compaction,

Low nutrient reserves and cation exchange capacity

About 55% of the soils in the subhumid zones of SSA have inherent low
nutrient reserves (Sanchez and Logan, 1992}, For instance, net annual
losses of more than 30 kg N/ha have been estimated for some Eastern
and Southern African countries (Smaling, 1993; Stoorvogel et al, 1993),
This constraint {s especially found in highly weathered soils such as
Oxgsols and Ultisols. These and other soils such as the sandy Psamments
have limited capacity to retain and to supply cations and other major
niutrients such as Nitrogen (N}, Phosporus (P} and Sulphur {8} required
by plants, with the exception of Vertisols and Alfisols. Most of these
soils are extremely nutrieni-depleted and crop production can only be
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sustained by regular addition of external nutrients and by proper snil
orgaric matter management.

Nitrogen deficlency
Nitrogen is the key nutrient for crop production. This element is the
most mobile and also the most easily exhausted nutrient in the soil.
Smallholder tarmers rely on natural fallow periods and use of leguminous
crops to restore soil nitrogen status (Nye and Greenland., 1660; Kwesiga
and Coe 1994 Hartermink et al, 1996). However due to high population
density and land pressure in subhumid tropics, long fallow periods are
no longer sustainable. To sustain high crop yields in intensive and
continuous crop production system, nitrogen fertilizer input is required.
This is particularly so in commercial farms in Kenya and Zimbabwe. As
nitrogen is the most costly nutrient and its availability can also be a
problem to smallholder farmers, efforts should be made to increase
efficiency of nitrogen fertilizer use (that is reported to be very low in
most smalltholder farms {(Palm et al, 1997)) and develop an integrated
nitrogen management system that can fully exploit biological nitrogen
fixation and other arganic sources of N in various production systems.
The potential N contribution from biclogical nitrogen fixation {BNF)
and other organic inputs can be very signficant in maize production
systermns, The beneficial effects come mostly from nitrogen in the crop
residues and tree prunings. Nitrogen contribution by grain iegumes,
however, may be small due to N removal in grain at harvest compared
to contribution from prunings of tree legumes and it is also usually
higher from sole than intercropped legumes. Sole grain legumes in
rotation with malze can coniribute between 40-70 kg N/ha to the
subsequent crops. Inclusion of legumes as green manure, Cover crops
and improved fallows in maize based cropping systems offers additional
benefits such as weed suppression, soil erosion control and soil structure
amelioration. The organic input can also provide carbon saurces to
microbial biomass and increase microbial activity (unlike inorganic N
fertilizer) and assist in maintaining or increasing soil organic matter
status of the soil.

Phosphorus deficiency, fixation and soil acidity
Apart from nitrogen. phosphorus is a major element limiting crop
production in the tropics (Buresh et al, 1997} especially in East Africa.
Phosphorus problem is exacerbated by fixation by aluminum (and jron)
in the vast majority of soils in the zone especially Ferralsols, Acrisols
amd Nitisals (Buresh et al. 1997}, This problem may be overcome by
application of small amounts of P and other ¥ strategies reviewed by
Buresh ef al. (1997),

Another related problem of Ferralsols, Acrisols, Lixisols and Nitisols
is the pH dependency of the nufrient storage capacity. Regular
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application of lime and organic inputs into the soil would raise seil pH
and reduce phosphate fixation and aluminium toxicity. The action of
organics is attributed to production of organic acids during
decomnpaosition that block or react with P fixing sites (bind aluminum
reducing its saturation and thereby reducing soil acidity) (Wong et al.,
1995; Nziguheba et al., 1998). In addition, application of organic inputs
especially those of high quality may lead fo increase in soil microbial
biomass and thus may increase nutrient availability.

Poaor structural stability and induced hard pan formation

The structural stability of many soils in subhurnid zones, particularly
the Alfisols, is very low and the aggregates are easily destroyed on
watering by rainfall or irrigation water. The break down of main
aggregates is due to entrapped air and differential swelling called sling,
which results in formation of micro aggregates. Such crusting reduces
aeration and infiltration of rainwater. Cultivation of such soils when
wet leads to formaticn of hard pans in the plough layer. Low organic
matter content and low clay content (3 to 129) are some of the conditions
that lead to crusting and compaction,

The consequences of hard crusting and compaction lead to:
Increased runoff and erosion rates

Restricted root growth

Seed germination impairment

Decreased crop vields

A w e

Application of organic inputs to the soil may lead to higher soil organic
matter (SOM) content and increased microbial population leading to
more aggregate stability which will increase infiltration rate and reduce
erosion losses of soil and nutrients. Despite the belief that soil organic
matter contents cannot be replenished in tropical soils under cultivation
due to the 'fast rate of oxidation’, there are examples where SOM has
been increased depending on the amount of organic residues returned
ter the soil. For example Bache and Heatheote (1868}, demonstrated
that gddition of cattle manure at 2 t/ha tor 15 vears led to small increases
in soil carbon {from 0.24 {o 0.43%) and N {from 0.021 to 0.034% N
content at Samaru, Nigeria. At Kabete, Kenya however, addition of 10
1/ha of cattle manure combined with return of all crop residues failed
i prevent a decline in the SOM contents in an Alfisol eropped annually
to maize and beans {(Kapkivai et ¢, 1997).

Spil moisture is a major constraint to increased crop productivity
especially in subhumid zones. Soils such as Oxisols, Ultisols and
Psamments have limited ability to hold water due to their low clay content.
Associated with this property is the occurrence of soll erosion especially
on Psamments and some Alfisols. Application of organic inputs may lead
to high SOM and increase the water holding capacity of these soils.
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Maize Cropping Systems

Due to high variability in climatic conditions, diverse soil types,
population density and socio-economic factors, maize cropping systems
are very diverse in this zone. They range from intercropping systems for
risk management and efficient use of land and labour resources to
solecropping systems. Solecropped maize can be produced from high
fertilizer inputs (commercial maize production especially in Kenya and
Zimbabwe} to solecropped maize rotated with legumes or maize produced
with integration of organic and inorganic inputs.

Maize sole cropping

As menbioned earlier, maize is the main staple food in the subhumid
tropics of Africa. During the colonial era, farmers were encouraged to
solecrop maize instead of the traditional practice of intercropping. A
case in point was in Zimbabwe where the master farmer scheme by
colonial extension system encouraged sole cropping and rotation of maize
with Jegumes for farmers to get a master farmer certificate. The
advantages of sole cropped maize were ease of mechanization, weed
controt and use of fertilizers,

This extension practice of sole cropping led to the use of the
mouldboard plough, The confinuous use of the plough for the same
ploughing depth led to the formation of hard pans with its associated
problems. The soil fertility maintenance practice under solecropping
was rotation of maize with grain legumes or green manures. Manure
from livestock was also applied to maize as a source of nutrients. Where
subsidies to farm inputs were available, inorganic fertilizers were used
to maintain high maize yields. The use of inorganic fertilizers on maize
has heen largely uneconomic in some countries since the removal of
government subsidies (Benson, 1997}, This led to continuous cropping
without inorganic inputs resulting in negative nutrient balance for N, P
and K in most countries {Smaling. 1993]. This Ied to the search for
more sustainable technologies such as crop rotations, improved fallows.
biomass transfer, hedgerow intercropping and integrated nutrient
management techniques which combine inorganic and organic sources
of nutrients.

Commercial monocropping maize system

Commercial agriculture based on high level mechanization. huge amounts
of inorganic fertilizer inputs and agrochemicals were introduced in
subhumid Africa since the advent of the green revolution. This was
particularly important for maize with the introduction of high yielding
hybrid varieties, Commerctal farmers especially in Zimbabwe and Kenya
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have adopted the green revolution in maize production. It is estimated
that 50% of the annual global food supply will come from the application
of inorganic fertilizers alone (Dyson 1995). Maize yields up 10 10 t/ha
have been obtained with inorganic fertilizer inputls of 600-1000 kg of
nutrients per ha. This has been responsible for meeting half of the national
maize requirements and also for export markets. While productivity of
this type is very high, its sustainabiiity in terms of soil biclogy and
productivity and economic viability is starting to be questioned.

Literature review by Bekunda et al. {1997} showed that continuous
appiication of inorganic fertilizers over the long term led to decrease in
maize yields. Similar results have been observed in the long term
experiments at the National Agricultural Research Laboratories, Kenya
[Kapkiyal et al.. 1999). The reasons for this decline could be due to the
following:
«  Soil acidification by fertilizers, especially ammotium-hased fertilizers
*  Mining of nutrients via harvest (more nutrients in grain and stover

than added through fertilizer application)

Leaching of N fertilizer
» Declining of soil organic matter

Mineral fertilizers should be part of the overall strategy to restore
soil fertiiity and increase crop productivity in subhumid Africa. However
exclusive use of inorganic fertilizers will not solve the soil mining
problems considering the fact that the use of such a nuirient scurce
does not replenish the declining SOM that is crucial to the sustainability
of agriculture especially for the smallholder farmers, As such an
integrated approach of using inorganic fertilizers with organic inputs
should he promoted to ensure sustainability of the cropping systems.

Maize intercropping systems

Maize intercropping systems are very comimon in farge areas of East
and Southern Alrica. Maize and beans (Phaseolus vulgaris} are
predominant in East Africa. In Southern Africa. maize is intercropped
with cowpeas, groundnuts and bambara nputs to a less extent. The
importance of intercrops is widely recognized by farmers. This arises
from the siabilizing effect of crops on food security, enhanced use
efficiency of land, water and labour and risk aversion in case of crop
failure. The roie of intercrops in soil fertility maintenance is also
documented. The low plant densities of legumes found in most intercrops
means that they can input modest amounts of N and organic matter
each year to maintain soil fertility. However, because they do not take
away land from cereals, farmers may be willing to use them every year
so that the aggregate effect may be enhanced land productivity.

¥
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Grain legume intercropping systems

Intercropping of grain legumes generaily results in the legume deriving a
greater proportion of its N from N, fixation than when grown alone, but
legume dry-matter production and N accomulation are usually reduced
because of competition from the companion crop {Table 3.21 so that the
overall amount of N, fixed is less than that of sole crop of a legume.
Cowpea intercropping was advaniageous with maize or millet in seasons
with adequate rainfall. but the cowpea competed strongly with the cereal -
crop for soil water when rainfall was limiting (Shumba et ai, 1890). One
netable exception again is traditional pigeonpea, which has a phenology
complementary to that of most cereal crops. Its initial aboveground growth
and development is very slow. hence there is little direct competition
between the two crops (Natarajan and Mafongoya, 1992). The long duration
and its ability to root deeply allows the pigeonpea to grow on after the
companion cereal crop has been harvested, utilizing residual moisture in
the soil, However, although sole pigeonpea produced clear residual effects
in the growth of subsequent maize, the residual effects ot iaize - pigeonpea
intercrops were not substantial (Kumar-Raa et al., 1983, Rumar-Rao
and Dart, 1987}, presumably because of reduced inputs of N. Despite
claims for substantial transfer of N from grain legumes to companion
cereal crops. the evidence indicates that benefits are limited and largely
due to sparing effects {Giller ef al, 1991}, Benefits are more likely to
accrue to subsequent crops as the main transfer pathway is due to root
and nodule senescence and fallen leaves {Ledgard & Giller, 1995).

Table 3.2. Biomass and nitrogen accumulation of green manurg crops in Malaw

Legume crop Cropning Age i Dry matter N accumulation
system waeks ttha kg/ha
Crotalaria Sale 16-24 26 50-180
ochroteucs Intercrop 16-24 1.5 38
Mucuna pruriens Sole 1318 28 60-260
intercraop 1318 36 105
Cafanus cajan Bole 35-52 48 75-200
Intercrop 35-52 25 105
Mucuna Sole 52 33 131
Intercrop 52 0.4 16
Sun hemp Sole 52 150 ND
intercrop A2 5.0 ND

Scurce: Kumwenda ef af (1356)
D = not determined



Maize Based Cropping Systerns in the Subhuid Zone &1

Relay intercropping maize systems

Intercropping and relay cropping of legume green manures or trees have
the advantage that crops are still produced while organic material is
praduced for sofl amendment. The obvious disadvantages are that the
green manures or trees may compete with the crops, and that the
amounts of organic material produced are generally less as compared
1o when they are produced alene. Thus, whether intercropping with
green manures and trees is advantageous depends on this balance and
the costs and benefits involved. The net benefits may however, vary
significantly between sites and seasons, depending on the availability
of water and nuirients, and the unpredictable nature of the interactions
between the green manure and the crop adds a risky complication.
Relay planting can reduce the likelihood of competition with the crop
‘where rairfall is Hrgted, with the production of the green manure
restricted by its ability to use residual water after the main cropping
season.

Hedgerow intercropping maize system

Hedgerow intercropping {also referred to as alley croppingl, developed
by scientists at the International Institate for Tropical Agriculture {[ITA)
in the early 1980s, has been very useful in developing a better
understanding of tree-crop interactions (Vanlauwe et al, 1996} It
consists of growing food crops in the alleys formed by hedgerows of
multipurpose trees and shrubs {MPTs) that are usually N, fixing. The
hedgerows are cut back {lopped) and periodically pruned during the
cropping season to prevent shading of the companion crops. The
prunings provide nutrients when incorporated into the soil as green
manure or spread on the soil surface as mulch (Kang et al., 1990). By
retaining woody perennials in crop production fields on a continuing
basis, alley cropping simulates the role of fallow in soil fertility
regeneration in shifting cultivation (Nair, 1993).

Though alley cropping technology has generated a lot of data to
date, it seems that the system performance is location-specific and
greatly influenced Dby the choice of free species and the type of
managerient adopted Mugendi et al, 1989ah). Generalizations and
extrapolation of results 1o seemingly similar environments is, therefore,
difficult and as well misleading {Nair et al., 1999}. In order to assess the
long-term performance of alley cropping, Rao ef al. (1997), reviewed ihe
results of 29 trials, mostly with small plots, conducted for four or more
years over a wide range of soils and climates across the tropics. The
results showed both positive and negative effects of alley cropping on
crop yields. in the semiarid sites, only two of ten studies gave substantial
yield increases. In subhumid environments, significant positive yield
responses were observed in seven out of eleven studies while in the
humid tropics, maize and taro did not benefit from hedgerow

e et e

o et .
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intercropping in four out of eight trials, though bean and cowpea yields
invariably increased.

Low biomass production of the hedgerow tree species (2 to 3 Mg/
ha/yr} and competition of hedgerows for water with erops are the major
drawbacks limiting the potential of prunings to improve fertility anc
productivity of soils in the water-limited areas (Ong ef al,, 1991; Rao er
al. 1991; Mugendi et al., 1997; Mathuva et al., 1998). Inadequate water
limited the response of crops even though alley cropping improved soil
fertility in certain sites of the semiarid tropics. In such cases, a biomass
transfer {cut-and-carry} system has been proposed as a more beneficial
system than alley cropping (Jama et al, 1995), In certain other sites,
especially in the subhumid zone. where hedgerow intercropping has
been demonstrated to be a viable technology, issues revolving around
Iabour required in the intensive management of the tree hedges have
continued to be a disincentive to the adoption of the technology (Kang
et al, 1990; Mugendi ef al, 1989a;b). An exception may be on steeply
sloping lands, where hedgerows can be planted on contours to help
prevent soil erosion (Young, 1997).

Another form of hedgerow intercropping is the one that has
recently been developed by scientists at the Makoka Research Station
{(ICRAF, 1997} in southern Malawi known as mixed intercropping
system. The system allows continuous cultivation without fallowing.
The soils in southern Malawi are mainly deficient in nitrogen, but
fallowing is precluded because of small land holding due to high
population density. High population density and extremely small
farm size also preclude cattle production, thereby eliminating the
potential use of manure as nutrient input. Mixed intercropping
system that integrates Gliricidia sepium trees grown in furrows with
maize occupying the ridges has been developed to address this
problem of nitrogen deficiency. The system ensures that maize
population is the same as in the sole cropping system. The trees
are coppiced and the prunings applied as green manure to the maize
ridges. The results so far indicate that use of Gliricidia green manure
can greatly increase maize yields over those obtained through
continuous sole cropping. The beneficial effect of the mulch was
significant in four of the five cropping seasons, when maize yields
from intercropped treatments were substantially higher than those
from control plots (both with and without the addition of mineral
fertilizer) as exemplified by the resulis of the maize grain yields in
both 1996 and 1987 (Table 3.3). Lower yields in 1997 were attributed
to excessive rainfall and waterlogging. Topsoil ammonium, nitrate
and total inorganic nitrogen (ammonium + nitrate) were significantly
correlated with maize grain yields in both 1996 and 1997. For both
seasons combined, pre-season inorganic nitrogen was correlated
with maize grain vield.
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Table 3.3. Maize grain yield with and without gfinicicfia intercropping and fertilizer nitrogen
ir1 1996 and 1987 at Makoka, Malawi

1988 1957
Fentilizer added No. tree Tree No. tres Tree
{xg N/ha) Maize grain vield {t/ha)
¢ 10 4.8 0.4 35
24 35 6.1 2.0 36
48 4.2 6.7 2.1 4.3

LSD {0.05): N rate = 0.45, ree biomass = (.36 for 1996

LSd (0.05): N rate = 0.50, tree biomass = 0.41 for 1957

Source: 1CHAF {1897)

Intercropping and relay cropping of legume green manures or {rees
have the advantage that crops are still produced while organic material
is produced for soil amendment. The cbvious disadvantages are that
the trees may compete with the crops and that the amounts of organic
material produced are generally less than when the land is devoted to
soil improvement. Whether intercropping with green manures and trees
is advantageous depends on the balance between the benefits and the
costs, The net benefits may vary significantly between sites and seasons,
depending on the availability of water and nutrients and the
unpredictable nature of the interactions between the green manwre and
the crop adds a risky complication. Relay planting can reduce the
Hkelihood of competition with the crop where rainfall is limited, with
the production of the green manure restricted by its ability to use residual
water after the main cropping season.

Green manure and cover crops

Many leguminous species are now grown as green manure and cover
crops for erosion control, weed suppression and for soil fertility
restoration. The advantages associated with the use of cover crops
include:

{1} enriching the soil with biologically fixed N,

{2} conserving and recyeling soil mineral nutrients,

(3} providing ground cover which helps minimize soil erosion, and

{4) requiring little or no cash input (Franzluebbers et al., 1998).

Biological N contribution is probably the main reason why farmers
include legume cover crops in cropping systems (Jeranyama et al., 1998).
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Alegume cover crop may contribute N to a subsequent non-leguminous
crop, reducing N fertilizer needs by 100 kg N/ha and more in some
cases (Hesterman ei al., 1892). It is however, also worth noting that
cover crops can also deplete the soil moisture necessary for grain
production in semi-arid areas {(Badaruddin and Meyer 1989) and can
compete for light and nutrients with the revenue crop (Badaruddin and
Mever 1989). Farmers can therefore take advantage of the beneficial
effects.of green manure and cover crop species to maintain and improve
their farm productivity,

Many fast growing leguminous species such as mucuna [Mucuna
pruriens}, soya beans {Glyeine maxd and various species of the Phaseolus
family can be especially useful as green manures and cover crops. Gitari
et al {2000) studied the performance of Mucuna pruriens and Crotolaria
ochroleuca green manure legumes under different combinations with
crops in Mount Kenya region. In the long rain season, maize grain yield
was 6.5 and 3.1 {/ha, where only legume residue was used as a source
of N at Karurina and Gachoka sites, respectively. This is compared with
farmer practice (use of different combinations of inorganic fertilizers)
grain yield of 3.5 and 2.7 t/ha for the same sites. In general, maize
grain yields at both sites were highest in plots where legume green
manure was used alone or in combination with ejther animal manure
or mineral fertilizers. In a similar study carried out by Kamidi ef al
{2000] at Matunda in Western Kenya, legumne green manures tended to
boost maize and bean grain yields. The green manures planted were
velvet bean {Mucuna pruriens), soybeans (Glycine maxd, dolichos (Lablab
purpurens), sunnhemp {Crotalaria ochroleuca) and cowpeas (Vigna
unguiculatad. The vields from plots under legume cover and half the
recommended rates of inorganic fertilizers recorded significantly higher
grain yields {velvet bean- 7.2 tha'', soybeans- 6.9 tha!, sunnhemp- 7.4
tha', cowpeas- 7.1 tha’ and dolichos- 6.6 tha’] than that obtained
from farmer practice {4.8 tha’). In this same study Mucuna had the
highest ground cover (72%) followed by Crotalaria (63%] and Lablab
(54%). Sovbeans and cowpeas gave the lowest ground cover {32% and
38%, respectively). The groundcover offered by these green manures
greatly reduced soil eroston especially during the long rain season as
noted by Gachene et al. (2000).

Increasingly the traditional nutrient sources for soil fertility
management are produced in insufficient quantities and quality to meet
maize crop demands (Palm et al, 1997}, Alternative higher quality
sources must be found but there must also be niches on farms, or the
vicinity, where they can be produced. Leguminous plant materlals
provide higher quality organic inputs to meet N demands, if not P, but
incorporating non-food legumes in the farming systems require a sacrifice
of space or time that is normally devoted to crop production. Additional
labour requirements for planting, transporting and incorparating these
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materials is also high (Jama et al. 1997). As such legumes for soil
fertility improvement have not been widely adopted by farmers {(Jama et
ak, 1998). The economic and social trade-offs of improved soil fertility
using legumes and other high quality organic materials must be properly
assessed in comparison to that of the management of crop residues
and animal manures. Moreover access to seed, incidences of pests and
discases as well as competition for water, light and nuirients between
the crop and the green manure/ cover crops need to be properly
understood inorder to make this technology sustainable.

Grain legumes in crop rotations

The role of leguminous crops in maintaining soil fertility is well recognized
but has too frequently been overestimated. Mixed intercropping of cereals
with herbaceous legumes such as groundnuts (Arachi hypogaea),
soybeans [Glycine max (L) Merr] and Phaseolus beans or tree legnmes
such as pigeonpeas (Cajanus cgjan} has been advocated {MacCell, 1989).
Tropical grain legumes can certainly fix substantial amounts of N given
favourable conditions, but the majority of this N is often harvested in
the grain. Legumes such as soybean that have been subject to intense
breeding efforts are very efficient at translocating their N into the grain,
and even when the residues are returned to the soil there is generally a
net removal of N from the field (Giller et al., 1994). Some promiscuous
soybean varleties that are leafier, have a greater potential to add N to
the soil, and are potentially more appropriate for cultivation by
smallholder farmers than the recommended varieties grown on
commercial farms in Southern Africa (Mpepereki et al,, 1996). Soybean
residues at harvest are lignified (10% lignin} with C/N ratios around
45:1 and these tend to immobilize N when they are added to the soil
(Foomsan ef al., 1995). By contrast, groundnut {Arachis hypogaea L.)
residues can contain >160 kg Nha, are less lignified (5% lignin}, and
are rich in N, as the crop is harvested while still green.

Hreturned to the soil, groundnut residues can easily lead to doubling
of maize yields (Snapp et al., 1998). For many years rotation of maize
with groundnut has been the most commen legume and cereal crop
sequence on smaltholder farms in sub-humid parts of Zimbabwe
(Shumba. 1983; Metelerkamp, 1987), Under favourable management
and when groundnut residues are incorporated on sandy soils,
groundnut in rotation can double the yield of the following maize,
particularly when the maize is grown with little or no N fertilizer
(Mukurumbira. 1985). There is growing realization that on most
smaltholder fields where the grain and biomass yields from grain legumes
are very poor and where both the grain and most of the legume stover
are removed from the field, there may be little or no net N contribution
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by the legume to the soil and so little improvement in yield of the
subsequent maize (MacColl, 1989),

The exceptions to this rule of large losses of nutrients in grain
harvests are the longer duration grain legumes such as pigeonpea
[Cajanus cqjan (14 Millsp.] and varieties of cowpea [Vigna unguiculatn
(L.} Walp. ssp unguiculata], which may lose a substantial amount of
biomass in the form of roots and leaves that fall before harvest {Giller &
Cadisch, 1995). A sole pigeonpea crop drops up to 40 kg N/ha in fallen
leaves during its growth (Kumar-Rao et al., 1983), and its small harvest
index means that a relatively Jarge propurtion of the fixed N remains in
the field which can give a substantial benefit to subsequent crops. In
addition, the rooting habit of pigeon pea has an added advantage of
mining nutrients from deeper soil horizens thereby enriching the upper
surface of the soil through leaf fall and litter decomposition (Van
Noordwijk, 198%9; Mekonnen et al, 1997).

But virtually all the information that is available on legume N
contributions is from research conducted on experimentat stations where
the crops have been adeguately fertilized with P and other nutrients.
and often irrigated. As biomass and yields of sole-cropped grain legumes
under smaliholder con litions in Africa are often small (<500 kg/ha of
grain). the amounts of:N, fixed are barely significant. For example, in
the Usambara Meuntains in northern Tanzania, where bean (Phaseolus
vudgaris L.} is the staple grain legume, most farmers’ crops lacked nodules
because of severe P deficiency, and amounts of N, fixed were estimated
to be 2 to 8 kg N ha'! (Amijee and Giller, 1988]. Amounts of N, fixation
by grain legumes also can however be severely constrained by drought.

improved fallows

Traditional shifting cultivation such as chitemene and fundikila (in
Zambia) and other forms of shifting cultivation with intermittent long
natural fallow periods were adequate to maintain soil fertility and crop
production. However, the increasing demand for land as a result of
population increase has reduced the fallow periods from about 5 to 2
years making the system unsustainable. Planted tree fallows with
legurmninous trees or shrubs that accumulate N in the biomass through
biological nitrogen fixation {BNF) and capture of subsoil nitragen
{otherwise unutilized by crops) have been found to be an excellent option
to replace natural fallows and increase maize yields on N deficient sites
[Kwesiga and Coe, 19940,

Short-term fallows of leguminous trees and herbaceous cover crops
can provide a practical means of nutrient cycling when grown in rotation
with cereal crops. Two-year tree fallows of sesbania [Sesbania sesbari)
(L} Merr.] or tephrosia {Tephrosia vogelii Hook. F.) have replenished soil
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N to levels sufficient enough to grow three subsequent high-yielding
maize crops in N-depleted, but P-sufficient soils in Southern Africa
{Kwesiga and Coe, 1994; Kwesiga et al., 1998; Figure 3.1). In general,
woody fallows accumulate larger N stocks than herbaceous ones because
of their larger and continuing biomass accumulation than those of
herbaceous fallows do. The residual effects of tree fallows are therefore
longer than herbaceous fallows,

Figure 3.1. The grain yield of maize with and without fertilizer in the fourth year of a
fong-term trial involving rotations with groundnuts, Domboshava, 1985/06
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There is evidence that non-N-fixing trees and shrubs of the genus
Senna and Tithonia accumulate as much N in their leaves as N-fixing
legumes presumably because of their greater root volume and ability to
scavenge nutrients from the soil (Szott et al, 1991; Garrity and Mercado,
1994, Gachengo, 1996}, But it is important to note that these non-
fixing trees are only cycling the N present in the soil, not adding inputs
o the system, as happens via BNF in woedy and herbaceous leguminous
fallows. Non-fixing trees and shrubs can only be considered to be N
inputs when biomass is transferred from one field to another.

Tree roots are often able to capture nutrients at depths beyond the
reach of most crop roots. This can be considered an additional nutrient
input in agroforestry systems when such nutrients are transferred to
the topsoil via the incorporation and subsequent decomposition of tree
litter. Hartemink et al. (1996), and Buresh and Tian (1997}, detected
subsoil nitrate levels inthe order of 70to 315 kg N ha' at 0.5-to 2 m
depth in maize- based systems in Oxisols and Alfisols of Western Kenya.
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They also found that sesbania faliows depleted this pool, thus capturing
aresource that was unavailable to maize crops (Mekonnen ef al., 1997}
The source of this nitrate pool is believed to be the result of the
mineralization of organic N in the topsoil, which is relatively high in
these soils, followed by nitrate leaching into subseil layers. The nitrate
arndons are then held in the subsoil by positively charged clay surfaces.

Subsoil nitrate accumulation and its depletion was detected in East
Africa decades ago but such findings were niot given practical attention
at that time. It is probable that trees also capture K at same depths in
similar soils and thus help prevent K deficiencies. In order for nitrate
anions to move, they must be accompanied by a cation; K is the main
leachable cation in such soils. Nitrate accumulations in the subsoil is
well documented in soils rich in Fe oxides that provide anion-exchange
sites to bold nitrate fons (Cahn ef al, 1992). Many such subsoils,
however, are highly Al-toxic, preventing significant plant reoot
development, but subsoil acidity is not a widespread constraint in African
soils cultivated by smallholder farmers.

The rotation of annual crops with short-duration fallows containing
deep-rooted perermials holds promise as a way to use subsoil nitrate
that would otherwise be unavailable fo crops. This rescurce may not be
replenished when cropping systems becomie more intense, as nitrate
leaching from the topsoil may be diminished by more extensive crop
root systems. The magnitude of the captured subsoil nitrate needs 1o
be assessed in other soils, but soil chemistry indicates that subsoil
nitrate accumulation will not be as significant in many other types of
soils found in Africa. Nevertheless there ave 2680 million ha of soils in
Africa that have anion-exchange capacity in the subsoil. The use of this
hitherto unrecognized N source via its capture by deep-rooted trees is
an exciting area of research in the region. Improved fallows with
legumninous species are a promising technology for improving maize
yields in nuirient depleted soils of East and Southern Africa. Studies
report estimated 5000 farmers in Eastern Zambia and 10000 in Western
Kenya (Jama and Mafongoya, 1999) now adopting and adapting improved
fallows for maize production. Whereas the improved fallows can meet
the nitrogen needs for a maize grain yield of 3 to 4 t/ha, phosphorus
needs must be met by application of inorganic P sources such as TSP or
high quality rock phosphates (PR} like Minjingu PR.

In general planted fallows have potential in areas where:

Land is not lmiting

Opportunity cost of labour is low

Trees provide by-products such as fuelwood and fodder

Soils of high pH and clay content

Fallow species produce high quality biomass. On P deficient soils P
fertilization may be necessary to sustain the fallow effect on
subseguent crops

4 & 3 &
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Economic analysis of improved fallows was done using data from
twelve farms in eastern Zambia (Table 3.4). Over a five year period, a
hectare of improved fallows required 11% less labour than a hectare
of unfertilized malze and 32% less labour than fertilized maize (Franzel
et al., 1999). The returns to the land Net Present Values (NPV)] per
hectare for fertilized maize were over 30% higher than for improved
fallows. Assessing returns to Iabeur, which is more relevant to most
small holder farmers than refurns to land because labour tends to be
more scarce than land, improved fallows performed better than
unfertilized and fertilized maize [Table 3.4). In this example, an increase
in maize yields of only 1.1 t/ha was needed in the third year to cover
the costs of establishing and maintaining the failow relative to
unfertilized maize in terms of returns to land and labour. The
performance of improved fallows relative to continuous fertilized maize
was {oo sensitive to changes in key economic factors. An increase in
malze prices for example, raised the returns to fertilized maize at a
much faster rate than the rise in the returns to improved fallows.
Similarly, the relative profitability of the two practices was highly
sensitive to price of fertilizer; where reductions in fertilizer price greatly
increased the profitability of fertilized maize relative to improved fallows.
Changes in the discount rate and in the labour and seedlings had
little effect on the performance of tmproved fallows relative to fertilized
maize,

Financial returns

Table 3.4. Comparison of two-year Sesbania sesban iraproved fallows and continuoysly
cropped maize over a 5- year perod, Eastern Zambia

Qptions Returns to land: net Retumns to labour: Net
present vaiue {USD/a) returns (USD) per workday

Continuous unfertilized 5 042
maize

Improved 2 year- 180 1.02
sasbania tallow

Continuous fertitized 208 0.83
maize

Source: Franzel of ai (1999)
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There are, however, several concerns that need to be addressed.
First, improved fallows may not be an option for a large number of
farmers with very small land holdings. The biomass produced (and N
recycled) by fallows could be constrained by low soil fertility and by
pests. There are also uncertainties about Biological Nitrogen Fixation
{BNF] - for instance, how much N is fixed relative io the needs of the
crop and what should be the management practices of the fallow species
that would enhance it (e.g., appropriate rhizobium for each species and
the need for P application]. Other issucs of concern are N and water
dynamics in fallow systems cffect of improved fallows on soil physical
properties and biological processes, effect of mixed fallow species on
subsequent crops, how to prolong residual fallow effects on crops and P
cycling in improved fallows. Unless these issues are addressed, short-
duration improved fallows with leguminous species may not produce
sufficient N for high maize vields especially when P is added and hybrid
seed is used. This means the shortfall of N should be met through
inorganic N fertilizers.

There is need to evaluate a wider range of improved fallow
management options and understand their socio-economic limitations.
Specifically, the following are areas of high priority:
al economtics. of alternative Improved fallow species (sesbania vs

tephrosial,

b) coppicing fallows [ghricidia vs sesbania) and,

¢} economics of pure (sole) fallows vs established intercropped with
maize and other crops. There is need to assess impact achieved so
far. This should include the following aspects: identifying the number
and type of farmers adopting the technologies, the impact of adoption
en food vs. cash crops and, the environmental effects on farm.
household and village scales.

Finally there is need to understand the institutional support required
to sustain a wide-seale adoption. Some of the key issues are the need to
develop:

a} Community-based germplasm {seed] supply.

b} Individual nurseries and community nurseries,

¢} Farmer researcher linkage groups,

d) Community fire control and grazing systems and,
-¢) Marketing and credit facilities.

Biomass transfer system

This technology may be practiced by any of the following ways:
a) ‘Transfer of leaf biomass produced from one fleld to another on the
farm
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b} Transfer of biomass produced outside the farm
¢ Recycling of nutrients through livestock manure
di Movement of manure from pastoral areas to cropping fields

In Zimbabwe farmers traditionally collect leaf litter from miombo
secandary forest as a source of nutrients to maize {Nyathi and Campbell,
1993). In the long term this practice is not sustainable for it mines
nutrients from the forest ecosystems in order to build soil fertility in the
croplands. Miombo litter collected is also of low auality and it may
immobilize N instead of supplying N immediately to the maize crop
{Mafongoya and Nair, 1997). An alternative means of preducing high
quality biomass is through estalblishment of on-farm biomass banks
from which the biomass is cut and transferred to crop fields in different
parts of the farm. In Western Kenya for example the use of Tithonia
diversifolia, Senna spectabilis, Seshania sesban and Calliandra
calothyrsus planted as farm boundaries, woodlots and fodder banks or
found along the roads as a source of nutrients has proven beneficial in
improving maize production {Maroko et al., 1998; Nziguheba et al., 1998;
Palm, 1995; Palm ef al., 2001). In a study by Gachengo (19986), tithonia
green: biomass grown outside a field and transferred into a field was
found to be as effective in supplying N, P and K to maize as an equivalent
amount of commercial NPK fertilizer, and in some cases maize vields
were higher with tithonia biomass than commercial inorganic fertilizer.
Recent work in Malawi (Ganunga et al., 1998} and Zimbabwe {Jiri and
Waddington, 1998} have similarly reported tithonia biomass to be an
effective nutrient source for maize.

Biomass transfer using leguminous species is a far much sustainahble
means of maintaining nutrient balances in maize-based systems as these
trees are able to fix atmospheric N,. Tithonia is not a legume, and it
does not biologically fix atmospheric N, . The transfer of tithonia btomass
to fields, therefore, constitutes the cycling of nutrients within the farm
and landscape rather than a net input of nutrients to the system. The
continual transfer of nutrients from tithonia hedges to crop fields
constitutes nutrient mining and might not be sustainable for long
periods. Whereas the application of fertilizers to tithonia could ensure
sustained production of tithonia, this is unlikely to be an option for
resource-poor farmers. The integration of tithonia with N_-fixing legumes
may merit investigation.

The tssue of synchrony between nutrient release from tree litter
and crop uptake can potentially be achieved in a biomass transfer
system. The management factors that can be manipulated to achieve
this are litter quality, raie of litter application, method and time of
litter application (Mafongoya et al, 1898; 1999). However variability
in climatic factors such rainfall and temperature makes the concept

rea
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of synchrony an elusive goal to achieve in practical terms {Myers et
al., 1994},

Although prunings from MPTs increased maize yield, cutting
transporting and managing prunings on crop fields required high labour
inputs (Jama et al, 1997: Jama et al. 1998 Mutuo et al, 2000). Where
family labour is available at no additional cost, the technology can be
profitable even where land is secarce (Jama et al, 1997; Mutuo et al,
2000). However. considering that farm labour is one of the most
constraining input in smattholder agriculiure, the associated cost makes
this technology unattractive and may serve as a disincentive for its
adoption by farmers. In monetary terms, the higher maize vield does
not compensate for the high labour cost. In promoting this technology
farmers may require to be provided with a source of additional resources
to invest in labour and land. Most economic analyses have shown that
it is unprofitable to invest in biomass transfer system when labour and
land are scarce. However, in areas where land is abundant and the
prunings are applied to high value crops like vegetables, the technology
is profitable {ICRAF, 1997).

In sunmmary, the biomass transfer system has greatest potential
when biomass is of high quality and rapidly releases putrients, the
opportunity cost of labour is low, the value of the crop is high and if the
biomass does not have other valued uses other than as source of
nutrients

The effectiveness of biomass transfer as nufrient sources using
organic inputs from MFT species depends on their chemical composition
(Mafongoya and Nair, 1997). These systems can meet the N requirement
of most crops in smaltholder farming systems. However, they cannot
meet the requirement of P. There is need to apply inorganic sources of P
in addition to organic sources. When biomass is also valued as fodder
there is need to assess the trade off of applying it directly to the soil or
feeding it to livestock and then applying the resultant manure. There is
evidence to indicate that depending on the quality of the biomass there
may be no advantage in feeding it to livestock and then applying the
manure as source of N to crops {(Mafongoya et al, 1999). However, in
other instances, it has been shown that it is more advantageous to first
feed the biomass to livestock and then apply the resulting manure to
crops (Jama et al., 1997). Among the areas that call for more research
in the use of biomass transfer are the residual effects of low and high
quality biomass, combinations of organic and inorganic nutrient sources.
effect of biomass banks on nutrient mining and the economic analysis
of the system.
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Maize-Livestock Interaction and Zero Grazing Systems

Mixed crop-livestock farming systems are characteristics of large areas
of Africa. There are ecologlcal and socio-economic interaction between
livestock and maize cropping systerns whereby livestock provide manure,
which is a source of nutrients to maize in many countries in subhumid
Africa while the stover from madze is the source of feed to livestock
during the dry season when there {s shortage of high quality fodder, In
addition, livestock serves as a form of capital fo buy inorganic inputs
for maize production and also as a means of transport to carry inputs
and outputs from and to the markets.

Manure has traditionally been used as a source of nutrients before
and after the advent of inorganic fertilizers. The use of manure can
improve crop yields considerably. This has been shown in several studies
and reviews {lkombo, 1984: Probert ef al, 1995; Haque, 1993; Murwira
et al., 1995). The demonstrated bencfits of manure include increase in
soil pH, water holding capacity, hydraulic conductivity and infiltration
rate and decreased bulk density. Manure can be an important source of
nutrients, especially N, P and K. In Zimbabwe, for instance, estimates
from the Mutoko communal area suggest that over 80% of the N applied
to field and garden crops is derived from kraal manure and about 10%
from leaf litter (Scoones and Toulmin, 1985} Details of manure
management are presented in Chapter 7.

This section will concentrate on stall fed/ ‘cut and carry’ based dairy
schemes which are important in the central highlands of Kenya, Chagga
gardens of Kilimanjare [Tanzaria) and smaltholder dairy schemes in
Zimbabive. In these systems farmers keep from one to five dairy cows or
more depending on whether the farmer is practicing zero or limited
grazing system. Generally, fodder is cut and carried 1o the animals
confined in stalls. The main source of forage is napier grass (Pennisetum
purpureurm) which is normally grown in fodder banks and around the
edges of the cultivated fields. Recently tree legumes like Acacin
angustissima, Calliandra calothyrsus and herbaceous legumes like
siratro have also been included in the fodder banks as cheap sources of
protein. Additlonally, crop residues are important source of
supplementary feeds. This system offers potential to control gquality of
manure and losses of nutrients by:

*  Type of feed used

*»  Management of manure

+ Housing facilities of the animals

«  Minimuam volatilization losses of urine

In the longer term the recalcitrant component of the manure forms
a reserve pool of mineralizable nutrients that will be available for plant
uptake in future seasons. Manure has also the fong-term effect of ratsing



94 P L. Mafongoya ef al

s0il organic matter levels with all the concomitant benefits associated
with improved soil organic matter status of a soil. The quantities of
manure available are, however, often inadequate to maintain soil fertility
and crop yields. The quality is also often poor. This can, however, be
improved through management practices (See Chapter 7).

Quantity and quality of manure available

Manure is gerierally a scarce commodity on most farms. The amount of
manure available to a farmer is dependent on several factors such as
herd size and management system (free grazing or zero-grazing ‘stall
fed’, etc). For farmers with ne livestock, the existence of manuring
contracts whereby farmers can gain access to manure in exchange of
crop residues is common in many places. Manure production is also
dependent on seasonal differences and rainfall conditions, which
determine availability of fedder. Manure production especially from
unimproved livestock breeds in free-grazing, open systems is generally
low and highly variable. Probert et al {1995}, estimated production levels
of 1 ton/livestock unit/year for unimproved local production levels of
local breed in maize-livestock system in the semi-arid parts of Eastern
Keniya

In spite of the low levels of manure production, recommended manure
application levels are often as high as 10 to 15t ha! yr! (Grant, 1981),
though the actual application rates by farmers are far much lower. The
manure used In trials often emanates from feedlots and ranches with
higher feed quality and supply than communal areas. The quality of
kraal manure from livestock in cominunal areas is highly variable, with
N levels as percentage of dry matter (DM} ranging from 0.46 to 1.98%
fTanner and Mugwira, 1984; lkombo, 1984; Mugwira and Mukurumbira,
1985; Mureithi et af., 1994). Such levels are far lower than N contents
found in manures derived from feedlot cattle. The P concentration can
vary greatly depending on the source, the diet of the animal, storage
and management (Guar et al, 1985). Additionally, communal area catile
manure contains high fractions of sand due to the mixing of manure
with soll during trampling by the livestock (Mugwira, 1984). Nitrogen
levels also vary between seasons with changes in the quality and
availability of fodder resources,

One way to improve manure quality (i.e., nutrent content} is to
supplement livestock with nutrient rich concentrates and fodder. Many
trees and shrubs used in agroforestry systems provide fodder that can
improve the quality of manure produced. Jama et al {1997), showed
that high P content manure (0.49% P} can be obtained if the grass fed to
zero-grazed improved breed dairy cows is supplemented with the fresh
leaves of Calliundra calothrysus, a leguminous shrub with fodder value.
The effects of the resuitant high quality manure, either broadcast-applied
and soil-incorporated or spot-placed in the planting hole at the rate of 2
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tha! (equivalent to 10 kg Pha’’] compared to inorganic P fertilizer {triple
superphosphate, TSP) applied at the same rate on maize yield at two P
deficient sites in Western Kenya was that maize yield increased by 3 to
4 times over continuous maize cropping in the first season after
application as well as during the second season when residual effects
were monitored. Net economic benefits were, however, higher for manure
(zio differenice between broadcast-applied and spot-placed) compared to
TSP, (Jama, 1999}, Thus, the relatively high net benefits for manure
application whether placed with the seed or broadcast, highlights the
need for high quality manure as a source of nutrients on P deficient
soils,

While better management of the available manures may improve
their guality, the amounts available may still pose constraints in
smallholder farms, On these farms, it is important to examine ways to
increase the use efficiency of the little available manure. One such
strategy is placerment of the manure in the planting hole instead of
broadcasting it. This is a common practice among farmers as a measure
to maximize the use of a limited resource, reducing leaching and
volatilization effects and maximizing vield. Spot placement requires
farmer knowledge, skills and labor inputs. To aid this or any other
strategy that aims at efficient use of manure, information on the rates
of decomposition and mineralization of the manure is required.

Nutrient losses from manure

Given the importance of manure in maintairning productivity of the soil,
Ransom et al. (1995), concluded that sustained production of fodder
and developing improved manure handling techniques that minimize
nutrient losses are essential elements in sustaining maize
productivity in maize-livestock-based systems. Data on losses of
nutrients during manure management in smaltholder farming is
generally lacking, Some recent estimates, however, suggest that up
to 60% N and 10% of P can be lost through poor manure management
{Shepherd et al.. 1996). Although there are uncertainties in these
estimates, they do suggest the need for accurate measurement
particularly in the context of intensive dairy schemes with high
manure fluxes and the need to device appropriate management
practices that minimize losses.

Since 40 to 60% of the N excreted by livestock [ruminants} is in the
form of urine, the potential for nutrient loss can be greater under stall-
feeding than range grazing extensive svstems where only excreta is
captured and applied to crop fields (Powell and Williams, 1995). More
intensive stall-feeding systems of livestock could, therefore, increase
nutrient losses and jeopardize long-term soil productivity if technologies
are not available that capture and recycle the nutrient voided by
stationary animals.
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In systems involving livestock, nutrients can be fost via several
avenues. An important one in traditional Hvestock enclosures (*bomas™)
is the leaching and loss of nutrients from the surface soil, for example,
Probert et al. (1995} from their studies in Western Kenya observed that
the enrichment of N and K extended to the full sampling depth of 2.1m,
but for P the effect was restricted to the surface layers as expected from
its low mobility. This leaching of nutrients from ‘poor’ storage shows an
accumulation: of nutrients beneath the ‘bomas’, which act as sinks for
nutrients that have been removed from farm soils or crop lands and are
no longer being put to use. Current studies in Zimbabwe have been
designed to reduce nutrient losses from manure through construction
of better kraals (Nzuma and Murwira, 1998},

The rate of mineralization of N is faster, and losses from volatilization
are greater from animal excreta than from plant litter. This makes
ammonia volatilization a major loss pathway of N from manure. For
instance, Vertregt and Ruigers (1988), estimated that ammonia losses
accounted for four times as much of the N excreted from animals
compared with N losses from decaying herbage from pasture. Hence,
although animal excreta provide nutrients for plants in a more.usable
form, the loss of N from the system could be much higher. The loss can
however be reduced by incorporating manure into soil at time of planting,
controlling losses in the kraals by use of residue as bedding as well as
proper citation of the kraals {(Murwira, 1995).

Decomposition and N release patterns of leaves and manure
Decomposition and nuirient release rates (especially N) are determined
by the quality of leaves or manures, the environment and decomposer
organism present (Swift, 1987}, The quality of organic inputs also
determines the type of SOM fractions formed after application of organic
inputs. Quality here refers to the constituents {chemical composition)
and the nutrient contents of the organic input (Palm, 1995; Mafongoya
et al, 1997; Cadisch and Giller, 1997). Organics of high quality are
high in N but low in both lignin and polyphenol content. Such high
quality organic resources decompose and release N rapidly. On the other
hand, low quality organics are low in N but high in polyphenol and
lignin contents. Low quality organic materjals decompose slowly and
may immobilize N and other nutrients.

Numerous examples in literature indicate that quality of an organic
input is an important aspect in determining the rate of decomposition
and mineralization of that particular organic once incorporated into the
soil. For example, Figure 3.2 gives the results of a study conducted in
Zimbabwe to compare the rates of decomposition of acacia and gliricidia
leaves compared to the manures that resulted from feeding livestock
{goats} with those respective leaves. Gliricidia leaves decomposed and
significantly evolved more carbon dioxide than the rest of the organic
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gmendment. There were no significant differences in decomposition
patterns of Acacia karoo leaves, Acacio karvo manure and Gliricidia
sepium manure. Cummulative N release also followed the same pattern
{Figure 3.3) {(Mafongova et al, 1999).

Figure 3.2. Cumimulative amount of CO, evolved as affected by tree leaves, manure
and incubation pariod {AK = Acadia kroo, G8 = Gliticidia sepium)
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Figure 3.3. Cummulative amount of net N mineralized as affected by {ree leaves, manure
and incubation period (AK = Acacia krog; GS = Gliriciia sepium)
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Nutrient cycling in a mixed farming system can be manipnlated
through the chermnical composition of the diet and manure quality.
Whether to feed leaves to livestock and then apply the resulting manure
to crops or to apply the prunings directly to crops depends on crop
response to mulching, animal response to feed suppliments and the
prices of the crep and animal products. For example. recent work by
Jama et al. (1997) from Eestern Kenya has indicated that leguminous
tree species such as calliondra are best profitable when utilized as fodder
supplements for livestock as compared to direct application to Crops as
green manure, The economics of these options needs further evaluation
on farmer’s fields.

Improving quality of manure through composting with rock
phasphate materials

Rock phosphate materials are quite an abundant resource in East and
Southern Africa {Buresh et al, 1897} These could be low cost fertilizer
materials. Their chemical composition and reactivity limit the use of
these rock phosphate materials. Dorowa Phosphate Rock (DPR} which
is the main mineral source of P in Zimbabwe provides an opportunity to
develop low cost P fertilizer. The direct use of DPR as a P fertilizer has
been reported to be agronomically ineffective both in greenhouse and
field studies {(Dhliwayo and Mukurumbira, 1996).

Benefication {removal of impurities] of DPR is needed to enhance its
agronomic effectiveness. Studies in Zimbabwe on composting DPR with
cattle manure have shown higher residual effect of composted DPR
compared to inorganic P fertilizers alone (Dhliwayo, 1998). The
percentage of groundnut vield over control was 74% and 99% for manure
and manure and DPR composted in the kraal (Table 3.5). These studies
have shown that residusl agronomic effectiveness of DPR and cattle
manure can be greatly enhanced by composting DPR with cattle manure
in kraals. This technology is feasible to farmers who stay near DFR
deposits with minimum transport costs.

Table 3.5. Effect of tanduse on maize grain yields kg/ha

[ ———— et

Season
Land use systems Long rains 98 Short rains 96 Long rains 87
Faltow systein No P P No P P Mo P P
Natural faliow 1452 2180 1288 1501 1863 2813
Continuous maize 595 774 810 845 1432 1517
Sesbania fallow 21z 2630 1392 1246 2338 2183
Seshania fatlow 2289 2665 1512 1706 2365 2395
(seedlings)
SED 256 166 313

Source: ICRAF (1997)
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In East Africa the most promising PR sources are Minjingu in northern
Tanzania and Busumbu in Eastern Uganda. Minjingu PR has been
reported to be a very suitable source of P to crops in P-deficient soils
because of its high solubility and its high relative agronomic effectiveness
(Bromfield et al, 1981; Woomer et al., 1997). On the other hand, Busumbu
PR is of generally low sclubility and lesser reactivity compared {0 Minjingu
PR. However, an option of blending Busumbu PR with small quantities of
triple superphosphate (TSP) and/or manures to improve its reactivity is
currently being tested in Western Kenya (Jama et al, 1999),

Strategies for Integrated Nutrient Management

The prirnary goal of integrated nutrient management (INM] is to combine
oid and new methods of nutrient management into ecologically sound
and economnically viable farming systems that utilize available organic
and fnorganic sources of nutrients in a judicious and efficient way
(Franzluebbers ef al, 1998). INM atternpts to achieve tight nutrient
eyeling with synchrony between nutrient demand by ¢rop and release
in the sofl while minimizing losses through leaching, runeff, volatilization
and immobilization. Organic nutrient sources include plant residuoe,
leguminous cover crops, mulches, green manure, and household wastes,

Judicious combination of these organic resources with inorganic

fertilizers can help ensure immediate nutrient release for present crop

as well as the long-term build up of soils nutrient reserves.
In the recent past a number of strategies for soil organic matter
management have been studied. These include:

{a} Returning of organic materials to the soil fo repienish sofl organic carbon
lost through decornposition (recycling of plant and animal residues,
farmyard and green manuring, composting, cover crop rotation);

b} Ensuring minimum disturbance of the soil surface {residae mulch,
conservation tillage} to reduce rate of decomposition;

{c) Reducing soil temperature and water evaporation by mulching the
soil surface with plant residues; and

{d} Integration of multipurpose trees and perennials into cropping
systems to increase production of organic materials (Franziuebbers
el al.. 1988}, Most of these strategies have been discussed in the
earlier sections of this chapter and point to the realization that
Judicious use of both organic and inorganic nutrient management
strategies could be a solution to the declining soil fertility problem
in the maize-based systems of East and Southern Africa.

Many farmers in Africa use organic or inorganic inputs or a
combination of organic and inorganic scurces of nuirients to try to meet
crop demands. This is necessitated by inadequate amounts of each input.
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Crop yields obtained may be low because of inadequate amounts added,
low quality organic materials and inappropriate and inefficient
combinations. Given the problems of inorganic fertilizer procurement
in Africa, the objective should be to provide much of the nutrients
through organic inputs especially N and making up the shortfall for P
and N through inorganic fertilizers.

Results of Itimu ¢ al {personal communication) showed that the
interactinn between mineral N and organic residues indicated that there
was no bonus to be gained in terms of increasing fertilizer use efficiency
Ly mixing mineral and organic inputs at moderate levels. Significant
effects on soil structure, nutrient retertion and root penetration is likely
to be increased only when sufficient organic inputs have been added
compared to use of mineral fertilizers (Palin ef ol., 1887). However, there
are exciting results of increasing phosphorus availability by mixing
inorganic P sources with high quality residues such as tithonia. This
area deserves further research.

To make recommendations for combined nutrient use, information
an the fertilizer equivalency of organics is needed. Lacking is the
understanding of how much of the different quality organics to apply to
get yields equivalent to those obtained from inorganic fertilizers and how
much of the applied nutrients remain to be used by the subsequent crops.
Recent research has shown that low quality organic inputs have longer
residual effects than high quality organic inputs {(Snapp et al., 1998}
However, the long-term effects of low quality organic inynuts on soil physical
and chemical properties need further research. Guidelines are therefore
needed which link the use of mixtures and organic inputs of different
quality and their short-term fertilizer equivalency value and also their
longer-term residual effects on SOM pools. These guidelines can only be
obtained from well-designed long-term experiments conducted in soils
with appropriate limiting nutrienis. Farmer’s circumstances, perceptions
including available resources allocation, soil types and socio-economic
circumstances need to be included in such experiments.

The following section highlights a few examples on integrated nutrient
management and especially on the need for phosphorus provision that
can not be supplied in sufficient quantities by organic sources to meet
crop demands.

Use of tithonia and inorganic phosphorus fertilizer

Most soils of Western Kenya and some parts of Southern Africa are
deficient in phosphorus, nitrogen or both nutrients. Work on soil fertility
recapitalization {ICRAF, 1996) has shown interesting results with the
use of organic and inorganic nutrient sources. The work compared feafy
biomass of tithonta (Tithonia diversifolin) and urea as sources of N and
twa sources of P fertilizer (Phosphate rock- PR and triple superphosphate-
[SP). Application of P either as PR or TSP significantly increased matze
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yields with tithonia and urea application (Figure 3.4). There was a
significant yield increase when fithonia was added to the P fertilizer in
comparison with commercial N fertilizer. Malze grain yields were higher
after application of tithonia than they were after urea in the absence of
added P and with each P source (Figure 3.4}. Further observations of
the same data revealed thal both tithonia and TSP at equal P application
rates rapidly increased plant available P in the sofl as determined by
resin P extraction. The increase was however, more with tithonia than
with TSP indicating that tithonia was more effective than TSP in reducing
P sorption (fixation} by iron and aluminium oxides in the soil {Jama,
1999, unpublished). it has been suggested that, unlike inorganic TSP,
tithonia reduces P sorption by producing organic acids during
decomposition that compete with P for soil sorption sites [Nziguheba et
al., 1998]. The integrated use of tithonia with commercial inorganic P
fertilizer also resulied in greater soll biological activity as determined
by higher microbial biomass P than either sole tithonia or sole TSP
treatments (Jama, 1999; unpublished}. The effectiveness of fresh tithonia
lealy biomass for soil fertility improvement can be partially atiributed
to the fact that tithonia is a high quality biomass that rapidly decormposes
releasing plant available nutrients like P, N and K.

Figurs 3.4. Maize responses to phospharus and tithonia applications in Westem Kenya representing
annual malze visld from the two maize cropping seasons averaged over three sites. The graen foliar
biomass of Tihonia diversifolia was Incomporated into the soil at the beginning of the long-raing at the
rate of 1.8 Ldry mattar ha to provide 60 kg Nha, 6 kg Prha and 80 kg K/ha. Triplo supemphosphate (TSP)
argi Minjingu phosphate ook {PR) wera added at a recapitalization rate of 250 kg Pha (250) of annually
at 50 kg Pha {50). Blanket potassium application of 80 kg K/ha was added to tha first of the two crops.
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Use of sesbania fallows and phosphorus fertilizer

Improved fallows with leguminous trees such as Sesbania seshan hiave
been shown to avercome N deficiency in maize through biclogical nitrogen
fixation ard the deep capture of subsoil nitrate. Many studies have
shown that trees cannot supply enough P through their biomass or
increase the availabtlity of P pools in the soils.

Oncee N deficiency has been overcome through use of improved
fatlows, there is need to ensure adequate supply of P to crops in order
to avoid P negative balances. Work of ICRAF {1997}, in Western Kenya
has shown promising results with sesbania fallows and the use of
inorganic P fertilizers such as TSP. Sesbania fallow plots were split into
two plots; one half received 22 kg of Pha' as TSP and other half received
no fertilizer. The application of P increased the yield of maize in all
systems but most in the plots that were under sesbania fallows (Table
3.6}. Economic analysis showed that higher returns to labour and land
were obtained from sesbania fallow systemn with P compared to the other
land uses. The conclusions from these studies have shown that in order
to take full benefits of the fallows. inorganic P has o be applied at a
moderate rate of 20-kg P/ha. Recurrent P application at this rate are
necessary it economic benefits are fo be sustained. The results of this
study are from one location only. There is need therefore to test these
resulis in more sites in East and Southern Africa to determine the need
for inorganic P in improved fallows.,

Table 3.6. Residual effect of composted rock phosphate, manure and inorganic fertilizers
on groundnut grain yield and stover vield (kg/ha)

Fartilizer treatment Kemsl yield Stover yiald
Control (no fertilizer added) 415 2626
Manure + DPR compested in kraal 1823 671
Single superphosphate fedilizer 1271 3476
Compound D fertilizer 1253 3517
18D {(P<0.08) 37 7492

Source: Dhliwayn, 1998

Integration of manure with inorganic fertilizers

In systems where manure is a major avenue for recycling nutrients, an
important consideration is whether manure alone can meet and sustain
the nutrient needs for a reasonable crop yield. There is sufficient evidence
to indicate that the nitrogen demand {and to some extent K) to produce
a reasonable maize vield crop can be met by manure. Phosphorus,
however, cannot be provided in sufficient quantities by manure (Palm
et al, 1997} therefore an important issue in this regard is tmproving
both the P content and P cycling potential of manure.
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FProbert et al. {1995) in a review of the African literature reported a
range of P concentration of manures from 0.06 to 0.57%. The P
concentration can vary greatly depending on the source, the diet of the
animal. storage and management {Guar ef al., 1984). In nutrient-flux
studies conducted in the maize-livestock-coffee system studies, Ransom
et al. (1995), observed that with the exception of phosphorus, inputs of
nutrients through manure far exceeded their removal by stover.
Application of inorganic P supplied more than 50% of the phosphorus
needs. Therefore. in order to meet the P requirements for a reasonable
crop of maize, inorganic P must be integrated with manures.

Besides P, anure alone is also unlikely to meet the N requirements
of high vielding maize crops because of its inability to supply
continuously large amounts of readily available N (Mugwira, 1885}
Iitegration of manure and inorganic fertilizers may result in greater
residual effects of the organic than the inorganic sources and also the
added advantages of manure (in addition to supplying nutrients], such
as improved soil physical properties (Murwira et al, 1995].

Case Studies

Hedgerow Intercropping in the Central Highlands of Kenya

A hedgerow intercropping experiment was initiated in 1992 in the
subhurmid tropical highlands of Central Kenya 1o address the constraint
of declining soil fertility caused by continuous cropping without addition
of adequate fertilizers and/or manure inputs (Mugendi et al., 1999, b).
The overall objective of the trial was to evaluate the influence of soil-
incorporated leafy biomass of Calliandra ealothyrsus and Leucaena
leucocephala on soil fertility improvement and crop sustainability.

Results from this study showed that maize alley-cropped with
lencatena and with prunings incorpeorated into the soil produced higher
grain vield than nen alley-cropped. no fertilizer control fabsokate conirof.
The yields were also higher compared to those obtained from the
treatment that recefved the reconmmended level of N fertilizer (50 kg
Nha''). On the other hand, calliandra alley-cropped treatments produced
yields equal to or less than those that absolute control did (Mugendi ef
al., 1999a; b}

The choice of the multipurpose tree or shrub selected for hedgerow
intercropping purpose, is very crucial for some tree species tend to be
more competitive than others, drastically reducing the benefits of alley
cropping due to competition between the hedgerow tree speecies and the
companion crop for growth resources. For example, results from the
above-mentioned study showed that Calliandra hedges were more
competitive than leucaena hedges. The vields of Calliandra alley-cropped
maize were. on average, 50% lower than those of nan alley-cropped
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treatments that received Calliandra prunings from ex situ grown trees
{(biomass transfer}, whereas the decrease was, only 8% when the similar
Leucaena treatments were compared. It was, however, nioted that, both
Calliandra and Leucaena treatments that received ex situ prunings
produced yields that were not significantly different from each other in
all the seasons (Mugendi et al, 199%a;b). The competitiveness of
Calliandra over leucaena hedges was further affirmed by analyzing the
vield data through the approach (equation} developed by Ong (19396)
where the effects of including or excluding hedges or prunings were
assessed in relation to the performance of the absolute control. A
simplified version of the egquation expresses the overall tree-crop
interaction (I} as a function of sofl fertility (F) and tree crop competition
{Cl, ie,
[=F+C

Where

I is the overall free-crop interaction (measured by the difference
between crop vields of the alley cropped, prunings applied treatments
{Hm] and the absolute control where no prunings were applied {Col},

F is the benefit of tree prunings on soil fertility {estimated by the yield
difference between ex situ applied prunings treatments (Cm} and
the control Coll, and

C is the crop vield reduction due to interspecific competition between
tree and crop (measured from the yield difference between Cm and
Hm).

Table 3.7. Interaction, fertiily, and competition sffects of Callandra and Leucaena hedges
on maize yield {(Mg/ha) in the subhumnid tropical highlands of Kenya.

Season Treatment 1 (Hm-Co) F {Cm-Co} C ({Cm-Hm}
SR 84 Cafllandra ¢. 0.15 0.583" -0.39
Levcaena i, Q78" 0.31 047"
LR85 Calliandra ¢. -0, 62" 0.01 -0.63"
Levucaena | 0.46* 0.56" 0.1
S8R 95 Calliandra . 1,03 1.46"" -2.50%
Leucaena | .44 1.24*" -0.80™
LR g6 Calliandra c. .18 1.98* -1.80"
{ eucaena | 180" 2.06%" .26

Level of significance: * p < 0.05; ** p « 0.01; * p < 0.001

Ssasons; LR = long rain; SR = short cain

} = interaction, F = ferfility, and C = competition,

Hm = alley crop, prunings applied, Co = monoerop, o fertilizer (absolute control}, and
Cm = monocrop, prunings applied.
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It is evident from this table that there was a significant negative
interaction {I) between calliandra hedges and maize yield in two of the
seasons (LR and SR 1995) whereas the interaction was positive (but not
significant) in the remaining two seasons. On the other hand, leucaena
hedges had a positive significant interaction with maize yield in all the
seasons, It is further observed that fertility factor (F) for both species
was almost identical across the seasons, but competition (C) for
calliandra was much higher than leucaena’s resulting in the observed
negative interactions for calliandra hedges with maize yield.

The competitiveness of calliandra tree hedges over leucaena’s could
be explained by the root merphology of the two species. Calliandra trees
develop strong superficial root system in addition to the tap root whereas
leucaena is reported to have a strong tap root system that develops few
lateral roots which also grow downward following emergence with later
root development tending to be confined in the lower levels of the soil
(van Noordwijk et al, 1996). Results an the total root length (unpublished
data) indicated that 60% of all the calliandra roots were located in the
top 90 cm (soil) while only 25% of leucaena roots were found in the
same soil depth. Thus, calliandra roots that occupied 60% of the top 90
cm depth competed more intensely with maize crop compared to leucaena
whose greater percentage of roots were located below the effective rooting
zone of the maize crop. Indeed, Jama et al (1998) demonstrated that
calliandra had the greatest root density in the top 15 cm of soil when
compared to four other multipurpose tree species (Eucalyptus grandis,
Sesbania seshan, Markhamia lutea, and Grevillea robusta) evaluated in
the Western highlands of Kenya.

The importance of choosing appropriate tree species for alley cropping
under different environmental conditions was further emphasized by
Jama et al. {1995), who observed that, in the semiarid or subhumid
conditions of Kenya, maize grain yield was better when alley-cropped
with Sertna {Cassia) siamea than with leucaena.

Results from moisture-stressed conditions suggest that alley
cropping technology may not be effective in these conditions (Rao et al.,
1990; Jama et al, 1995). Low biomass production of the hedgerow tree
species and severe competition (that exceeds the fertility factor) for water
are the major drawbacks limiting the potential of prunings to improve
fertility and productivity of soils in these regions (Sanchez, 1995). In
such cases, a biomass transfer system (cut-and-carry system or ex situ
grown biomass} might be more beneficial than alley cropping system
(Jama et al. 1995).

Despite the promising results shown by the alley cropping technology
in the humid and subhumid regions of the tropics, the question of labor
availability needs to be addressed properly before a wide adoption by
farmers can be envisaged. The technology is labor-intensive with much
of the demand for labor occurring during the rainy season, which
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happens to be the busiest time of the year (Nair, 1993). Additional labor
for persons already fully occupied at peak labor seasons is considered
mare costly than when additional demands come during slack periods.
The cost of production will therefore be increased considerably if
additional labor must be hired (Hoekstra, 1987). Although these
additional labor costs will be offset by increased yields, the immediate
need for additional labor could sometimes be a disincentive to the
adoption of the technology (Kang ef al, 1990).

Rebuilding the Productive Capital of African Soils by use
of Phosphate Rock (P Recapitalization)

Soil fertility depletion in smallholder farms is the major biophysical
rogt cause for the declining per-capita food production in most of sub-
Saharan Africa (Sanchez et al, 1997). This is attributed to input of
nutrients not exceeding losses, especially with harvested products, One
such area is Western Kenya where phosphorus losses of 3-13 kg ha''yr.
over several decades have led to madze yiekds of less than 1 tha! {Sanchez
et al., 1997). Meanwhile, population growth coupled with reduction in
farm sizes has resulted in less land available for food production. These
pose a serious threat to food security throughout the Eastern and
Southern Africa.

Although P deficiency is widespread in East Africa, it is most severe
in the densely populated highlands of Western Kenya. Responses of
maize to P are significant even at rates as low as 10 kg Pha' [Jama et
al., 1987) indicating the importance of adding P to crops in this area. A
survey in three districts of this region, for example, indicated that about
80% of the smallholder land used for maize production is deficient in
available soil P. ‘

Options for P inputs are organic materials, mineral P fertilizers or
phosphate rocks (PR} Phosphorus content of organic materials (e.g.,
leaves of trees and shrubs, farmyard manure) are generally low to provide
enough P for annual crops {(Palm et al, 1997). Manure is the most
common soil amendment in Western Kenya, but the majority of the
farmers in the area own no livestock and therefore have no source of
manure (Shepherd and Soule, 1998). Thus low P content, low availability
and competing uses and labor will generally preclude exclusive use of
organics for P fertilization requirements, although they are certainly
important as supplements,

There are PR deposits in East Africa. which have 4 proven capacity
to alleviate phosphorus deficiency. The prevailing soil conditions are
also atiractive to the use of PR. The direct use of PR generally requires
acidic soils with pH less than 5.5 (Sanchez, 1976; Rajan et al, 1996).
This is the case for most soils in Western Kenya.
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Phosphate rock use

The use of indigenous PR has recently received tremendous interest as
an alternative to mineral P fertilizers that are nearly all imported, high
priced and often unavailable when needed, There are a number of PR
deposits of variable reactivity in East Africa that differ greatly in their P
composition and suitability as sources of P for P-deficient soils such as
those in Western Kenya (Van Straaten, 1997). According to a recent
report by Van Straaten (1997], the most promising PR sources are
Minjingu in Northern Tanzania and Busumbu in Eastern Uganda.

A number of studies have highlighted the suitability of Minjingu PR
as P source for crops in P-deficient soils. For instance, Bromfield et al
{1881} reported a refative agronomic effectiveness {RAE} of 75% for
Minjingu PR in the five seasons following application to maize in Western
Kenya. Based on results of 559 comparisons of rock and fertilizer at
equal levels of added P, Woomer et al. {1997] also observed higher maize
yield increases with Minjinga than with some other PR found in Africa.
They concluded that strong potentials exist to further develop the
Minjingu PR,

With the exception of Minjingu {(biogenic sedimentary), most of the
other PR deposits of Eastern and Southern Africa are weathered
carbonatite deposits of igneous origin and of generally low solubility,
and often with substantial Fe and Al oxide conient. Typical of such
deposits is Busumbu PR in Eastern Uganda. Busumbu PR is of lesser
reactivity than Minjingu but close proxiniity to Western Kenya {less than
10 km away) compared with Minjingu that {greater than 820 km away}
makes it attractive. There are known natural PR deposits in Kenya le.g..
Rangwe valley and Mrima hills) but they are not as reactive as either
Mingingu or Busumbuy PR

The choice between soluble P fertilizers and PR as a source of P for
crops depends on relative agronomic effectiveness [(RAE) and cost.
Relative agronomic effectiveness is defined as vield increase with PR
relative to that with TSP expressed as a percentage. For correct
determination of RAE, P should be the only nutrient miting crop yield.

Phosphate rocks with low reactivify can be processed in different
ways to improve RAE, One method is the compaction of PR with water-
soluble P fertilizer, such as TSP. This is, however, likely to be costly on
large-scale aperation. The hmpurities, particularly magnetite, can also
be removed through magnetic separation using inexpensive small-scale
operations. These produce a concentrate of 13% P which can then be
blended with mineral fertilizers {(e.g., TSP} to increase its reactivity.
Through the hydrolysis of TSP, the blend provides an initial quick dose
of P and a sustained slow release of P as the acid produced by the
hydrolysis process slowly reacts with the PR, Busumbu PR concentrate
and a blend made from it (70% Busumbu: 30% TSP} are currently being
tested in researcher-managed field trials in Western Kenya.
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Studies with phosphate rock in Western Kenya

The International Centre for Research in Agroforestry {ICRAF). in
collaboration with Kenya Agricultural Research Institute (KARI), Kenya
Forestry Research Institute (KEFRI) and Tropical Soil Biology and Fertility
{TSBF) Programme, began work with Minjingu PR in Western Kenya in
1986, The first study campared Minjingu PR with TSP at annual
applications of 50 kg P/ha and a large one-time application of 250 kg P/
ha, both broadeast-applied and seil-incorporated. Potassium was blanket
applied to all treatments at 60 kg/ha. Nitrogen was applied annually at
ihe rate of 80 kg/ha through either urea or foliar biomass of Tithenia
diversifolin, a shrub common in hedges and roadsides in Western Kenya.
The N rate of 60 kg ha is the recommended rate for maize in area. Maize
yield responses {0 N application beyond this rate are usually small,
probably because of the inherently high organic matter {3.0 to 3.3%) of
the soils in many areas. Rapid mineralization of soil organic matter under
the humid and hot conditions of the area can often supply N sufficient
for at least 1.0 t dry matter ha maize grain yield.

Tithonia foliage has high concentrations of N, P and K and
decomposes very rapidly in the soil (Jama et al., 2000). The study was
conducted at three sites where the soils are classified as Kandiudalfic
Eutrudox {Soil Taxonomy) or Ferralsol (FAQ-UNESCO 1979}, pH 5.1
with clay content of 30 to 35%. These sites are fairly representative of
fhe soils and rainfall conditions of the Western Kenya highlands
neighboring Lake Victoria,

The annual maize vield from the two maize cropping seasons in the
first year, averaged over three sites, indicated comparable response for
the two P sources. Maize yield increased dramatically with the application
of P at either 50 or 280 kg/ha (Fig. 3.5). Without P but urea as N source,
maize grain yield averaged 0.8 t/ha. Maize grain yields less than 1.0t/
ha is typical in this area, which has highly P deficient soils (Sanchez et
al., 1997}, Such low vields are not sufficient to feed the large number of
people in the area. As a consequence, there has been considerable
migration of people to cities and farms elsewhere to seek off- farm
employment that can supplement their food and other needs.

It is interesting to note from Fig. 3.5 that with no P added. maize
vield was higher with tithonia alone (1.5 tha'') than urea alone (0.8 tha’
'). This was probably due to the P [6 kgha'') supplied by tithonia applied
at the rate sufficient fo provide 80 kgha. Responses of maize to P are
known to be significant in this area even at rates as low as 10 kg P/ha
{Jama et al., 1997), The addition of P at 50 kgha' (either as TSP or PR)
increased maize grain yields by at least three times (2.5 tha'') compared
to yields from urea alone [no P applied} and by about two times with
tithonia alone. As expected, the yields were higher with application of P
at the rate of 250 kgha!, with the increases being about four to five
times those with urea alone.
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Figure 3.5. P Sources and P Rates
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Source: Bashir Jama {unpublished)

The RAE of Minjingu PR from this study averaged 83% with tithonia
and 93% with urea as N source. In another multi-location study, RAE
of Minjingu PR averaged only 70% in the first year in 26 P responsive
sites in Western Kenya (Lijzenga. 1998). Bromfield et al. (1981} also
reported & RAE of 75% for Minjingu PR in the five seasons following
application to maize in Western Kenya. In an on-going, long-term trial
with maize on an acid, P-deficient soit in Western Kenya, the RAE in the
first season after P application averaged 74% at 50 kg P/ha and 80% at
250 kg P/ha (ICRAF. 1997). These high RAE would suggest that Minjingu
PR could be used as a substitute for TSP.

Besides the suppiy of nutrients, organic inpuis may also enhance
PR solubility. Direct enhancement of Minjingu PR solubility was
demonstrated by lkerra et al. {1894), with compost- and manure-
amended soil in Tanzania, Such an effect would, indeed, be desirable
tor low scluble Busumbu PR. No data are available vet on the RAE of
Busumbu concenirate (BP) and BP-TSP blend in Western Kenya.
Observations from ongoing field trials, however, suggest that a blend of
7% BP and 30% TSP might be comparable to Minjingu PR in RAE,
whereas BP alone is less effective.
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Economics of phosphate rock use
Minjingu PR is the only deposit in Eastern Africa with sufficient
quantity and reactivity hence potential for direct application. Although
far from Western Kenya (820 km away). the use of Minjingu PR is
likely to be more economical than TSP in Western Kenya. The
estimated retail price at Maseno in Western Kenya in Decernber 1996
ranged from USS 1.3 to 1.8 kg/P compared with about US$£2.36 kg P
! of TSP (Buresh et al., 1997). Minjingu PR on a unit P basis was,
therefore, 55 to 76% of the cost of TSP. This estimate should, however,
be interprefed with caution as it was based on limited amount of PR
acquired for on-farm research by farmers in a pilot project. It could
become even cheaper if the PR was mined and delivered to Western
Kenya on a latde scale.

The economics works out favorably for Minjingu PR with its estimated
55 to 76% relative cost compared with TSP and approximately 70 to
75% RAE on acid soils in Western Kenya. The one-time large application
of 250 kg/ha is perceived as a corrective measure for severely P-deficient
soils as opposed to a gradual build-up of phosphorus capital through
annual applications of small amounts. However, logistic costs, credit
schemes and soil properties will be the maln factors involved in the
choice of P rates o use.

Benefits of integrating inorganic P sources with organic fertilizers
Based on the encouraging agronomic results and costs of Minjingu PR
in Western Kenya, a pilot project was initiated in 1997 with the objective
of disseminating to farmers the integrated technology of Minjingu PR
application and organic sources of nuirient. This combination was
effective in sites with multiple nutrient deficiencies as the organics
primarily overcame N and K deficiencies while the PR met the P needs.
Because of their low tissue P concentration, the organics cannot meet
the P requirements of the crops unless applied at high rates, which is
unfeasible and uneconomical.

The major organic sources of nutrients available to farmers were:
[1) itthonia leaf blomass from hedges on farms and
(21 short-duration improved fallows with fast-growing species such as

Besbania sesban, Crotolario grahamiana and Tephrosia vogelil.

Tithonta is targeted mainly for blomass transfer while the other woedy
perennials are for improved fallows, These species are relay-cropped
with maize 4 to 5 weeks after malze is sown. Relay cropping minimizes
negative effects of the woody perennials on crops while allowing the
woody perennials to benefit from fertilizer and weeding provided io the
crops. The practice also permits the growth of the woody perennials to
be extended to two instead of one season. When the crop is barvested at
the end of the first season {(July-Augustl, the woody perennials are left
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to grow during the second season uniil they are cut in February-March
and the cropping cycle repeated.

Once the woody perennials are cut, wooed is removed and the leaf
and small twigs are left on the field and incorporated into the soil during
land preparation. Such a fallow can provide 90 to 120 kg N/ha depending
on rainfall during the fallow period. The source of this N could be N
found accumulating in the subsoil of the soils of the study area
{(Hartemink ef al, 1986}, N, biologically fixed from the almosphere and
N mineralized from the soil organic matter. The levels of nutrients
provided through the foliage of the woody perennials in improved fallow
systems is usually sufficient to produce 3 to 4 tonnes of maize per
hectare, Inorganic nutrient inputs would, however. be regquired for higher
yields and/or if the fallow biomass is used as livestock feed.

Inorganice fertilizers will alse be required fo supplement any short
falls in what the organics {(such as improved fallows and biomass transfer)
provide, This may become necessary to sustain tithonia biomass
produetion since it is not a legume that can biologically fix atmospheric
N,. To determine the sustainability of nutrient supply through tithonia
biomass transfer, one has to consider the possibility that tithonia planted
on the boundaries of the farms and contour bands could act as a trap
for nutrients moving down the slope with waler and soil. This would
minimize the need for external inputs to sustain biomass production of
tithonia which would also cycle back to the farm nutrients that would
otherwise have been lost. What is required, therefore. is an
understanding of nutrient acquisition mechanism by tithonia and
redistribution of nutrients wilhin the landscape through transfer of
tithonia biomass. Long-term studies or farm nutrient budgets may also
help determine the sustainability of tithonia-use systems.

Ancther important component of the package extended to farmers
in the pilot project is soil conservation without which most of the P
applied could be lost through soil erosion on sloping lands. Fortunately,
there are well-proven biclogical erosion contral options, such as contour
hedgerows with leguminous species and grass strips {Kiepe and Rao,
1994} which also provide useful products in the form of fodder or organic
inputs for green manuring of adjacent fields. The increased plant cover
from P input alone can also reduce loss of soil nutrients. For example,
it an experiment in Western Kenya on slopes of 3-4%, application of
500 kg P/ha reduced seil erosion and the loss of total P was not higher
than that under unfertilized malize {Jama. 1989}, While the high P rate
used in this study may not be recommendabie for resource-poor farmers
now, it reflects one of the approaches to replenish the P depleted soils
{one time application of a large amount). It could, however, become an
option for farmers if and when fertilizers become affordable through
either a subsidy program or improved structure and marketing
conditions.
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About 4000 farmers are currently testing and adapting improved
fallows many with iniegration of Minjingu PR, Another 1400 or so farmers
are also testing tithonia biomass transfer, many also in combination
with Minjingu PR. Farmers are extremely pleased with the results, as
their crop yields have increased many folds. The farmers are also testing
these technologies on many crops ~ maize, maize and bean intercrops
and on vegetables such as ‘sukuma wiki’ (Kale: Brassica sleraceae) and
tomato. Tithonia biomass transfer can be labor intensive but its use on
such crops as kale that are higher-valued than maize make its use
attractive to farmers (ICRAF, 1997).

Conclusion

Soils in the tropics are renowned for low soil fertility particularly low
nitrogen. Consequently low soil fertility ranks as the second most
important abiotic constraint to maize production in the subhumid zones
after drought. Intensified land uses, and the rapid declines in fallow
periods, coupled with extension agriculture info marginal lands, have
contributed to rapid decline in soil fertility particularly in the high
potential subhumid zone.

Nitrogen and phosphorus deficiencies are severe and widespread
biophysical constraints {o smallholder maize productivity, and in farn
to long term fond security of the resource poor in Southern and Eastern
Alfrica. Crop rotations, intercropping, improved fallows, green manures,
inorganic fertilizers and integrated nutrient management practices
[organic and inorganic nufrient source) have been developed as a means
of replenishing soil fertility and increasing maize productivity, In our
conclusion a critigue of which technologies will be widely adopted is
given,

Inorganic fertilizers have been recommended as a quick means for
increasing maize productivity. Where smallholder farmers apply fertilizers,
the quantities applied are too low that they contribute little on long term
fertility management. I{ has been calculated that farmers apply an average
of 10 kg/ha for fertilizer nutrients. The high grain to nutrient price ratios
and high levels of production risk are two of the underlying factors of the
low fertilizer use, Even when fertilizer s used in farmer’s fields the nutrient
use efficiency is very low and this also reduces overall productivity.
Progress has been made in developing maize cultivars which efficiently
utilize soil available nutrients especially nitrogen and covert it to grain. It
is estimated that N-use efficient cultivars could increase maize vield gains
by 25%. Furiher increase of farm yields must eome from enhanced and
more efficient use of chemical fertilizers and organic manures and adoption
of agronomic practices that increase fertilizer responsiveness such as
early planting and appropriate land management practices.
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A central aspect of sustaining soil fertility on smailholder farms is
the maintenance and management of soil organic mater {(SOM). Inorganic
fertilizers do not add organic carbon in the soils unless the crop residues
are ploughed back in the soil. Organic inputs from crop rotations and
other technigues will contribute to some maintenance of SOM.

Crop rotation with annual grain legumes offer much higher
opportunity for widespread adoption. These annual legumes offer a good
compromise for meeting both food security and seil fertility needs for
farm household. Grain legumes can provide seed and sometimes leaves
for home consumption, income while adding organic matter and nitrogen
to the soil. The most promising species combine high grain yield, high
root and short biomass and low nitrogen harvest index, Such legumes
inclade selfinodulating promdscuons types of sovabean, pigeon pea,
groundnut. cowpea and bambara nuts. Under favourable conditiens
green manure crops can generate large amounts of organic matter (up
to 200 kg N/ha) in 100-150 days of growth of which 30-50 kg are available
to crop growth. Although there is a long history of experimentation with
green manures for improving scil fertility in Southern and Eastern Afriea,
the adoption rate by smaltholder farmers is very low or none, However,
promising research results from the Soil Fertility Network
{SOILFERTNET} of Southern Africa on green manures have started to
emerge. The on-going research is focussed on the potential of
undersowing maize with green manures for improving scil fertility.
Undersowing Tephrosia vogelli appears to be one of the most promising
as it grows through the dry season and produces a large amount of
organic rmatter. Velvet beans have also shown goed potential for use as
a green manure in rehabilitation of exhausted soils and are able to
produce large amournts of biomass under acidic soils,

Improved fallows are the most promising agroforestry basal soil
fertility replenishment systems in both Southern and Eastern Africa.
This practice has been adopted in extensive farming systemn such as
Eastern Zambia and intensive land use systems in Western Kenya. About
30 000 farmers are experimeriting with improved fallows in these two
regions. In addition to supplying nitrogen and improving maize
productivity, tree fallows provide other benefits, Fuelwood production
is on the order of 15 t/ha! after 2 vear sesbaria fallows. Sesbanin seshan
and other tree fallows have decreased the seed pool of parasitic weed
Striga hermonthica by 50% in Western Kenva and Eastern Zambia. Tree
fallows can also relay other nutrients such as potassium from depth
and improve soil physical properties such infiltration rate aggregate
stability and water storage. A lot of NGOs are disseminating improved
fallow for soil fertility replenishment in the region. However there are
several concerns which need to be addressed. Improved fallows may
not be an option fer a larger number of farmers with small land holdings,
Low soil fertility and pests can reduce the biomass produced by fallows,
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There are also no clear answers on how much N is fixed by trees on
ditferent soil types and unless this is addressed improved fallows may
produce inadeguate N for high maize vields. There is need to continue
evaluating different fallow species, management and adoption across
biophysical and socio-ecomic gradients. The institutional support
required for wide adoption of fallows needs to be understood,

There are no silver builet solutions for sail fertility replenishment.
Various options suit farmers depending on thetr biophysical and socio-
econamic circumstances. The promotion of integrated soil fertility
managemeni practices seems to offer much potential than promoting
one or two options. For these technologies to make an impact on-farm
income and livelihood there several issues which need to be addressed.
These include seed production, pest species diversity and
microsymbicnts of legumes. The strategy for scaling up different options
should involve farmers, extensions, researchers, NGOs and policy
makers. Without this concerted effort, researchers will continue (o
produce technological bullets in the institutional vacuum!
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Introduction

Banana {Musa spp.] is an important crop in East and Scuthern Africa
with production estimates of 15 million tonmes of fruit annually, and
representing 21% of world oufput Vuylsteke, 1996}, It is a main staple
for about 50% of peoples in the humid mid-altitude zones of the Great
Lakes countries comprising Uganda, Rwanda, Burundi, Eastern Congo,
Western and Central Kenya, and the Kagera and Kilimanjaro arcas of
Tanzania. The most cultivated and endemic Musa in Eastern Africa are
triploids of the AAA genomic constitution (Vuylsteke, 1996) with varietal
introductions (AA, AB and ABB types) apparently increasing as a result
of the decline in yields of the AAA cooking types. Fruits for cooking
bananas are harvested when mature but still green, peeled, steamed
and mashed before eating. For beer bananas, mature fruit are ripened



124 MA. Bekunda et af

and squeezed to extract juice that is fermented with sorghum to produce
banana wine. Desert bananas are eaten when ripe while fruit for roasting
bananas are preferably ripened and roasted before eating. Banana is
also an important source of income for the small scale farmers who
produce the bulk of the crop.

The bananas originated from South East Asia (Simmonds, 1962).
The earliest records of the crop in East Africa is from Mombasa in 1300
A, believed to have come from Java via Madagascar. The bananas in
the region are now commeonly referred to as the East African Highland
bananas and, because they exhibit great diversity from somatic mutation
and human selection, the region is considered a secondary centre of
diversity for the Musa AAA group {Ortiz and Vuylsteke, 1996).

Bananas grow on diverse soils, Yost and Eswaran [1990) characterised
5 different soils (Oxisols, Alfisols, Inceptisols, Mollisols and Ultisols) within
a distance of 20 km in the banana growing central region of Uganda.
Ideally, bananas require a deep, well-drained loam soil with high humus
content (Zake et al. 2000}. The dominant soils in the East African region
to which banana is grown are Oxisols and Ultisols with physical conditions
that are good for root growth but whose nutrient status declines rapidly
after land clearing (Delvaux, 1995]. Yet bananas take up considerable
amounts of nutrients, especially potassium (Table 4.1}, those removed in
harvested fruit must be replaced if continuous production of the plantation
has to be maintained. Coffee takes up much less nutrients than banana
but receives more fertiliser inputs because it is a “cash” crop {Bekunda
and Woomer, 18996]. Research should demonstrate that using fertiliser
on stable food crops, like the banana, is also profifable g0 as to enable
adoption of skills and technologies for better fertiliser use,

Tabile 4.1, Average amount of nutrients (kg ha') in banana plantations’

Nutnient Amount removed Amount in Total Coffes?
in fresh fruit remaining plants

Nitrogen 189 199 388 227

Phosphorus 28 23 52 16

Potagsium 778 660 1438 234

Calcium 101 126 227 129

Magnesium 49 76 125 33

Based on 2400 mother plants per hectare {roots not inciuded) and yields of 50t ha*
{Labav and Tumer, 1583). The banana cultivars were of the Cavendish type; we have
not established data for the East African highland bananas for which mineral uptake
may be different. “Based on 1350 coffee trees per hectare (Wilson, 1985)

Banana cultivation in Eastern Africa has been described in Bekunda
(1999), based on the Ugandan growing systems. Bananas are commonly
grown on smabholdings around homesteads. Culiivation is through
clonal propagation, using healthy suckers of about 1.5 m high and 45
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em girth, and spaced at 3 by 3 m. When being established, crops like
beans, maize and sweet potatoes are intercropped with the young banana
plants and phased out at caniopy closure. Some fruit trees, like the jack
fruit [Artocarpus heterophylius] and pawpaw (Carica papaya) arc
established with the plantation as sources of fruit and to serve as
windbreaks, Sometimes the intercrops are cash crops like coffee and
vanilla which benefit from the shade provided by the banana plant. Of
recent, human pressure upon land has increased and intercropping is
widely practised in old plantations.

Mulching of banana fields is a traditional agronormic practice favoured
for its suppression of weeds, conservation of moisture and rmaintenance of
soil feitility. Traditionally, pruned banana leaves and plant parts remaining
after harvest are spread on the planiation floor and supplemented with
materials from crop fields, fallow fields, swamps and livestock manure.
Household wastes are typically distributed near the homestead resulting
in a soil fertility gradient which causes higher yields near the homestead
and lower yields as the distance from the house increases.

Per capita consumption of bananas in the Great Lakes Region is
between 220-460 kg annually, the highest in the world {Tushemergirwe
et al, 1893}, Demand for banana is increasing resulting in more intensive
use of soils that are often inherently low in fertility [Sanchez et al.,
1989). Soil degradation occurs as little fertilizer is used and farm-level
nuftrient balances are negative (Bekunda, 1992; Wortmann and Kaizzi,
1998). A major shift in banana production in Uganda has occurred
with decreased production in the central region and increased production
in {he south-west [Gold et al, 1999). The decline in Central Uganda,
where banana remaing g highly preferred food, was atiributed to reduced
soil fertility, increased incidence of pests, and less labour invesied
resulting in sub-standard management of plantations. At the national
scale, average banana fruit yields have continued to decline, from 8.4
in the 708 to 5.4 tha' yr'in the 80s (Zake et al. 1994}, and the life span
of the plantations from over 50 to between 7-10 years (Bekunda, 1939},

In this chapter, we examine the response to the chalienge of declining
banana vields by the farmers and highlight research advances by
researchers in East Africa, with emphasis on identifying nutrient
management practices that could meet nutrient demands by bananas to
maintain or restore soil fertility. Because of the high cost and uncertain
accessibility of mineral fertiisers in the region, the goal should be to
identify fertility management strategies based on available organic
resources that provide much of the nutrients. The shortfall could then be
made up through the use of mineral fertilisers. We shall review research
results that show the effects of using organic and inorganic nutrients on
banana fruit yields and soil fertility which are necessary for formulating
guidelines for their utilisation. Research needed fo fill gaps in the
development of effective fertility management strategies shall be identified.
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- Soil Fertility Status in Banana Fields

Soil fertility embraces the physical, chemical and biological properties
of the soil, and is associated with the management practices within a
cropping system. As stated above, the soils to which bananas are grown
in East Africa generally have good physical conditions, further favoured
by the traditional mulching practices. Thus seil fertility management
studies have focussed more on diagnosing plant nutrition and monitoring
fertilisation effects.

In a nation-wide survey of banana production areas in Uganda,
nutrient levels in foliar tissue indicated potassium to be marginal or
deficient in 7 ont of 10 sites and N deficient in two sites (Zake et al.,
19494}, As part of the same survey, soil analytical data for 24 sites
indicated that ¥, N and P were deficient in 23, 14 and 9 sites, respectively,
In central Uganda. results of foliar analyses indicated that in addition
to N and K, Mg deficiency may be important, (Gold et al., 1999). Research
in Rwanda indicated that soil texture had little influence o banana
production, while chemical factors had a major effect. Potassium and
phosphorus were identified as the most limiting nutrients {Godefrey et
al, 1991a).

Magnesium deficiency symptoms in banana were reported to be
common in Bukoba, Tanzania (Janssen, 1993). Janssen also noted signs
of Zn deficiency, possibly induced by high P levels resulting from many
years of manure application, Symptoms of Mg deficiency are also
common in parts of Arusha and Kilimanjare Regions of Tanzania in
banana, as well as in maize, beans and appear to be related to the
unusually high soil exchangeable K:Mg ratios, often ranging between 1
- 5 {Giller et al., 1992). On an equivalent weight basis, this ratio should
ideally not be greater than 1.5 [Tisdale et al 1990).

For the region, these diagnostic results are variable, perhaps
reflecting the heterogeneity of the soils to which bananas are grown.
Based on surveys in the Kagera Region of Tanzania in which leaf analyses
were done, it was observed that achieving a good diagnosis of nutritional
constraints in banana may be difficult (Wortmann et al, 1993; Bosch et
al, 1995). Banana fields exhibit spatial heterogeneity because they are
usually not ploughed to allow uniform dispersion of nutrients through
the soil, and neither do farmers evenly apply inputs onto the ground.
Alternative interpretation of data based on the critical nutrient level
concept (Lahav and Turner. 1983) indicated that K and Zn deficiencies
were most frequently constraining banana production, while 5, B and
Cu deficiencies were of secondary importance. Mg level in the leaf tissue
was significantly correlated to banana yield, however, while the levels
for other apparently deficient nutrients were not related to yield. Total
soil N, available P and exchangeable K were not related to estimates of
banana productivity,
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Data from the Kagera research were used to estimate critical nutrient.
levels, cation ratios and DRIS (Diagnosis and Recommendation
Integrated Systems) norms for East African Highland Banana (Wortmann
et al, 1994a). DRIS evaluates nutrient relationships and the adequacy
of each nutrient in relation to other nutrients using ratios between all
possible pairs of nutrients (Sumner, 1977). A nutrient ratio from a tissue
sample is compared to a corresponding ratio called the “norm”, a
standard value used to evaluate nutrient relationships potentially
applicable to the specific crop regardless of where it is grown. The critical
nutrient levels proposed for foliar tissue were 3.1% N, 1.13% Ca, 0.48%
Mg, 18.4 ppm Zn and 10.0 ppm B. DRIS norms were estimated for 55
different nutrient ratios. These values have not been validated but
optimal levels and ratios for some nutrients appear to differ for cooking
and brewing types (Bosch et al, 1995).

Soil nutrient levels in banana fields are generally higher than in
other parts of the farm, probably due to several factors: more fertile
fields were selected for banana production initially, rates of nutrient
loss from banana fields may be less, and nutrients are transferred from
other parts of the farm to banana fields, especially in form of mulch.
Newly established banana plantations in Rwanda had lower soil organic
matter, lower soil pH, and lower levels of available cations and P than
plantations that had been established for 5 or more years (Godefrey et
al, 1991b). In Kagera Region, solls from banana fields were found to
have much higher levels of P and exchangeable cations than soils of the
surrounding grasslands, probably due to nutrient transfer over many
years to the banana crop (Janssen, 1993). In Uganda and Democratic
Republic of Congo, soils in banana fields had higher nutrient, pH and
organic carbon levels than in adjacent fields cultivated for other crops
(Elukessu et al, 1996; Wortmann and Kaizzi, 1998}. Banana fields
typically show a fertility gradient from the household to outer field
boundaries due to the application of household waste (Friedrich, 1968;
Elukessu, 1996). Wortmann et al. (1993) found that banana yield and
banana leaf N and Bo content increased with proximity to the house.
But the special attention to the soils resulting in the relatively higher
fertility status of the soils has not stemmed the decline in banana
production. Then, either the fertility status is not enough to support
expected banana productivity or it is secondary to some other factor(s)
that reduce banana productivity.

The soil fertility status indicators, namely soil and foliar analytical
data, show that the banana plantations of eastern Africa are poorly
nourished but from different nutrients, perhaps reflecting the
heterogeneity of the soils. This makes diagnosis of nutritional constraints
in banana using these methods of limited value. The development of
new approaches, such as the use of DRIS, to improve utility of tHese
tests in identifying the limiting nutritional condition is a necessary
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strategy. This could be supplemented by research leading to the
establishment of response curve functions for soils of different status.

Soil Fertility Management in Banana-Based
Cropping Systems

Soil fertility is often managed to favour banana over other crops through
the application of manure, crop residues and other organic materials.
In a survey of 510 farm families practicing banana-based cultivation
along the Lake Victoria Basin of Southern-Central Uganda (Bekunda
and Woomer, 1996], 97% of the farmers interviewed left banana stalks
and leaves in the banana fields upon pruning and harves(. Farmers
also reported various external inputs and organic resource transfers
Eighty one percent of the farmers applied field crop residues to banana
Helds and 31%, animal manure. Only 4% applied inorganic fertilisers to
their plantations.

At four lecations in Central and Eastern Uganda, Wortmann and
Kaizzi [19898) found that all farmers left banana residue in banana fields.
Plant residues of annual crops were commonly applied to banana with
logation means for the proportion of the total quantity available ranging
from 9-52, 13-62, 0-37 and 35-86 percent for maize, bean sovbean and
groundnut, respectively. At the Pallisa location, there were more
livestock, more fallow land and less banapa production than at the
other locations studied. Only about 10% of the manure were applied to
banana in Pallisa with very little application to other crops. In
comparison, 90% of the available manure was applied at the other three
locations although nutrients contained in available manure averaged
only 13.6, 5.5 and 16.5 kg farm™' of N, P and K. In the three locations,
soil fertility levels were generally similar to levels at the Pallisa location,
but their land use was more intensive and manure was recognised as a
valuable resource.

The supply of organic manures is generally inadequate to replace
the significant amounts of nutrients removed from banana fields through
fruit harvests, erosion and other losses, Farmyard manure is often scarce
as the number of livestock in intensively cultivated areas is usually
small. [n Rwanda. 78% of farmers interviewed said they lacked manure
for more than half their fields, and only 6% reported adequate manure
for their needs (Voss and Graf, 1991). In Kagera Region of Tanzania,
only 15% of farmers had access to manure (Bosch et al, 1989). Bazira
ef al (1997) estimated that farmers with comparatively well-tended
plantations were adding about two t ha'yr? of organic materials which
did not supply sufficient nutrients to compensate for the losses.

In Bukoba District of Tanzania, nutrients are transferced from the
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rweya grasslands in forms of manure obtained from grazing animals
and grass mulch. However, the ratio of grassland to banana area varies
from 1.2 to 20 LJanssen, 1993}, and is often insufficient to provide enough
nutrients to the banana stands for the maintenance of soil productivity
{van de Kop, 1995}, Negative nutrient balances were observed for the
banana - bean intercropping system in Tanzania, with significant
leaching losses (Table 4.2). The estimates are based on the assumption
that grass harvested from 0.1 ha of riweya grasstand is applied as mulch
anmually to each hectare of banana, a practice that is not likely to be
sustatnable (van der Eijk, 1995). The export of nutrients through banana
harvest was mainly due to the consumption of the fruit as other parts of
the banana plant are returned to the soil.

Tabie 4.2, Nutrient balances of a banana-bean intercropping system in Bukoba District,
Tanzania

N P K Mg
kg hatyr?

Inputs
Muleh 4 0.8 4 0.6
Deposition 30 37 80 17.0
N-fixation 23 0.0 ¢ a0
Sedimentation 0 0.0 o 0.0
Exponls
Banana 42 4.0 50 2.4
Beans 30 1.5 12 1.5
L.aaching 26 0.3 38 28.0
Gaseaous 5 0.0 4] 0.0
Erosion g 0.0 ¢} 0.0
Net Change 46 1.5 -62 -12.8

Sowce: Janssen, 1993; van de Kop, 1995; and van der Fijk, 1995
Note: Bukoba District receives 2000 mm yr® of rainfail and has sandy loam soils

Nutrient balances for the banana-based land use type estimated at
the four locations in Eastern and Central Uganda (Wortmann and Kaizzi,
1998) varied from -9.0, 5.7, -56.0 16 27.2, 22.1 and 13.1 kgha' N, P, and
K. respectively {Table 4.3]. The balance for K tended to be worse than for
other nutrients. Estimated nutrient balances at the four locations were
generally negative but the deficits were less than estimated for Bukoba,
perhaps due to the different inputs and management systems.
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Table 4.3. Nutrient balances in banana fields at four locations in Uganda (kg hatyr").

Nutrient Location

Pallisa lganga Mpigi Kamuli
Nitrogen 13.2 27.2 -840 7.1
Phosphorus 1.2 221 57 6.3
Potassium -35.7 131 -56.0 -560.3

Source: Wortmann and Kaizzi, 1998

Banana-based systems provide good erosion control with less soil
loss than with annual crops. The crop management factor (C) value of
the Universal Soil Loss Equation (USLE), calculated as the ratio of soil
loss from the crop of interest over soil loss from tilled fallow, for the
banana-bean asscciation was determined to be 0.10 in Rwanda {Clay
and Lewis, 1990). Other crops had C values ranging from 0.15 for peas to
0.45 for tobacco. Brunner {1991) reported an average soil loss of 4.5 t ha
vt for hanana - bean fields compared to a mean of 7 t ha''yr! for all
crops on a 109 slope. The low erosion assoctated with the banana - bean
system may be due 1o several factors including a good canopy cover
throughout the year and additional manuring and mulching. These factors
contribute to less intensive raindrop impact, increased sofl organic matter,
increased water infiltration and improved soil aggregate stability.

Organic Matter Management in Banana-Based
Cropping Systems

The manure and mulch materials commonly applied to banana fields
differ widely in their chemical characteristics, even within species (Table
4.4). Most of ihe materials are low in N, P and K at the time of their
application. These qualities point to prohibitive quantities of materials
required to provide nutrients in amounts necessary for optimal growth
of bananas.

Decomposition and mineralisation rate characteristics of some of
the residues obtained in recent studies (Bwamiki, 1995; Bazira, 1998;
Lekasi, 1998 and Murekezi, 1998} confirm those summarised by Myers
et al (1094) showing that the processes are regulated by C:N ratios and
further modified by lignin:N ratios. Non structural cations, as exerplified
by K, are released at faster rates than structural elements (Table 4.5),
which may result in a supply of nutrients, especially if the CiN ratio is
high. that may be out of balance with the plant requirements. The
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significance of this imbalanced supply of nutrients has not been
assessed; it may not be very important for a quasi-perennial crop such
as banana which can luxury feed, essentially store nuirients in the
plant, and remobilise for further growth when supply is low. Of greater
concern may be cation imbalances as K and Mg compete for uptake: Mg
deficiency might be induced if much plant material having a high K:Mg
ratio are applied.

Table 4.4. Selacted nutrient contents of crop residue materals commenly used inmulching
banana plantations

Material %N %P %K  %0a  Reference

Coffae hugks 048 042 1.0 025  QOchwoh, 1977

Coffee husks 127 042 20 120 Matovy, 1979

Coffee husks 220 017 40 210 Bwamiki, 1896

Coffee husks 160 020 2.9 054 Murekezi, 1998

Maize stover 100 010 13 ND  Zake a&fal, 1996
Swamp grass 080 008 19 ND  Zake etz 1996
Soybean residue 120 011 07 ND  Zake ef al, 1986
Mucuna rasidue 360 080 12 ND  Zake ef al 1996

Bean residue .80 012 08 ND Wortmann and Kaizzi, 1998
MNapier grass 260 020 32 080 Bekundaefal 1998
Napier grass 1.72 014 23 (040 Pazira of 34 1998
Spear grass 084 010 12 030 Baziraetal 1998
Banana residue 280 015 35 040 Bazimefal 1983
Banana leaves 275 010 43 134 Lekasi etal 1998
Banana pseudostem 101 007 7.7 075 Lekasiefal 1998
Banana pseudostemmbase (047 0.06 32 03%  Wormann ef a/ 1984
Cattle manure 079 047 27 010 Bekundaefal 1888 |
Key:

ND = not determinad

Table 4.5. Comparison of nutrient mineralisation patterns from materials used as muich
in banana plantations, based on the time (t_, days} when 50% of the nutrient has been
mineralised.

Material Halfdie ()

Dry Matter N P K
Banana pseudostem 33 as 22 16
Maire stover 37 23 10 G
Beans trash 21 8 5 3
Coffee husks 158 prec 3| 15 14
Napier grass {Pennisstum purpureum) 41 88 122 9
Spear grass {Imperata cyfindrica) 45 106 118 1

Se‘ama‘ Lekasi, 1998; Bazira, 1998,
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Another concern is nutrient loss from mulch expected duoe to
denitrification, leaching and P fixation, which would affect recycling of
available nutrients. For banana residues, it has been postulated that
recycling of nutrients is more efficient when harvested pseudostems are
left standing for sometime to allow their nutrients translocate to the
growing pseudostems [Turner ard Barkus, 1973). Wortmann ef al {1994b)
estimated that 46%. 37% and 23% of the N, P and K. respectively in the
lower 1.5m of pseudostem was translocated to growing pseudostemns
within six weeks after harvest. The rate of nutrient release was similar
for translocation from the harvested pseudostems as for decorposition
of a mulch of shredded pseudostemns. The rate of recycling of nutrients is
therefore higher, and loss of nutrients probably less, with translocation
of nutrients from the harvested pseudostems to the growing parts of the
mat than from decomposition due to the expected losses.

Response of Bananas to Soil Fertility Management

We have shown in the previous section that there are different strategies
farmers use to replenish nutrients in banana fields. The strategies differ
in terms of scale and degree of reliance upon the amount and guality of
inputs that are available, but may also be influenced by the returns to
the strategy. Yield response is one indicative measure of the
appropriateness of the strategy.

Responses to organic residues

Reeycling banana residue alone will not provide sufficient mulch for
both moisture conservation and nutrient replenishment. Nutrient
amounts removed in {ruit are more than those immobilised in other
above ground parts (Table 4.1). Consequently, about 86% of banana
farmers in the Lake Victoria Basin of Uganda supplement the banana
residues with one or more additional inputs {Bekunda and Woomer,
1996). When reported bunch weights {representing yield) were plotted
against the number of types of organic resources utilised (representing
soil fertility management), it was observed that those farmers applying
supplementary field crop residues and cattle manure obtained the
highest bunch weights, averaging 20.3 kg bunch” and representing a
55% increase over banana residues alone. Supplementary field crop
residues alone increased yield by 25%, and field crop residues plus
small livestock manure by 9%.

The bunch weights recorded above are not optimal. a result of the
addition of inputs that did not supply adequate amounts of nutrients.
Woomer et al (1999) obtained much less bunch weights from the annual
application of 10t ha of either Napier grass or cattle manure to a highly
nutrient deficient soil (Table 4.6). Banana residues transferred from
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some of the treatments and also applied at a rate of 10 t ha' were
observed to be effective sources of nutrient inputs in cabbage production
{Lekasi, 1998).

The use of organic residues, especially of field crops origin, is a
matter of nutrient relocation between comnmeodities, for example depletion
of crap fields of nutrients and fransferring them to banana fields. Over
the long term, this system is not sustainable. For the residues obtained
away from the farm, their economic potential could rapidly diminish as
transportation costs and distances between the source and the farm
increase. Supplementary use of mineral fertilisers becomes a plausible
alternative.

Tabie 4.6, Effects of crganic resource management on banana bunch mass and
dimensions after three years of cultivation at Mukeno District tarm Institute, Uganda.

Resource mgnagement Banana bunch
Mass Length Circumference
{kg) (em) {cm)
No inputs, banana residues retained 6.54 289 836
Na inputs, banana residues removed 4.1% 20.7 70.1
+ manure, banana residues retained 7.34 30,8 1.1
+ manurs, hanana residues removed 810 314 92.6
+ Napier grass, banana residues retained  6.23 2901 86.0
+ Napier grass, banana residues removed  8.28 31z g92.5
LsG . 2.58 7.9 18.2

Source: Woomer ef af, 1889,

Responses to mineral fertilizers

Very littie work has been condncted on the use of mineral fertilisers
it the banana farming systems in East Africa. Based on soil analytical
data that showed potassium as the likely Himiting nutrient to banana
production in Uganda, an experiment was set up at Kabanyolo (o
determine the yield response curve of banana to K (Zake et al, 1996),
but only with the basal application of adequate amounts of N and P.
While there were significant increases of more than 5 t ha! resulting
from the K treatments, the differences between the different levels of
K additions [ranging from 25 to 200 kg ha'') were not significant. The
average fruit yield of 24 t ha' from the K treatmnents is not the
maximumn yield attainable. These results suggest that although K
may have been limiting, some other factor(s) became limiting on
addition of small amounts of K. The concern about the imbalance of
cations expressed for structural elements being released fast during
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decomposition may also apply to the results of this study, In an earlier
report of a research to determine requisite soil and foliar nutrient
levels for optimum banana production, significant improvement in
growth was obtained with the addition of N and K, and not with P
{Parish, 1970).

Sofl amendments for banana production need to be applied with
the knowledge on how best they can be placed for efficient nutrient
uptake by the roots. Awullo-Okullo (1870} reported that the banana
orop is mainly a surface feeder, but subsequent studies have shown
that the whole banana root system responds appreciably to soil
management. Ssali (1973} also reported highest root activity near the
sofl surface, but it increased deeper in the dry season suggesting that
soil moisture management had a role to play, as observed by Nkedi-
Kizza (1973). Bwamiki (1995) observed that incorporating coffee husks
to a depth of 30 cm increased depth of rooting to 140cm compared to
40 cm when the coffee husks were surface applied. In addition,
incorporation resulted in a root biomass accumnulation that was 1.3
times more than surface application; fruit yield was 1.6 times higher.
The high root biomass development also acts as a temporal safety-net
especially in high rainfall areas that suffer from nutrient leaching.
Farmers using organic sources for soil fertility improvement may
therefore opt to increase nutrient use efficiency by manipulating their
application methods, the costs of manipulation and the physical
characteristics of the residues notwithstanding,

Intercropping

The intereropping of bananas and other crops is commorn in many
parts of East Africa, and soil fertility improvement. when it occurs, is
sometimes a secondary benefit to the primary purpose of the practice.
Perennial cash crops, like coffee, are intercropped with bananas for
the provision of shed especially at establishment. Ficus natalensisis a
source of fibre (Baganda traditional bark cloth), fuel wood, animal
feed and curvings. However, these crops may benefit the bananas by
recycling nutrients from deep capture, because of their rooting systems,
via litterfall.

Bean is the annual crop most commonly associated with banana in
the mid-altitude arcas of Eastern and Central Africa (Bekunda and
Woomer, 1996; Youngquist and Wortmann, 1998). The two crops are
compatible in a multi-story system as bean does not compete with
banana above ground and is more shade tolerant than most other food
crops. Smalthold farmers have about 360,000 ha of banana-bhean
intercrop per year in Eastern Africa (Wortmann et al, 1998). Farmers
intercrop bean with banana to use land and labour more efficiently, but
the reason most frequently cited by farmers was to diversify production
{Table 4.7).
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Table 4.7. Reasons given by farmers for Intercropping beans with banana in two districts
in Uganda

District

Reason Mpigi Rakai

% of farmers interviewed
improved tand use 58 a0
improved iabor Use 30 56
Reducss soil erosion 0 20
Ingreased mcome 3] 40
Diversified preduction 93 72

Soures; Nakechwa and Nabawanuka, 1988

In a study conducted in Uganda (Wortmann ef al., 1882}, the land
equivalent ratio for the banana - bean system ranged from 1.00 to 2.28
over three seasons with an average of 1.6, or a 60% increase in
productivity. Banana was more competitive than bean as indicated by
competitive ratios for banana of 0.76 - 2.57, and 0.39 - 1.3] for bean.
Bean yields intercropped with banana were 52% of sole crop yield in the
Uganda study Table 4.8), while banana yield was similar for intererop
and sole crop. Compelition for water to 90 cm depth was not found to
influence productivity of the banana-bean intercrop system in Uganda.
Gravimetrically measured soil moisture levels in the intercrop system
were not different from those of the sole crops (Wortmann et af, 1992).
Bean and banana compete for nutrients, especially XK. Bean foliar
concentrations of K and Zn were lower and of Mn and Fe higher, while
other nutrient levels were not affected in bean intercropped with banana
as compared to sole cropped beari (Table 4.9). Reduced photosynthetically
active radiation appeared to be the main constraint {o productivity of
bean intercropped with banana, Direct sunlight was reduced by
approximately 50% by the banana canopy, while a 25% reduction due to
artificial shading caused a 13% reduction in bean yield.

Table 4.8. Mean yields of beans grown in sole crop and intercropped with baranas (Mg
ha''} at Kawanda and Mutungu Hesearch Stations in Uganda and DR Congo, respectively.

Cropping system Non-climbing bean in Three bean types in DR Congo,
Uganda, 3 seasons 2 sgasons
Typel Type H] Type IV
Sole crop 1.19 0.63 0.92 256
Intercrop 0.83 .20 0.20 1.1%
Significance o * * .

Sources: Worlmann, ef &/ 1992, Elukessu, 1996
Key: astericks indicate levels of significance, P= 0.001 ¢r 0.05,
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Table 4.9, Mean nutrient concentrations in foliar tissue of beans grown in sole crop and
intercropped with bananas for three seasons at Kawanda Research Station in Uganda.

Cropping system Nutrient

K (%) Fe {ppm) Mn {ppni) Zn {ppmy)
Sole crop 188 383 177 3.6
intercrop - 145 547 348 27.8
Se 0.05 45 32 1.8

1

Source: Wortmann et al, 1982

Key:
Se = standard error of the mean

The higher soil fertility levels under banana, as compared {o other
cultivated land, favours the climbing bean. Elukessu et al. (1996)
found that vield of climbing bean was proportionally less reduced by
intercropping with banana than yield of bush bean; both types had
about 47% fewer pods per plant with intercropping but bush bean
had a greater reduction in seeds per pod. A concern is that the greater
productivity associated with the climbers results in more nutrient
removal, In the highlands of Southwest Uganda, for example, nutrient
removal was more with climbing bean than with bush bean, even
with removal of only the pods of climbing bean and even though the
climbing beans fixed approximately 10 more kg ha! N than bush
beans. If the nutrients are not replaced, the system may not be
sustainable.

Intercropping as a deliberate soil management practice in banana
fields was tested over a five year period at Kabanyolo, Uganda, using
Mucuna (Mucuna pruriens) as a live mulch (Zake et al, 1996). Unlike
food crops, no part of the live muich was harvested from the field. The
effects of the live mulch on banana fruit yield were negative and could
be attributed to competition with banana for moisture and nutrients.
We consider that for ive mulch to be effective, it should be sown at low
density and should be pruned regularly to minimise competition. This
was not the case in the above study.

Effects of Fertility Management on Seoil Characteristics

In many of the studies on soil fertility management in bananas, the
direct effects of the management practices on soil characteristics have
not been measured. We have noted earlier that soils from banana fields
are significantly higher in fertility than soils from other crop fields
because they receive more input. This practice tends to mask differences
between soil characteristics and fruit yields of bananas growing on
different sofl types (Bazira, 1998: Wortmann et al, 1993). We can infer
from models and from studies using inputs similar to those applied to
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bananas or on other test crops, to gain insight in how soll characteristics
change in response (o applied management practices, Using the Century
Model, for example, Woomer et al {1998) predicted that organic matter
in soils of Mukono District, Uganda, would steadily increase with the
annual addition of 10t ha'’ of either Napier grass or cattle manure (Figure
4.1) signalling potential chemical, physical and biological benefits to
the soil resulting from these treatments. The simulated changes in soil
orgarric carbon suggested that retention of harvest residues has a greater
effect on the maintenance of soil organic matter than above ground
productivity. In the same soils, a mulch of 10t ha”' of banana residue
was observed to perform better than mineral fertilisers in increasing
earthworm population, soil N mineralisation and soil moisture holding
capacity after two rain seasons {Table 4.10). Weed control enhanced
these responses. Beller understanding of the usefulness of the different
soil inputs is necessary in order to offset nutrient depletion in banana
fields.

Figure 4.1. Simulated dynamics of organic matier matter in soils of a banana sxperiment
at Mukono, Uganda, using the Century Model,
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Source: Woomer ef af, 1998

‘fgble 419 Earshwqrm population size, macrofaunal biomass, in situ nitrogen
mingralisation and soil moisture content of soils cultivated In cabbage under different
management.

Management practice Earthworms  Macrofauna N minedization Soil moisture

{no.m? {gm3 {pprm wk'') {%)
weedar] 33 1.0 31.4 298
unweeded 183 10.7 214 2B.9
plastic mulched 7 2.8 32.9 L2
fertiized & weeded 150 58 -13.0 308
banana mulched 433 29.0 31.9 295
banana mulched & weaded @17 15.3 62.6 321
LeD 397 ns 33.0 1.5

088

Source: Lekasi, 1988

Soil Fertility Interaction with Soil-Borne Banana Pests

Pests and diseases are considered the third major determinant of banana
vield after agronomic traits of culiivars and soil fertility (Stover, 2000).
The banana weevil (Cosmopolites sordidus) and the Nematode
{Radopholus similis] root rot appear to be the most impaortant soil-borne
pest and disease, respectively, in the East African bananas.

Weevil infestation has been implicated as one of the factors leading
ta yield decline of highland cooking bananas in central Uganda and
western Tanzania (Gold et al, 1999} through prevention of crop
establishment and shortened plantation life. Damage to the plant is
done by the larvae which tunnel in the rhizome (Ssengooba, 1986].
and yield loss increases with crop cycle, up to 44% in the fourth cycle
{Rukazambuga ef al, 1988]. There is evidence that the destructive acts
of the weevil ocour simultaneously with the decline in sofl fertility
{Oketch and Gold, 1998]), but data to support the hypothesis that the
weevil is only important in poor soils is scanty. Early researchin East
Africa {Harris. 1947, Ingram, 1970 and McNutt, 1974} indicated that
vigorous plants withstand weevil attack better than weak plants, and
recommended management for growing vigorous plants, including use
of manure and mulch, soil conservation, weeding and desuckering,
Such practices may affect the weevil directly or indirectly. For example,
the weevil can live for months in moist soils without feeding but dies
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less than 72 hours in a dry environment (Okech and Gold, 1996}
Indirectly, the weevil could be affected by the soil conditions through
nutritional changes in the banana plant which hosts the eggs and
larvae,

Farmers have practiced removal of harvested corms and pseudo-
stems as a means of denying the pest major breeding sites (Treverrow
et al, 1991}, but there is no quantitative data to show the effectiveness
of the practice. Besides, this practice may be detrimental to young
suckers that are attached to the mother plant and from whose post-
harvest stumps they derive part of their nutrients (Wortmann et af,
1884h). It is also possible that the residues draw ovi-positing weevils
away from the young suckers, thereby reducing potential crop losses.,
There is no record of research trials on these soit management practices
that have been conducted fo conclusively explain the underlying
mechanisms and relationships between them and the weevil.

Nematode root rot causes uprooting and lower bunch weight. Surveys
in East Africa identified that the damage is dominantily caused by
uprooting than reduced bunch weight (Kashaija et al, 1994), ranging
from a mintmum of 3% in Uganda (Speijer ef al, 1994} to a maximum of
30% in Kagera, Tanzania (Sikora et al, 1990). In a trial at Sendusu in
the central banana growing region of Uganda, Speijer and Kajumba
{2000} obtained bunches that were significantly higher in weight and
more in numbers from plots planted with disinfected propagules than
in those plots planted with nematode infested material, The overall
production was 51% higher. Until the beginning of the 1990's, however,
little research bad been done on nematodes and weevils as constraints
to the productivity of bananas grown as food crops by small-scale and
subsistence farmers (Sarah, 1989). For these farmers, therefore, no
control measures that are effective and applicable to their situations
have been scientifically identified.

Bridge {2000} has listed a wide range of management practices
that can theoretically be used for nematode damage. including a soil
fertility management action of mulching with organic wastes. It is
hypothesised that mulching could compensate for or suppress
nematode damage by stimulating and improving root growth, increasing
populations and activities of beneficial soil organisms antagonistic io
the nematodes, or producing nematicidal compounds, The actual
interactions of organic amendments and nematode populations needs
further research.

It appears certain that greater biological understanding of the
nemalode and weevil management problems in relation to soil fertility
constraints is still required in order to develop management methods
which farmers can adapt to their different farming systems and
circumstances, ‘
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Strategies for Integrated Resource Management

The decline in banana productivity occurring for most of the Great Lakes
region is partly linked to decline in soil fertility, Pest and disease
infestations also result in reduced productivity. The research done in
this region and the practices of the farmers reveal that better production
can be obtained with improved soil management. Organic amendments
could help recycle nutrients within the cropping systems and also
improve the soil physical and biological conditions, but inorganic
additions may be necessary to offset nutrient losses through harvests
and erosion and to correct nutrient imbalances. Research is still needed
in several areas:

» The interaction of the banana pest-disease complex with sofl fertility
and intensification of production needs to be understood. Especially
interesting may be the role of Fusarium solani, which is hosted by
highland bananas suppasedly with resistance.

» The diagnosis of nutritional disorders needs to be improved as results
of soil and tissue analyses have not been very predictive of response
to applied nutrient inputs,

s Soil cation balances are important to banana performance as K
competes with Mg and Ca for uptake. The effects of the K:Mg
ratios often observed in Arusha might be investigated. Cultivars
may react differently to cation imbalances or have different optimal
balances.

s Potassium deficiency is the most widely occurring deficiency of
banana. Application of inorganic K is likely to be increasingly
essential for high levels of productivity. However, the resource
poor farmers need high returns to their investments and farmer -
oriented decision guides are needed to enable them consider soil
differences for response to applied nutrients, Weed flora, for
example, may be a useful indicator of soil nutrient supply.
Digitaria and euphorbia occupied a greater proportion of the total
weed flora when soil exchangeable K was low, while bidens,
galinsoga, wild sorghum and eleusine occupied greater proportions
of the weed populations when K levels were relatively high
(Unpubl.]).

» Fertilizer N and P might be most efficiently used by application to
nearby annual crops with eventual transfer of nutrients to banana
in the plant residues.

+ Banana may benefit from short and medium term fallows, which
precede establishment of banana, and well managed live mulches.
in addition to soil improvement, effects on nematodes may be
considered. Mucuna pruriens and Crotalaria grahamiana suppress
root knot nematodes but may host lesion nematodes as well as other
species.
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Introduction

Climate and soils

The humid forest zone of Alrica consists of three main areas: the Congo
basin, between about 5° northern and 5° southern latitudes, extending
as far east as lake Victoria; along the southern coast of West Africa ranging
from approximately 5 and 9° northern latitudes: and the eastein coast of
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Madagascar. Consistently high temperatures, high relative humidity, amd
heavy rainfall throughout the year characterize the climate. The annual
rainfall usually ranges from 1,500 to 2,500 mm, but may reach much
higher values in some areas. Annual precipitation exceeds or equals the
potential return of moisture to the atmosphere through evaporation
{Nieuwolt, 1977). Temperatures show very small annual ranges, which
increase with distance from the equator, but remain almost everywhere
between b and 10° Celsius and they increase with both elevation and
distance from the coast. However, most of the humid forest zone in East
and Central Africa lies in the lowland, In general, seasons in the humid
tropics are determined by varations in rainfall (Nieuwolt, 1977). Most
areas in the humid forest zone experience no more than four months
with less than 200 nun of precipitation per vear. The length of the growing
season is at least 270 days (Jagtap, 1995).

Oxdisols and Ultisols are the most abundant sofls of the humid tropics,
together covering almost iwo-thirds of the region, Oxisols are deep,
generally well-drained red or yellowish soils, with excellent structure and
litfle contrast helween horizon lavers, As a result of extreme weathering
and resultant chemical processes, however, Oxisols are acidie, low in
phosphorus(P). nitrogen(N), and other nutrients, and limited in their ability
to store putrients, but have relatively high soll organic mattey content.
Oxisols have low pH and low cation exchange capacity. They are deficient
in major plant nutrients and often have toxic levels of Aluminium (Al
and Manganese {Mn). They may also suffer from sulphur ($) deficiency. N
losses from leaching are high unless a continuous plant cover ensures
rapid recycling. High Al saturation, which is toxic to plants and low levels
of Calcium {Ca) in the subsoil, may result inn limited rooting volume and
increase the potential for moisture stress (Sanchez and Salinas, 1981).
Trace element deficiencies may occur, especially in soils formed from
basic rocks. Due to the exireme weathering, very low nutrient reserve,
and 2 limited ability to hold scil nutrients, most of the nutrients in the
ecosystems containing Oxisols are within living or dead biomass. However,
due to their excellent physical properties, these soils can be suitable for
a wide range of uses with proper management, soil amendments o
overcome acidity, and the application of limiting nutrients.

Ultisols are usually deep, well-drained red or reddish soils, somewhat
high in weatherable minerals than Oxiscls but also acidic and low in
nuirtents, They are similarly low in plant nutrients and high in
exchangeable Al. Nutrient reserves are concentrated in the surface
horizon and their maintenance depends on continuous recycling through
the vegetalion unless fertilizers are added. Unlike Oxisols, they extibit
a marked increase of clay content with depth. They also usually contain
high levels of aluminum, which is toxic to plants and severely restricts
rooting depth. Ultisols are susceptible to erosion due to the less favorable
physical properties in the surface layers and the degree of permeability
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in the argillic B-hortzon. Compaction and loss of surface soil easily
damages Ultisols when heavy equipment is used for land clearing or
tillage operations (Lal, 1987). In deneral, the agricultural production
potential of both Oxdsols and Ultisols can be improved, as they respond
well to fertilizers and good management practices.

inceptisols and Entisols account for most of the remaining soils of the
humid tropics. These are younger sofls, ranging from highly fertile soils of
alluvial and voleanic origin te very acidic and nutrient-poor sands,
Inceptisols are the third most widespread soil type in the hurnid tropics,
Three roajor kinds are important in the humid forest zone of Africa: Aquepts
{poorly drained), Andepis {well drained, of volcanic origin), and Tropepts
{well drained, of nore-voleanic origin}, Among the Inceptisols, Aguepts are
dominant in humid forest zone of Africa. Most Aquepts or wet Inceptisols
are of high to moderate fertility and support dense human populations in
many parts of the world. However, in Africa large areas of wet Inceptisols
{locally known as hydromorphic soils), long remained undeveloped because
of human health hazards, although many of these hazards have been
overcome and settlement has increased. Entisols are soils of recent
development that do not show significant horizon layers. Within this sofl
type, well-drained, young alluvial soils [Fluvents) not subject to periodic
flooding, are considered among the best soils for agriculture in the world.
These sofls are very suitable for intensive lowland rice production.

Vegetation and food crops
Although many humid tropic solls are acidic and low in reserves of
essential nutrients, the constant warm temperatures, plentiful of rainfall
and sunlight for most of the year permit, abundant plant growth. Under
natural conditions the humid forest zone is characterized by lush
vegetation giving an impression of highly productive systermns, The natural
vegetation consists broadleaf evergreen rainforests with little or no
seasonal variations. The dry season, by definition limited to about two
months, creates no moisture stress for the natural vegetation as it is
supplied by moisture from the soil. However, water can be a limiting
factor for crop production despite periods of abundant rainfall (Juo, 1989}
Many humid forest areas have dry periods of sufficient length to adversely
affect plant growth. Water shortages occur often where the soils have low
water-holding capacities or have restricted rooting depth, but they can
also affect areas with more favorable soil environments. Luxuriant forests
growing on these predominantly nutrient-poor soils must possess an
“efficient” mecharnism for nutrient recycling and conservation. It has been
suggested that such forests possess enhanced structural and physiological
mechanisms for recycling and conserving nutrients.

Research has shown that undisturbed primary forests have well
developed mechanisms for efficient recycling of the nutrients stored in
its living bicmass g0 that losses are minfmal. These mechanisms are
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highly adaptive and can be identified both at structural and physiclogical
levels in the natural vegetation. Clearing and burning the vegetation will
cause a sudden release of nutrients tied up in the aboveground biomass,
The released mutrients can be used by successional vegetation or cultivated
plants for a short period. Under traditional cultivation systems, vields
tall rapidly, the land is abandoned and secondary regrowth develops.
The species composition of such regrowth varies, depending on the degree
and frequency of burning and on surrounding vegetation, If burning is
recurrent, grass usually replaces tree vegetation (Adedejl, 1984).

Alteration of forest cover and forest conditions through human
intervention can range from marginal modification to fundamental
transformation. At one extreme are forests that are slightly modified
{through. for examnple, selective extraction, traditional shifting cultivation,
or gradual substitution of perennial species} to maintain most of their
cover, with little long-term impact on ecosystem components, processes,
ard regeneration rates. Deforestation represents the opposile extrere where
the forest cover is replaced with other land use systems. Between these
extremes, conversion happens to varying degrees, entailing changes in
forest structure, species diversity, biomass, successional processes and
ecosysterm dynamics. Land or forest degradation occurs when these changes
are of sufficient magnitude to have a long-term negative effect on productive
potential. In many cases, the original forest is being eliminated and replaced
with permanent agriculture, plantations, pasture and other developments.
For example, according {0 Keatinge et al {2001}, much of the West African
humniid {orest has almost disappeared with only pockets of forest remaining
in some places. However, in Central Africa, there has been less deforestation
due to the lower population density. Exposed soils, particularly following
mechanical clearing. are subject to erosion, compaction, and crusting until
a new vegetative cover of canopy is established {Lal, 1987}

Tropical root and tuber crops are in many ways the mast preferred
food crops of the lowland tropics and in generai have a high degree of
ecological adaptation to the humid tropical conditions. Root and tuber
crops. especially cassava, yam. aroids. and sweet potatoes are extensively
grown in the humid tropical zone although banana, plantain and
groundnuts are also important food crops in the region {Keatinge et al.,
2001; Coursey and Booth, 1877). The high biological efficiency of root
and tuber crops arises partly from the “architecture” of the crops
{Coursey and Booth, 1977). Strength of other parts of the plant is not
needed! to support bulky roots and tubers. Increased size of the edible
parl need not therefore be associated with increased production of the
non-edible tissue. In grain crops in contrast, a substantial fraction of
total Biomass is required to support the edible grains above ground.
Some root crops such as cassava (Manihot esculenta Crantz) have the
ability to withstand pests such as locusts, low soil fertility and poor
husbandry. They are also adapted to intercropping: an important
cropping system in the humid forest zone.
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Over the centuries, agricultural systems and techniques have evolved
{o meet the special environmenital conditions of the hurmid fropics. They
inchude, a variety of mulfistrata agroforests, home gardens, shifting
cultivation, managed fallows, modified forest systems, and even
permanerit cropping. Although these production systems are diverse in
their particular adaptations, the successful ones tend to mimic the
natural vegetation in such characteristics as: high nutrient use efficiency;
maintenance of vegetative cover; a high level of diversity crops and crop
varieties; complex intercropping patterns; and the integration of animals
within the agroecosystem. But the maintenance of soll fertility is central
to all production systems in the humid forest zone.

Soil Fertility Management

Nutrient eycling

The vegetation within the tropical humid forests thrives by retaining
and efficiently recyeling limited nutrients within the ecosystem. Root
concentrations are generally in the topsoll. Therefore, when litter {leaves,
twigs, branches, and whole trees] falls to the forest flcor, the high quality
litter decomposes rapidly, while the low-quality litter decomposes slowly.
Mineralized nutrients are adsorbed by forest floor roots and adsorption
by deep roots minimizes losses. Therefore, most of the nuirients are
efficiently recycled, with minimal losses through leaching, denitrification,
and volatilization. Understanding of the major processes responsible
for nutrient cycling in this environment should provide the key to effective
and sustainable soll fertility management.

The main processes which regulate soil fertilify in the humid zones
are the soil organic matter decay, the nutrient leaching and recycling,
soil acidification, soil erosion and other processes related fo soil
management and agronomic practices. These processes can take place
separately or in combination depending on the environment and hurmnan
intervention. However, soil properties are in equilibrium with the
vegelation as long as the forest remains undisturbed. The practice of
shifting cultivation or slash and burn agriculture which is common in
the lowland humid forest environment often changes the equilibrium
by distupting the continuous sapply of litter and consequently
interrupting nutrient recycling. Other more modern systems of
agriculture and deforestation usually cause more problems if poorly
implemented and managed.

Clearing and burning

The most commeoen practice of changing the forest into food production
involves slashing and burning the vegetation. The use of fire modifies
the biological soil environment. When fire occurs, the temperature of
the surface layers of the soil is raised. The actual heating rate and
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depth depends on the amount of moisture in the soil and the type of
fire, Temperatures during the burn at the surface almost always exceed
100°C and can reach as high as 720°C for brief periods of time (Fehlberg,
1989; Andriesse and Koopmans, 1984; Kitur and Frye, 1983; Sertu and
Sanchez, 1978, Brickmann and Vieira, 1971}, The temaperatures are
dependent on the type and amount of biomass and the moisture content,
all of which influence the infensity of the fire, Increases in temperatures
in the soil are usually restricted to the top few centimeters, where they
normally rise by 50-80°C above the temperatures before burning. These
temperatures are high encugh te modify the soil environment.

The burning of the aboveground organic materials usually combusts
most nitrogen and organic acid components, returning inorganic cations
to the soil in the ash, which has a liming effect. The amount of Hming
effect depends on the intensity of the fire and the thoroughness of the
burning. The hot ternperatures can also greatly reduce the amount of
organic matter in the upper layers of the soil. For example, at
temperatures of 200-300°C for 20-30 minutes, there may be as much
as 85% reduction in organic matter (Fehlberg, 1989). Generally, most
of the abiotic effects are short-term in nature. Under ideal conditions,
regeneration of the vegetation rapidly begins the process of recovery.
However, frequent fires can lead to more lasting change.

Depending on the dryness of the biomass, the weather and the amount
of biomass, burning is described as complete or incomplete (Fehlberg,
1989). Temperatures are relatively Jow if the biomass burnt is either small
or not completely dried. Low to medium burn temperatures, with ranges
from 150-300°C at the soil surface, result in incomplete burn leaving
some of the woody parts of the slash still intact. Theoretically. oxidation
of carbon begins at a temperature of 150°C [Andriesse and Koopmans,
1984). Consequently SOM is affected by incomplete burning. SOM content
in the top few cm decreases but addition from leaching of burned organic
material may mask this process, As a result of these processes the carbon
{C) content of the soil and the CEC may be even higher than before the
burn. Burning may lead to increasing values of C, N, P, organic matter
and CEC {Andriesse and Schelhaas, 1987). The content of plant available
P increases slightly after burning as a result of the partial destruction of
SOM. The influence of burning of slashed vegetation on N content due to
volatilization has an important effect on soil nutrient supply. Andriesse
et al. {1987}, reported that with medium burn temperatures {300-400°C},
the total N content of the top 2 cm decreased by 20-25% but that the
ammonium content increased with lower temperatures of 200-250°C {Kitur
and Frye, 1983; Sertu and Sanchez, 1978]. In addition, burning may
have a positive effect on the N cycle. Nitrifying bacteria responsible for
NO, formation are partially inhibited in converting ammonium to nitrates,
’ﬁlese changes result in increased soil fertility and improved conditions
for crops.
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In contrast, large amounts of dried biomass piled up would
completely burn with high temperatures of up to 760°C at the sail
surface [Andriesse and Schelhaas, 1887]. These high temperatures
may be detrimental to soll fertility. Temperatures between 400-600°C
already cause a nearly total depletion of organic carbon and topsoil
organic matter. High temperatures wili lower carbon and organic P
contents in the topsoil. About 80% of the total N contained in the litter
and upper 2 cm mineral soil are reported lost at these burn
temperatures (Andricsse and Schelhaas, 1987). Ammonium content
decreases as oxide and carbonate formation is enhanced. Local ash
accumulations under piled wood may increase pH values to above 10
and hinder or inhibit crop seed germination. Availability of P and Kis
correlated with the increase of temperature and also with the
destruction of SOM,

Burning is more intense and thorough on sites with small size wood,
which dry quickly and could easily burn. At the more mature sites,
large trees form physical barriers to spreading of fire and therefore reduce
the percentage of burn. For example, Van Reuler and Janssen (1993),
reported 50% burn at a 4 year fallow site and 15% on a 20 year fallow
site, Large irees are not normally slashed and the clearings have a limited
size. These factors combined facilitate forest regrowth after the fields
have been abandoned (Van Reuler and Jannsen, 18993).

Research data so far obtained from experiments on incomplete and
complete burning indicate that low to medium temperatures are more
beneficial for nutrient recycling. Soil properties such as available
nutrients, 5OM content and CEC are improved while there are negative
effects at higher temperatures, In situations where the farm has to get
rid of large amounts of biomass after clearing, the drying period of the
slashed vegetation should be kept short. The fire will burn at a lower
intensity and lower temperatures. However, any living plants or antmals
caught in the path of the fire are in danger (see managed bush fallows;
page 169). Seeds of some plant species are killed, whereas others are
either stimulated by breaking of specific dormancy factors or by creation
of soil conditions that favor germination and establishment. In general,
there is an immediate reduction in the population of nearly all soil-
dwelling organisms following the fire, Many die as a result of the high
temperatures but some are impacted by the changes in soil pH that
follow the fire, or by the flush of certain nuirients that come from the
burned organic materials. After the fire, there is a fairly rapid re-
colonization, especially by bacteria that are stimulated by the increase
in soil pH.

Cropping
The superior efficiency of the multistrata system in refaining nutrients
can be aftributed to the perennial root systems, the continuous nutrient
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uptake, the presence of a litter layer where nutrients are adsorbed or
microbially immobilized, and the lower percolation rate due to the
continuous presence of a transpiring canopy. A higher soil organic matter
content and consequently cation exchange capacity in perennial systems
should possibly be added to this list. More important may be the fact, at
any given time, that at least some of the plants in the system should be
actively growing and taking up nutrients, thereby reducing the nutrient
concentration in the soil solution, and should have a transpiring canopy,
thereby reducing water percolation.

Multistrata agroforestry systems are widespread in the lowland
humid tropics of the world (Nair, 2001). The simpler systems such as
commercial plantations are of major importance for the world markets.
The more complex, home garden-like systems are locally important for
the subsistence of smallholder farmers and contribute to the
conservation of germplasm diversity of tree species and to maintenance
of niches for fauna and flora in the agricultural landscape. According to
Nair (2001), there is no clear-cut distinetion between multistrata
agroforestry and because what is referred to as home gardens in some
situations may be referred to as multistrata in another, and vice versa.
Therefore, the distinction below is meant o highlight two common
traditional production systems that have atternpted to mimic the natural
vegetation (Lefroy, 1998}

There is little doubt that under humid tropical conditions, tree crops
are better suited for the maintenance of soil fertility than annual crops,
This is because permanent sotl cover and perennial root systems of the
trees provide continuous soil protection; a favorable environment for
soil biclogical processes and more efficient mutrient cycling than systems
based on annual crops. In order for agricultural production systems to
be sustainable in the humid tropics, the following conditions need to be
observed (Okigbo, 1981}

1. Nutrients lost during cultivation must be continuously replenished.

2. Favorable physical conditions of the sofl must be maintained.

3. Soil must be kept constantly covered and erosion controfied.

4, Soil acidity and nutrient deficiencies and toxic constituents must
be continually controlled.

5. Build up in pests, weeds and diseases must be prevented.

Many vears of research and experience have produced various highly
successful and stable management practices for perennial crop
production. Similarly, in many generations of traditional wisdom and
practical experience, farmers developed stable and viable multistorey
home gardens production systems in the uplands {Soemarweto, 1987).
The particular methods that are most appropriate in any given locality
will vary both within and among the nmid forest regions. Local needs
and opportunities, ecological eircnmstances, economic opportunities.
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and social and cultural mores as well as the status of land and water
resources, will determine which methods are most suitable. Although
certain technologies can be more freely introduced, they must be adopted
to the inherent opportunities and limitations of local environmernts.

Home Gardens

Home gardens are examples of traditional agroforestry systems that
involve the simultaneous cultivation of trees, shrubs, and other crops.
They are typically a very diverse mixture of trees, shrubs, food crops,
medicinal plants, and livestock tended within a multistoried struciure
around the homestead and carefully managed over generations. The
gardens generally produce food, wood, fodder, and other subsistence
products as well as cash crops (Nair, 2001; Beets, 1990; Fernandes ei
al., 1985), Home gardens appear to have evolved concomitantly with
the shifting cultivation and bush fallow systems. They are found within
the vicinity of homesteads and comprise numerous multipurpose woody
species in intimate multistoried associations with annual crops and
small livestock. The multistoried structure and species diversity result
in almost complete coverage of the soil by plant canopies, thereby
promoting soil conservation.

Management
Sail fertility is maintained by the use of houschold refuse, crop residues
and animal manure. The average size of home gardens is 0.68 ha with
a range of (0.2 to 1.2 ha. An average size of 0.68 ha produces 125 kg of
beans (184 kg ha'), 280 of parchment coffee (412 kg ha’} and 275
bunches of bananas {404 ha''} annually. Fuel wood production is
estimated to be 1.2 m® yr' (1.5-3 m® ha' yr'} which is 1/4 to 1/3 of the
household requirement [Fernandes et al, 1984}, The system has heen
recognized as a potentially sustainable form of land use with possible
applications for the entire humid tropics. The continuous ground cover
and high degree of nuirient cycling are the major factors that permit
the home-gardens to remain sustainable. The various crop species and
varieties in the home garden represent years of natural selection for
survival and farmer selection for better production and quality. The
species represent a good resistance to prevalent pests, compete well
with weeds and have a generally high level of genetic variability
(Fernandes et al., 1984). The advantages inherent in multispecies and
multistoried cropping systems include diversified production risk
minimization, enhanced labor efficiency and continuous ground cover.
Based on the understanding of the ecology of mixed tropical plant
communities, it is believed that tropical home gardens and other
multistrata systems are ecologically sustainable (Nair, 2001}, Evidence
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of sustainability (including the maintenance of soil fertility) of tropical
home gardens is provided by their long-term exisience on some sites.
Although the mechanisms responsible for this sustainability have not
been properly studied and quantified (Torquebiau, 1992), they inchude
permanent soil protection as well as additions of nutrients and organic
matter inputs such as domestic wastes, ashes and manure (Nair, 2001).

Socia-economics

The home gardens remain a mystery for the economists in that these

systems that have flourished for a long time defy the economic standards

and criteria that are widely used for measuring the efficiency of land-

use systems and other production enterprises (Nair, 2001).

In addition to being nuiritionally important, many of the tree-shrub
species provide products of considerable economic value. The compound
farms are also invaluable germplasm banks of at least the traditionally
important multi-purpose tree/shrub species that are currently being
destroyed in the forest zone {Okafor and Fernandes. 1987}, Due to
fragmented nature of land holdings. attempts to combine cash cropping
with regular supply of foods for houschold use has led to operation of
different field systems and diversified production units:

1. Compound farms involving multistoried cropping of staple food crops
with multipurpose trees and small livestock in the immediate vicinity
of the household.

2. Near fields close to the compound but with fewer crops than
compound farms.

3. Outlying and distant fields ofien used to produce food or cash crops
that are not suitable for growing within the multistoried home
gardens.

Conclusions and research needs
Most studies of home garden systems bave been mainly descriptive,
Rased on these studies, we have gained a fairly good understanding of
the essential characteristics of the major types of tropical home gardens.
The main conclusion is that, all tropical home gardens are similar in
their structure and function. They involve an intimate asscciation of
different plant taxa forming a multistoried configuration of canopies
and together they provide an enormous arvay of useful products mostly
for home consumption (Nair, 2001). However, much has yet to be done
to improve home garden management in areas such as improved shade
tolerance of differenf crops, successional stages of home garden
development, increased yields, fertility management, and establishment
methods. The role of the animal component need to be carefully studied
for example for fertility management, recycling of nutrients and
househald wastes via composts, pods and fish production.
Well-designed, medium to long-term, process-oriented soil fertility
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studies are necessary to enable us to define more clearly the conditions
for the sustainability and productivity of tree crop-based land use
systems in the humid {ropics. However, soil research in multistrata
agroforestry systems poses methodological difficulties, which are partly
related to the spatial and temporal complexity and heterogeneity of these
Systems,
The following research questions deserve particular attention
{Schroth, et al, 2001}:
1. How can multistrata systems be established most efficiently under
conditions of infertile soils?
2. How can crop and tree species be arranged and managed for
maximum complementarity of respurce use in space and time?
3. How can soil biological processes that enhance soil organic matter
build-up and improvement and stabilization of seil structure by roots,
fauna and macroflora, be optimized in tree based land use systems?

Other potential improvements of the home gardens for high

economniical returns {(Fernandes, et al., 1985} inchade:

I.  Replacing less productive trees or shrubs with fast growing N fixing
species to provide increased fuel, fodder and green manure.

ii. Introduction of new crop varieties using the gene pool developed by
natural and farmer selection,

iii. Using organic and inorganic fertilizers in order to enhance the
productivity and sustainability of compound farms.

Additionally, the following improvements could be considered

{(Fernandes, et al., 1885; Nair, 2001):

1. Propagation methods for certain species to enhance availability of
the product throughout the year,

2. Selection of species for increased yields and quality products,

3. Introduction of species of high economic value from other regions,

4. Incorporation of species with multiple benefits such as green manure,
natural insecticide and nematocide,

5. Evaluation of agronomic aspects and biophysical processes,
particularly interactions among plant species,

6. Control and management of belowground biomass, and

7. Economic viability of the systems.

Jungle Cacao Plantations

One of the more traditional systems is the growing of cacao under partly
cleared forest. Instead of completely clearing the forest before planting
cacao seedlings, farmers clear strips in the undergrowth and the young
cacao trees are planted in the middle of those strips. That way, the natural
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ecology is preserved, the cacao trees are shaded and the labor input for
establishing the plantation is reduced. This type of cacao plantation called
“jungle cacao plantation”, is typically found in the humid agro-ecosystem
in forest margins, One can distinguish jungle cacao plantation from
commercial plantations by its size, the kind of forest clearing and land
preparation, the type of management. the use of inputs, the yield, and
the source of labor force. Generally a jungle cacao plantation averages
around 1.5-2.5 ha, The plantation is often located in the forest margin
near the village (a walking distance of less than 30 minutes). Access to
the fields is through paths of cleared vegetation. The products are
transported by head load or by small hand push carts.

An excellent review of a similar traditional cacao production system
was conducted by Duguma et al (2001}. The cultural practice of cacao
cultivation is said to be widespread in the humid West and Ceniral
Africa. The system involves planting cacao seedlings in the secondary
forest or forest fallow that has heen selectively ¢leared and planted to
various types of food crops for one or two seasons (Duguma el al., 2001),
During land clearing. indigenous [ruit, medicinal and timber tree species
are deliberately retained both for their economic value and to provide
shade for cacac plant. The clearing 1s done manually {with the exception
of the use of chain saw to fell big trees}, which together with the no-
tillage method used when planting, causes minimum or no disturbance
o the fragile soils. Intercropping with food crops is sometimes done to
exploit. the soil fertility and to increase shade for the cacao seedlings.

Management

To establish a new jungle cocoa plantation, the primary forest is cleared
{but not burnt) with the help of hand tools such as machetes and axes.
The understorey and the shrubs are cut down. Some small trees are
felled but many large and useful trees such as Irvingia gabonesis,
Tetrapteura tetrapiera are left in place, since they will serve as shade to
young cocoa trees, Since most trees are not felled, the plantation looks
like a secondary forest and this is why it has acquired the name Jungle
cocoq plantation”. Depending on the density of the retained natural tree
species and mortality rate of the cacao seedlings, the system is enriched
by planting additional tree crops, such as mango (Mangifera indica).
African plum (Dacryodes indical, avocado {Persea amaricanumy), guava
(Psidium guajana), cola (Cola nitida), orange {Citrus sinensis), and
rmandarin (Ctirus reticuly). As the cacao iree and the other grow to maturity,
the agroforest becomes a more diverse and structurally complex. closed-
canopy multistrata system that resembles a natural forest.

The major management requirements of cacao agroforests are shade
control, weeding, pest and disease control, harvesting of pods and
processing of beans. Before planting. the cleared understorey vegetation
including trees branches and stems are slashed but not burned. The
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cocoa population varies from 1200 to 1500 trees ha* depending on the
type of soil. The seedlings are usually planted at the beginning of the
rainy season.

In most cases, cacao is grown as a single crop. Bul in some arcas
one ¢an find young cocoa trees under bananas (Musa sp.) as a shade
tree, Sometimes in plantations located near the household, useful trees
such as plum tree (Dacryodes edulis), mango {Mangifera indica}, avocado
{Persea americand), kola {Cola acuminatal may also be present. Inputs
such as fertilizers are scarcely used. The only chemicals used are to
protect the crop against diseases and pests,

Cacao agroforests are thought to remain productive and
environmentally sustainable for up to 50 years, at a level comparable to
long-term fallow or primary forest, Comparative assessment of selected
top soil nutrients in the secondary forest and cacao-dominated tree-
based home gardens of Southern Cameroon showed that soil pH, organic
matier, Ca and Mg are greatest in cacao agroforest compared o that in
secondary forest (Duguma et al, 2001). These authors reviewed the
production systems in Cameroon and concluded that cacao agroforest
land use systems are superior to the competing food crop production
system in terms of most environmental indices and natural resource
management parameters that they considered.

Socio-economics

Yields in the traditional “jungle cacac” plantations are usually low,
averaging about 300 kg ha' because the farmers do not apply any
chernical fertilizers, despite positive results obtained in research stations
and in estates with the use of NPK fertilizers. With good management of
pests and diseases, the vield can rise up to 600 kg ha'! of dry beans.
This is still relatively low compared to 2000-2500 kg ha'! dry beans one
can obtain with optimum pest and disease management and judicious
use of fertilizers on commercial piantations.

Labor constitutes the most important component in this type of
exploitation. Labor is needed at all levels: forest clearing. land
preparation, weeding, spraying, pruning, harvesting, breaking of the
pads, fermentiog and drying of the beans. This laber is mainly supplied
by the family which is the only source of labor for small holdings. Since
the family is involved in other farm activities, this may explain why the
size of a jungle cacan plantation remains relatively small. The most
severe problem faced by cacao farmers in the region is the occurrence
of pests and disease.

Conclusions and research needs

The advantages of trees over annual crops in the humid tropics are well
documented, such as reduced soil erosion, reduced soil fertility depletion
and better nutrient cycling. This is because perennial craps are better
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than annuals in conserving soil. The frequency and intensity of
cultivation is less than in arable farming and the nutrient input-output
balance is more favorable. The most important reason however, is that
trees cover the soil continuously. Shade ensures that erosion is limited
and oxidation of organic matter is slow. In addifion, most perennials
are relatively more efficient converters of solar energy into products
that are useful {o man. They are also more efficient in the use of chemical
inputs such as fertilizers, pesticides, and herbicides. The cacao
plantations have the additional advantage over shifting cultivation or
bush fallow systems in that, they are geared more towards cash
production.

The magnitude of environmental benefits depends on the proportion
of trees in the systenm: the more trees the greater the benefits. Often,
however, the productivity of annual crops decreases as the woody
perennial component of the system increases. In designing a system, it
is important to decide on the relative importance of the immediate
productivity or environmental benefits and of sustainability. This can
be done by considering a series of possible combinations of annual crops
and tree crops ranging from pure monecculture, at one end to pure
forestry, at the other. Toward the agricultural end, the system produces
more immediate agricultural products and towards the silvicultural end,
sustainability is stronger and more long-term forestry products are
generated (Beets, 1990),

Since cacao does not lend itself very well to mechanization, the first
improvement can be done at the installation of the plantation by a
suitable forest clearing. Large trees except some useful ones such as
Tetrapleura tetraptera as Irvingia gabonensis should be reduced to an
optimum nummber for right amount of shading and cacao population.
Liseful trees such as fruit trees (Persea americana, Ducryodes edulis,
Mangifera indica, Cola acuminata.) and others could be planted to obtain
40-50% upper canopy. The use of mineral fertilizers may also assist in
increasing cocoa yield. Given that a ton of cacao beans can remove 20
kg of N, 10 kg of P,0, and 15 kg of K0, fertilization should be made in
arder to replace these quantities of exported nutrients. Results from
research stations and cacao estates show vield increases from 300 kg
ha'! dry beans to more than 2000 kg ha'! with the application of fertilizers.
Optimal levels of application need to be determined.

Shifting cultivation

Shifting cultivation (also known as swidden, slash-and-burn, or slash-
and-mulch agriculture) remains in wide use throughout the humid
tropics. As lraditionally practiced, shifting cultivation protects the
resource base through efficient recycling of nutrients, conservation of
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soil and water, diversification of crops, and incorporation of fallow periods
in the cultivation cycle. Fallows accumulate nutrients in their biomass
and control weeds, However, traditional shifting cultivation systems are
being disrupted, modified and replaced as population pressures rise
and as migrants unfamiliar with the humid tropics or indigenous land
use practices, attempt to farm on newly cleared land. Typically, this
results in shortened faliow periods, fertility decline, weed infestation,
disruption of forest regeneration, and excessive soil erosion.

Shifting cultivation refers to one of the most important {raditional
farming systems in the tropics in which relatively short periods of
cultivation are followed by relatively long periods of fallow. Ruthenberg
{1976), proposed a formula for classifying traditional farming systems:

R=Cx 100
C+F

Where,

R = Ratia (%)

C = Length of cultivation period
F = Length of fallow period

Lanly, (1985} proposed the following groupings:

R « 33 = shifting cultivation or long fallow agriculture.

R between 33-66 = short fallow, semi-permanent or stationary cultivation
with occasional fallowing.

R > 66 = permanent cultivation

However, the meaning of the term “shifting cultivation” tends, in
practice, to be broadened in two ways: Firstly, some documents and
reports extend it to inelude short-fallow agriculture systems and
secondly, others include under shifting cultivation, alt types forestland
encroachment by cultivators. In the following discussion, we have
adapted Lanly's definition for convinience.

Shifting cultivation was once widespread throughout the world but is
now confined to the fropics, particularly the humid tropics and the less
accessible areas. The characteristies of shifting cultivation in the tropical
world are remarkably similar in different areas. The system is usually
characterized by a progression of different crops from year {o vear. An
annual staple such as rice, maize or millet is often planted in the first
year after clearing, then root crops such as cassava, sweet potatoes, yams
and finally, bananas and fruit trees. Mixed cropping is the rule and it is
from this practice and the high crop diversity, that most of the systems
ecological stability is derived (Beets, 1990). Good shifting cultivators have
learned through experience that the timing of all the activities, especially
the fire make the difference between a sustainable and a degrading system
{see clearing and burning; page 151}




162 M.P. Gichurd gt al

Shifting cultivation works when the system is allowed enough time
for natural successional processes to restore the soil fertility lost through
disturbance and crop harvest. It is therefore, reasonable to conclude
that the traditional practice cultivating for 2-3 years after clearing is to
take advantage of the existerice of temporarily high nutrient levels in
the soil water and/or exchange complex of the soil. This may induce
severe losses of nutrients and reduced crop yields if continued for too
long witheut regeneration. Immediately following burning, nutrient
mobility in the sysiem is quite high, often resulting n high nuirient
losses. Therefore, crops in this system need to quickly pick up the
nutrients added from the ash or they will be leached or taken up by
non-crop plant species. Depending on the soil type, climate and cropping
practices, the rate of nuirient loss varies considerably,

Management
The shifting cultivation farmers cut and burn relatively small plots of
forest and produce crops in the burned-over area. They grow crops on
these plots for 2-3 years, until the nuirients are depleted and/or when
weeds become a problem. The farmers then abandon the plots for 10-
20 years, allowing the forest species to re-grow and replendsh the soil
fertility. The farmers move on to slash and burn another forested plot
and repeat the process. A farmer may shift in turn five to ten such
small plots before returning to clear and burn trees in the first one that
was fallowed 10-20 years previously and restart a new cycle. After a
cropping period the land is abandoned and will be re-cultivated afier its
fertility is judged to be restored, or sconer if other land is not available
{Greenland 1974). In many parts of the world, due to increasing
population the latter is the case (Van Reuler and Janssen, 1993).

Shifting cultivation has received a great deal of international attention
because one of the suspected environmental conseguences of the system
is its contribution to global warming. It has been estimated that the
trapical rainforests contribute substantial amounts of greephouse gases
from deforestation. Therefore, slash and burn agriculture could have
global implications because of its contribution o these gaseous emissions
as a result of the burning of the forest products and of the subsequent
decay of trees and other unburned debris and of soil organic matter,
Furthermore, slash-and-burn agriculture causes disturbance, if not loss,
of the biological diversity accumulated for over a long period. The
maintenance of the biodiversity is a matter of concern to all humanity.
The biodiversity has multiple roles to play, which are increasingly being
recognized, particularly in soil fertility management (Kotto-Same et al,
1997}

The rationale for sustaining the shifting cultivation system is quite
simple. The natural original forests and the fallowed areas are composed
of different trees and other woody species which grow and provide several
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benefits for the agricultural crops. Under ideal conditions, there is a
natural nutrient recycling and an optimal biomass production by the
natural vegetation. The soil is protected against erosion and nutrients
are continuously captured by tree root systems and recycled through
litter and root decay. Slashing and burning the trees disrupts this
equilibrium and exposes the soil to runoff and nutrient leaching and
hence soil degradation. During the fallow period, the trees replenish
the soil organic matter and consequently improve the soil structure.
They also protect the soil from erosion and excessive water runoff and
accumulate nutrients in their biomass and cycle them from deeper soil
layers to surface layers where most crop roots are found. The nuirients
that trees accumulate in their biomass are transferred to soil through
litter fall and decomposition or ash after slash-and-burn.

Nutrient cycling and conservation mechanisms in tropical forest
systems depend on the type of soil on which the forests grow. Tropical
rainforests thrive on both fertile and infertile soils, but the total amount
of nutrients accumulated in the plant biomass in a given forest system
depends on the inherent fertility of the soil and the age of the forest.
The most productive foresis thrive on relatively fertile soils. They recycle
and store large quantifies of mineral nutrients. On the other hand, the
forests growing on infertile soils are less productive and recycle smaller
amounts of nutrients,

In primary forest ecosystems, two nutrieni cycling mechanisms
have been identified (Juo and Manu, 1996}, The first mechanism
involves internal cycling of nutrients released from the decomposing
litter and captured by the root mat on the forest floor. The other
mechantsm involves the combination of recovery of mineral nutrienis
from the subsoil and saprolites, Primary forests established on strongly
acidic and leached soils. such as those of the Congo Basin. depend on
the internal cycle to meet their mineral requirements. The nutrients
absorbed by the forest vegetation are derived from the litter
decomposition and infiltration of surface water. The thick layer of root
mal on the forest floor refains large amounts of water and available
nutrients and facilitates nuirient uptake by the forest vegetation. In
such forest ecosystems, over 8096 of the N and P is held by the total
plant biomass including leaves, branches, trunk and roots, while the
bulk of Ca, Mg and K is held in the soil {Juo and Mamui, 19986). The
mineral nutrients released during the slash and burn may be lost
through leaching and runoff if the soil system is unable to retain them.
Nevertheless in the ideal slash and burn system, nutrients added to
the small patch of manually cleared field are taken up by the food
crop, captured either by the surrounding forest vegetation or by the
living forest root mat remaining in cropped field. I however, thesge
forests are transformed into large-scale production systems, the
nutrient ard organic pools become drastically reduced.
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The availability of soil nutrients to plants is dependent on the flow of
water through the soil system. It has been shown experimentally that
water transport systems may occur in strongly weathered and highly
permeable soils under forests {Juo and Manu, 19986). One is determined
by macropores through which water drains rapidly during rainstorms.
The other is determined by micropores through which water flows. Soluble
nutrients released from decomposing litter are mainly retained in
rnicropores that permit sufficient residence time for their uptake by plants.
The presence of positive charges in the subsurface layers of many oxidic
Oxisols and Ultisols might slow the movement of anions such as nitrates
and sulfates. This retarded leaching process increases the residence time
of nutrients, which in turn favors nuirient uptake by plants.

When the forest is slashed, the amounts of elements released through
burning depend upon the total nutrient content in the biomass and the
intensity of burning. When the slash-and-burn cultivator sets fire on the
fallen vegetation, most of the large woody biomass remains uncombusted.
Therefore, rtutrients stored in the forest biomass are released both through
the ash and the decomposition and mineralization of the plant residues.
The amounts of nutrient elements in the ash have been estimated by
several workers, using more intensive burning in slash and burn
experiments {Kyuma et al, 1985; Andriesse and Schelhaas, 1987]. From
these trials again, it has been shown that the guantities of nutrients
gained by the soil after burning depend on the amount of each element in
the ash and on the soil capacity to retain and store these nutrient elements
in forms readily available fo the crops. The total amount of nutrient inputs
from the ash varies from one site to another and is influenced by several
factors including the vegetation composition. the intensity of burning
and the type of soil. Research findings bave indicated that slash and
burn might contribute significantly to the carbon dioxide in the
atmosphere. Those gascous losses of C and N and possible accumulation
of carbon dioxide in the atmosphere, raise concerns regarding
environmertal conservation [Kotto-Same, ef al, 1997},

Burning of biomass leads to rapid increase of soil pH., exchangeable
bases, effective cation exchange capacity and available P in the topsoil.
In acid sofls, the ash temporally neutralizes the soluble and exchangeable
Alin the sotl, This is a beneficial effect for the crop growth. The magnitude
is influenced by the chemical composition of the ash, the mineralogy
and charge characteristics of the soil. In strongly acidic soils containing
oxides and kaolinite, like those of the Central Congo Basin, input of
large amount of alkali and alkaline cations (Na, K. Ca, Mg} from ash can
cause significant increase of sofl pH and effective CEC. However, the
leaching and crop harvest removal, taking place during the subsequent
cropping cycles, might re-acidify the soil, because of the loss of the
bastc cations from the soil exchange complex. The rate at which the soil
is re-acidified during the cropping phase would depend on the rainfall
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quantities and the seasonal distribution. the length and intensity of

eultivation, and the tevel of conservation management. Moreover, such

soil pH reversion might also take place during the fallow phase when a

major portion of exchangeable are partially washed away by leaching

and partially taken up by the fallow regrowth.

Very limited literature exists on the nutrient dynamics during the
cultivation phase in the case of tropical forests. However, it can be stated
that the important benefit of slash and burn is the rapid release of the
mineral nutrients, such as Ca, Mg, K, and P, frem the ash to the soil. This
benefit may be short-lived if the soil system is unable to store this large
addition of soluble nutrients against possible loss through leaching, runoff
and erosion during the cropping phase. It is predictable that the amount
and the cause of nutrient losses during the cropping cycles will dependd on
the crops and the site characteristics. According to Juo and Manu (1956},
the decline of the ash-enriched nutrient pool of the soil during the cropping
cycles may be accelerated under certain conditions including:
fa) Lack of continuous ground cover, which exacerbates erosion and

runcff losses during rainstorms on slopping lands with less

permesdble soils.

{b)} Increased frequency of cearing and cultivation, which leads to
gradual destruetion of soil macropore system, therefore decreasing
the quantity of by-pass flow of rain water and increasing losses of
mineral nutrients through leaching and runoff,

(¢} Burning and cultivation, which lead o gradual destruction of the
root mat, decompaosition of the humified orgartic matter of the original
forest ecosystemn and reduction in the contribution of organic and
microbial processes to nutrient cycling.

Considering the fallow from an ecosystem perspective, its main function
is essentially the transfer of mineral nutrients from the scil back into the
forest biomass. Beeause of the inevitable loss of mineral nutrients during
the cropping cycies, recovery of the total nutrent stock in the entire
ecosystem during the subsequent fallow phase is expected to be
progressively smaller than that of the original forest ecosystem. Data from
the Congo Basin {Eckhalm. 1976}, show that blomass aceumulation reached
a steady state after 15 years of fallow. By then, however, the fotal armnount
of biomass reached was only 35% of the biomass of the primary forest.
These data suggest that the total amount of biomass of the secondary
forest may take hundreds of vears to reach the level comparable 1o that of
the primary lorest if the level of the total nutrient stock has been significanily
reduced and the nutrient cycling and conservation mechanisms are
disrupted by repeated cycles of slash and burn cultivation,

In the lowland humid tropics, mature secondary forest (15-20 years)
can produce 300-400 tha’ of above-ground biomass, This amount of
biomass contributes approximately 1-2 tha' of N, 0.7-2.5 tha' of K, 2-
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3 tha of Ca, 300-800 Kgha'' of Mg and 100-250 Kgha'! of P to the soil
{Bartholomew et al., 1953; Kyuma et al, 1985), However, the nutrient
accumulation of the fallow vegetation is closely associated with species
diversity, fallow length and inherent soil fertility. Perennial and tree
legumes are good P and Ca accumulators. Leaves and branches are
important nutrient sinks in young trees, bt in older trees large quantities
of nutrients are also stored in the trunks. It was found that tropical
secondary forests (> 15 yearsj growing on high base status soils stored
more nutrients, mainly N, P, K, Ca and Mg in their above-ground biomass
and in surface soils {0 - 30 cm) than those growing on strongly acidic
and leached soils (Nye and Greenland, 1960; Stromgaard, 1984; Kyuma
et al., 1985).

Soil biological processes are the drivers in nutrient cycling whatever
the land use or management system. However, few studies have been
undertaken so far to assess the effect of slash and burn practices on
soil biological processes and the important contributing components in
the humid zones of Africa. Nivungeko et al. (1995], studied the earthworm
population dynamics in a slash and burn chronosequence in the humid
forest in the Democratic Republie of Congo (formerly, Zaire}. They found
that the greatest populations of earthworms occur in the primary forest
and the smallest in croplands which contained 24% of the worm
population size and 23 % of the worm biomass compared to the original
forest (Figure 5,11,

Figure 5.1. Earthworm popuiation sizes and blomass in a slash-and-burn
chrenosequence nearby Kisangant
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(J.NM. Nivungeko, unpublished data)
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The study produced some evidence of earthworm redistribution
in response {o burning. For example, the population size and the
biomass of earthworms at the 10 - 20 em soil depth increased following
burning compared to that before burning, The epigeics which feed
on the soil surface appear to be a very vulnerable component of the
earthworm population. The forest litter contained 75 epigeics per
square meter. These were tremendously reduced by the forest cutting
and completely disappeared following burning. Furthermore, it
appears that their populations are slow to recover during the fallow
period.

Cutting, burning and cropping. each result generally in successive
decline in earthworm population sizes. It is not easy o explain the rapid
decline due to the forest cutting. It may be an effect of the sudden
change in the microenvironment of the system ecology causing the
migration of the earthworms to the undisturbed forest surrounding the
stashed plot. However, the effects of burning, where surface litter is
destroyed and soils heated to high temperatures and cropping, where
surface soils are disturbed and vegetation composition altered, results
in unfavorable habitat for earthworms.

In another study on termite population dynamics in the same slash
and burn chronosequence, results showed that the forest contained
1538 termites m?, the croplands 175 termites m?, and cne vear old
fallow 5450 termites m® Termite fresh biomass was 26.3, 6.4 and 127
Kg ha' for the forest, the cropland and the fallow respectively. When
individual termite populations were compared, site-to-site variability
remained high, in some cases with large numbers of termites found in
soils following burning,

Figure 5.2. shows the changes in termite population and genera
during land use change at one ficld site. The forest contains fewer
individuals but more genera than the slashed forest, suggesting that
the initial forest disturbance {felling trees and slashing understorey].
provides a short-lived opportunity for some termites. Burning greatly
reduced the termite population which after 12 weeks of maize and
cassava cultivation failed to recover.

QOverall, the net effect of forest conversion to agriculture was to reduce
the number of termite genera from 6 to 2 and the total population by up
to 85 %,

The impact of different land uses on termite populations is further
illustrated in Table 5.1. The mean number of genera and percentage of
active mounds for twn field sites are presented for the land uses, The
mumber of termite genera was reduced by 50% during the 18 weeks of
land conversion. Each step of land preparation resulted in reduction of
termite genera and the proportion of active mounds. There was a termite
population recovery during the fallow interval, although the proportion
of non-active termite mounds increased by 40%.
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Figure 5.2. Termite population dynamics during the different land uses of siash-and-
burn agriculture in Masako (Democratic Republic of Gongo)
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Tabie 5.1. Termite activities and number of genera during different stages of slash and
burm agriculture

Parameter L.and Use

Forest Cut Burned Cropped  Fallow
Weeks following forest
disturbance 0 2 g i3 70
Total generz 5 3.5 3 25 3
Active mounds (%} g8 80 58 26 58

{J.N.M. Niyungeko, unpublished data}

The conclusion in terms of blodiversity is that termites are susceptible
to tand disturbance, but have some ability to recover during fallow
intervals. The study dealt with the termites as an important functional
group of soil organisms whose activities and biodiversity are subject to
land disturbance. Hence, whether termites offer beneficial effects in
terms of soil channeling or pose a risk through crop damage or litter
removal, was not considered,

Soclo-economics

Availability of labor determines which and when crops are grown and
the amount of area is to be planted. In many cases the labor allocation
will depend on the labor requirements for alternative activities, Since
all the work is done manually, labor requirements depend on the
characteristics of the natural vegetation and to a large extent, on whether
the plot is planted for the first, second, or third time. Weeding
requirements increase very rapidly with tirne after clearing and burning.
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Based on the labor data {rom the Amazon basin of Peru (Rhoades and
Bidegaray, 1987), itis estimated that one able man can only just handle
1 ha and a typical family about 2 ha, considering that many hours are
lost travelling to and from the fields and that there are other needs for
labor. Therefore, it would appear that shifting cultivation will remain a
subsistence farming activity.

Shifting cultivation is an important production system in the humid
forest zone. The system is quite sound ecologically under conditions of
abundant land, but is under serious threat from population pressure
and land scarcity. As land becomes scarce, there is general agreement
that the system needs to be changed. However, there are no really sound
and tested alternatives to the system, but marny possibilities exist (Beets,
1990}, For exarple, some agricultural technologies that have been
developed for other farming systems can be of relevance as alternatives
to shifting cultivation. Equally, components of other farming systems
could also be considered for adoption. But the final package of the
intervention, or alternative system as a whele, should be developed and
tested together with farmers. When alternatives are considered, the
following systems have ecological acceptability and economic viability
in specific locations:

Regulated or planted fallow systerns.

. Agroforestry.

Smallholder farming with plantation crops.
Specializes commercial plantations.

o

Sustainable practices to improve productivity and conserve soil,
water and bictic resources can provide farmers with alternatives to
continued clearing of forests. For example. sustainable use of secondary
forest fallows provides a viable alternative to primary forest clearing.
However, it is important to note that improving shifting cultivation and
the change from shifting cultivation to improved systems of land use
comprises more issues than just technical problems. Labor requiremernts
and efficiency in the change over, need to be given more emphasis than
has been the case. In addition, improved techniques have to fit into the
socio-economic conditions of the farming family, Otherwise these
techniques will not be accepted. Available alternatives, regulated or
planted fallows and alley cropping are the subject of the following
sections.

Managed bush fallows

Extensive agricultural systems that rely on a fallow period to restore
sofl nutrient status between short periods of cultivation are gencrally
described as shifting cultivation agriculture, slash and burn farming or
swidden farming (Gleave, 1996}, Earlier work concentrated on
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description, analysis and distribution of the systems at a variety of scales
ranging from the local, to the general on the cffects of the systems on
the natural environment, particularly on the soil (Nye and Greenland,
1960] and on the transition to more intensive systems and the role of
population on the transition. More recent work has refined the
conclusions of earlier studies whilst also focusing on ways of improving
the productivity of the systems by, for example, planting the fallow with
nitrogen-fixing trees or shrubs or on designing improved systems to
improve sustainability (Gichuru, 1894; 1991). Central to this work is
the fallow period, its length and effects on soil fertility. A short fallow
period is often taken to indicate environmental stress, pressure on
regources or unsustainability of the system. Similarly, shortening fallow
periods are taken to be indications of environmerntal degradation or
increasing population pressure and declining sustainability. The planting
of faliow. particularly with nitrogen-fixing species, speeds the process
of fertility restoration thus shortening the period of optimum fatlow length
{Gichuru, 1994).

The bush fallow system has been considered the last phase in the
intensification of shifting cuitivation before the change to semi-
permanent or permanent cropping (Langly, 1985). As the ratio between
the length of the fallow and cropping phases declines, the bush fallow
system is pushed closer and closer to the limits of its workability {Staver,
1989). A lengthened cropping period, a shortened fallow period, or
increased weeding can set back the regeneration of trees and shrubs
which is essential in the humid tropical climates to the restoration of
potential productivity.

Management
Productivity and stability of bush fallow systems depend on fallow periods
when trees and shrubs recycle nutrients from below the rooting zone of
annual crops o the surface soil layer (Nye, 1958; Nye and Greenland,
1960). The period wherein the physical and chemical properties of the
soil are restored, is the key to the long-term success of bush fallow
systems {Ewel, 1876). However, when land becomes limiting and fallow
periods are shortened such that adequate nutrient levels are not restored,
the system detertorates (Padwick, 1983). When soil fertility declines
because fallow periods are too short, it is primarily because of exhaustion
of N. P and K in the topseil (Date, 1973; Nye and Greenland, 1960). The
enhiancement of the natural fallow vegetation by introduction of fast
growing trees or shrubs is an attractive approach for shortening the
fallow period or increasing the yield of subsequent crops {(MacDicken,
1990).

Experiments on fallows date back to the 1930's with a well known
example of the “corridor system” which was tried and applied by
the Belgians in the Congo (now DRC). The system was founded on
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the principles of shifting cultivation (Eckholm, 1976). It was
hypothesized that the fallow system could be improved by not relying
totally on natural regeneration, but by planting particular species
to shorten the fallow period. One such approach involves the
introduction of new multipurpose or economic species to the
cropping cycle or fallow period. In South-eastern Nigeria, where
population density range as high as 1000/km?, there is a strong
positive correlation between population density and the intensity of
tree planting (Raintree, 1990). Studies show that both the type and
age of the fallow greatly influence the fertility of the soil at the end
of the fallow period {Padwick, 1983). Soil productivity generally
increases with increasing fallow length when the appropriate tree
or shrub» species are present. Fast-growing species can be expected
to restore soil fertility more quickly and vice-versa (Aweto, 1981).
In order to be acceptable, fallow improvement species should yield
high levels of the limiting nutrients and accumulate more organic
matter than natural bush. Planted legume species have been shown
to be effective in improving soil fertility (Juo and Lal, 1977; Kang
and Wilson, 1987, Gichuru and Kang, 1989].

It is clear that the stability of shifting cultivation and bush fallow
systems depend on fallow periods when trees and shrubs recycle
nutrients and improve soil physical and chemical properties. But when
land becomes limiting and fallow periods are shortened so much that
adequate nutrient levels are not restored, the system deteriorates.
Enhancement of the fallow vegetation would shorten the fallow period
and increase crop yield. In the slash and burn system of land
management, the vegetation s normally cleared and burned but this
practice results in the loss of most of the N accumulated in the vegetation.
Staver (1989), proposed a simple strategy for intensification of bush
fallow systems: first to take into account farmer practices and secondly
maintain the components that make the system function. Two case
studics are presented below,

Legume species in the bush fallow

An experiment conducted in South-Eastern Nigeria to examine the
contribution of Tephrosia candida and Cajanus cafan shrubs to
improving the productivity of an acid soil showed that Tephrosia candida
and Cajanus cgjan increased surface soil organic carbon and total N
fevels over the natural bush. Pronounced differences in soil chemical
properties were observed only at the surface layer (-5 cmy, (Table 5.2).
Planted species preduced higher organic C and total N compared with
the natural bush plots, The most striking features were the differences
in soil properties between the treatments in the surface layer,
Concentration of nutrients was greater in the top 5-cm layer of all the
treatments (Gicharu, 1991).
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Table 5.2. Effect of fallow species on selected topsoil chemical properties at Onne,
Southeastern Nigeria

Failow species pH Org TotalExchangeable
(H,0) C N Ca Mg K Acidity

o - {gkg") {meq/100 g)

0-5em
Natural bush 4.8 184 16 0.83 0.28 025 084
Cajarus cajan 4.6 2.21 019 0.68 .20 017 078
Tephrosia candida 48 207 0.18 0.80 0.23 018 0.83
LS80 (0.05) 0.15 g23 oot NS 0.056 NS NS

515 ¢cm
Natural bush 4.4 1.10 .12 0.35 0.10 o1 240
Cajanus cajan 43 1.20 018 0.34 0.10 008 237
Tephrosia candida 43 1.12 0.1 0.32 010 010 228
LSB (0.05) NS NS NS NS NS NS NS

{Gichuru, 1991)

In addition, N content of the ear leaf at tasscling stage of maize
suggested that the main contribution of Tephrosic was available N.
Similar trends were observed for both stover and grain nutrient status.
There were significant positive correlation between grain yield and earleaf
N (r=0.73*%, grain N (r=0.51**, and stover N {r=0.54**). Significant
correlations were also observed between grain yield and earleaf K
{r=0.34" earleaf, Ca Ir=0.39% and grain Ca (r=0.50%. However. the
putrient concentration and yield of dry matter maize {Table 5.3} was
considered to give an integrated expression of soil fertility. Tephrosia
candida improved soil fertility as indicated by vegetative growth, higher
grain and stover yield and higher nutrient concentrations of the earleaf
samples and in the grain and stover. Tephrosia plots had better vegetative
growth and the maize plants were less susceptible to lodging compared
with the natural bush and Cgjanus cgjan treatments. The better
vegetative growth resulted in higher maize grain and stover yields and
generally higher nutrient concentrations. The effect of Tephrosia was
particularly pronounced with respect to N, which is a major limiting
nutrient in these soils. Thus, Tephrosia shows a potential for improving
soil productivity through N fixation.

Socio-economics

The beneficial effect of Tephrosia candida was particularly pronounced
with respect to N, which is a major limiting nutrient in these soils. In
addition, the higher levels of other nutrients recycled in the stover due
to better maize crop are likely to further improve soil fertility im Tephrosia
candida plots compared with the natural fallow. Thus, Tephrosia candida
shows a potential for soil regeneration both through N, fixation and
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nutrient cycling. The lower concentration of bases in the soil under
Tephrosia candida during the fallow is believed to be due to nutrients
held in the vegetation tJaivebo and Moore, 1964).

Table 5.3. Effect of faliow spectes and the previous crapping system on maize grain and
stover yieid at Omne, Southeastern Nigeria

Faliow Previous cropping system
Sole maize Cassava/maize Mean
Grain (kg ha'")
Natural bush 1217 693 855
Cajanus cajan 1071 835 953
Tephrosia candida 2953 1566 2459
Meaan 1747 1188
L5D (0.05} 275 341
Stover (kg ha™)
Natural bush 1718 1547 1633
Cajanus cajan 1688 1532 1615
Tephiosia candida 2668 2467 2566
Mean 2027 1849
L8D{0.05) NS 342

{Gichury, 1991)

Regeneration of a degraded Ultisol with Tephrosia candida
Tephrosia candida, a legume shrub known to nodulate well under acid
soil conditions was compared with the natural bush regrowth, following
12 years of continuous cropping with lime application (Gichuru, 1984).
Maize grain vields were significantly increased by Tephrosia candidao
compared to the natural regrowth fallow at all ime Ievels (Table 5.4),
Overall, the vield increase due to the planted fallow being more than
200%. There was a strong interaction between the previous lime
application and the fallow {reatmenis indicating that the highest lime
rate produced a significant effect on maize grain but only with Tephrosia
candida fallow. Therefore, the natural bush regrowth appears to be less
effective in soll regeneration even where soil is not far degraded as indicated
by the very low yields in limed treatments following the fallow period.
Residual effects of liming following 12 years of continuous cropping
were measurable in exchangeable Ca, acidity and effective cation exchange
capacity [ECEC]. The most pronounced changes due to the fallow
treatments were observed in the top 5 cm of the soil (Table 5.5). Soil
wiider planted species contained more organic C and total N, than under
natural bush regardless of the previous lirne treatment. The residual
effects of lime after more than 15 vears since application are quite
remarkable and suggests a great potential for Iming this acid Ultisol.
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Tab{e 5.4, Maize grain yields as influenced by fallow treatments and previous lime
application

Lime rate Faliow

(tha') Natwral bush Tephrosia candida Means
(kg ha}

] 675 1199 837

05 03 1414 1008

1.0 794 1204 QU

20 g88 1351 1H8

40 761 2816 178

Means 744 1597

SE 133.0 184.1

{Gichuru, 1994

Table 5.5, Selected soil chemical properties of two contrasting lime treatments at the
end of 12 years of continueus ¢ropping at Onne Station

Depth pH Org Total Exchangeable Total ECEC
{cm) C N Ca Mg K Acidity

{gkg ) {me/100 g)
Control (no limej
0-5 4.5 1.45 009 076 029 010 148 283
5-18 45 .99 008 045 D10 o.M 203 303
15-30 4.5 079 0058 043 008 009 282 342
30-45 4.4 0.63 4.05 0.38 0.08 0.07 270 341
45-60 4.4 0.49 0.05 Q.38 0.07 .08 270 338
E60-75 43 0.41 0.04 0.44 0.07 5.05 264 347
7500 4.3 0.37 0.04 032 0.07 0.05 258 3.26
90-105 43 027 0.04 0.33 0.07 0.05 2853 3415
41 lime ha'
o5 46 1.33 Gz 1.35 0,43 0.14 694 307
5-15 4.6 099 0.08 (.89 Q.20 (.16 142 288
15-30 45 0.70 006 075 016 0N 197 316
30-45 45 0.58 a05 063 013 QOr 220 328
45-60 4.4 0.54 0.04 0.55 0.14% .06 234 324
80-78 4.3 .50 0.05 049 0.0% .06 224 321
7580 4.3 0.38 2.04 Q.44 .07 0.05 221 308
890105 4.3 0.39 005 043 007 005 200 275

(Gichuny, 1994).
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Conclusions and research needs

One of the most challenging problems in the improved fallow approach
is the establishment of the legume species into the bush fallow,
Preliminary studies have shown that Tephrosia candida can be
established in the humid forest zone by broadcasting seeds just before
the final weeding of a cassava crop, at the end of the cropping cycle,
without additional labor cost or reduction in cassava yield. A study
undertaken to determine econorical methods of introducing Tephrosia
candida in bush fallow systems under farmers’ conditions, compared
the establishment of Tephrosia candida in cassava-based production
systems with or without the cassava crop. Two methods were tested:

il Seed broadcast at final weeding of food crop, and

ii} Planting seeds at the end of the cropping phase.

The first method involves broadcasting Tephrosia candida seeds
before weeding. The weeding process incarporates the broadcasting seeds
into the soil without additional labor. Tephrosia seedlings then grow in
a favorable environment with reduced weed competition. Tephrosia
candida established at the time of third and final weeding would not
affect the vield of cassava. After cassava harvest, Tephrosia is left to
grow during the fallow period. The second method of planting Tephrosia
candida involves dribbling as in maize or cowpea planting, at depths of
about 1 cm. Although Tephrosia can be planted anytime exeept during
the dry months, #t appears to establish best when planted during the
peak rainy period. ideally, seeds should be planted at the onsct of the
fallow period.

After the Tephrosia fallow, land is cleared and cropped as practiced
in traditional bush fallow systems. After cropping. the land goes back
to Tephrosia fallow again. The fallow/cropping combination can be 1
year/1 year, 2 years/1 year, 2 years/2 years, 1 year/2 years, or any
other combination depending on the effectiveness of the fallow and
whether or not external chemical inputs are applied. The longer the
fallow period the greater the soil improvement anid therefore, reduced
requirements for external inputs. Hawever, there is need to determine
the optimum fallow length using various species, with emphasls on
economic viability.

Alley Cropping

A maior concept of the alley cropping technology is that trees "pump
up” and recycle nutrients from deeper soil layers as well as N fixation
by legumes thus reducing the level of external inputs. Agroforesiry
{Lundgren and Raintree, 1983; Nair, 1984), has received a great deal of
attention as a possible solution to production problems of the humid
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tropics. Alley cropping, also known as hedgerow intercropping, is a
production system in which food €rops are grown in alleys formed by
planted hedgerows. Alley cropping integrates on a continuous basis,
the soil-restorative attributes of the fallow with arable cropping through
simultaneous hedgerows of perennial trees or shrubs (Beets, 1890).
The hedgerows are periodically cut back and pruned during the cropping
season to prevent shading, reduce competition with the companion crops
and to provide green manure and mulch (Kang et al., 1984), The prunings
(leaves and twigs) are applied to the sofl as mulch. This creates a favorable
microclimate and provides upon decomposition, nutrients for crop
growth. The bigger branches can be used as stakes or firewood. Kang et
al, (1984), described alley cropping as a stable alternative to shifting
cultivation, which retains the basic features of bush fallow, one of which
s to provide shade and pruning that suppress undergrowth, while fixing
atmospheric nitrogen. The success of alley cropping depends on some
technical factors such as the use of suitable woody species, the successful
establishment of the hedgerows and their appropriate anagement {Kang
etal, 1990} and the design in terms of spacing, periodicity of pruning,
ete. The woody species used, which mostly are legumes, play a productive
and or protective role depending upon the dominant function(s) of the
species (Nair et al, 1993]. The productive role includes production of
tood, fodder, firewood and various products. The protective role stems
from the soil improving and conserving functions of woody perennials.

"The woody species improve soil conditions through the addition of
organic matter from ltterfall, prunings and dead and decaying roots;
the modification of soil poresity and infiltration rates leading to reduced
erodability of soil and improving the efficiency of nutrient cycling within
the soil-plant system (Nair. 1984}. The presence of more plant cover on
the seil, either alive or dead, also reduces the runoff and the impact of
raindrops on the soil and thus mindmiees splash and sheet erosion.
Other protective functions of woody perennials include their role as live
tences, shelter belts and windbreaks.

Management

The alley cropping tree species should be easy to establish, must have
a deep root system, fast growth, tolerance to pruning, ability to coppice
vigorously and high foliage productivity, The trees undergo frequent
pruning aimed at reducing the competition with the companion food
crops for light and soil resources and to promote biomass production.
At the itial cutting back, the wood is removed while the small branches
and the leaves are left as mulch in situ to decompose.

However, fasi growing species require high labor demand for
maintenance. In a three-yvear alley cropping period, fast growing Graelina
arborea needed as much as 323 person-days ha' for management as
compared ta 195 person-days ha-1 for slow growing Dactidaderia barleri
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during the same period (Ruhigwa et al. 1994). The characteristic of
growing fast did not give Gmelina any advantage in terms of total dry
matter yield. Such woody species have no advantage for alley cropping.
After the initial cutting of the woody species, regular prunings are carried
out at different heights and frequencies depending on tree and/or food
crep growth and the branching patterns of the hedgerows. Various
pruning heights and intensities are applied to trees in alley cropping
systems. Investigations showed that the height and intensity of pruning
affect the biomass production and nutrient content of hedgerow prunings
(Kang et al, 1990). The combination of pruning height (25, 50, 75, 100
and 150 cm) and pruning intensity (monthly, bi-, tri-, and six-monthly)
indicated that the biomass, dry wood and N yield of Leucaena
leucocephala, Sesbania sesban and Gliricidia sepium increased with
increasing pruning height but with decreasing pruning frequency. The
pruning regime however, affects the survival rate of hedgerows differently.
The survival rate of some hedgerows such as Gliricidia and Sesbania
was negatively affected by intense pruning while that of Leucaena plants
was not affected.

Responses by annual food crops to hedgerow pruning height and
intensity have an inverse relationship with yield. Maize and cowpea
yields increased with increased pruning frequency but decreased with
pruning height. Despite the fact that with too frequent prunings of
Leucaena the young loopings have higher N content, the amount of N
vield depends on biomass produced. However, for the alley cropping
system, where the emphasis is to optimize organic matter yield, nutrient
cyeling and yield through the hedgerow pruning necessary for
maintaining the productivity of the fragile tropical soils Kang and Juo,
1983), too frequent prunings, despite its positive effect on the associated
crop yields, is less satistactory. Alley cropping may contribute to the
maintenance of soil fertility under annual cropping through improved
nutrient cycling, but the syster's total labor and possibly, capitai
requirements are likely to be greater than those with shifting cultivation.

Systems based on annual crops are likely to be less nutrient-efficient
and sustatniable than systerns based on perennial crops, due to reduced
fixation and transfer of N to the erops, the tendency of the trees to
compete for and sequester nutrients and relatively high P requirements
of the crops, However, the putrient cycling capacity seems to be directly
related to soil type, genotype and hedgerow species. A balance between
nutrient removals and additions can be achieved by reducing the quantity
of nutrients and products exported or replenishing nutrient removed.

Agroforestry systems in which large quantities of nutrients are
removed in harvested productions are unlikely to be sustainable without
fertilization. This is particularly true for acidic and infertile tropical soils.
On infertile soils, the ability of agroforestry systems to significantly
increase nutrients through enhanced nutrient recycling or nitrogen
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ﬁxat%on appearg to be limited, mainly due to the low levels of available
nutrients and high levels of elements toxic to plant growth (Palm et al.,
1991; Szott et al, 1991b). On fertile soils, nutrient deficiencies may
also occur under high levels of nutrient removal,

Results usually show that the application of inorganic N fertilizers
considerably increases yields of alley cropped crops. But the response
to fertilization of alley cropped food crops varies with the hedgerow
species used. The fertilization of alley cropped maize with 1. lervcocephala
for instance increased grain vields by up to 1000 kg ha! but smaller
increases were obtained with Gliricidia sepitan, Flemingia macrophylia,
or other alley cropping species (Szott and Kass, 1993), Responses to
other nutrients in alley cropping have also been reported. The application
of 30 and 60 kg of P increased the pole bean (Phaseolus vilgaris)
production in N-fertilized S. seshan alley cropped systems {Yamoah and
Burleigh, 1980j. The beneficial effects of fertilization are sometimes
delayed. A response to low levels of P (25 kg ha'' year') in Inga edudis,
Cassia reticulata, or G, sepium alley cropping systems on an Ultisol
were observed only in seventh and tenth cowpea, and eleventh rice crops
of an eleven-crop-long sequence (Salazar, 1991}, Similarly, alley cropped
rice and cowpea with I edulis in combination with 50 kg N, 25 kg P, 20
kg K, 35 kg Ca, and 16 kg Mg ha'! crop on an Ultisol resulted in
significantly greater yields in fertilized, as compared to the unfertilized
treatment in the fourth through to the seventh crops of a seven-crop-
long sequence. These observations support the argument that prunings
alone, especially on infertile soils, cannot sustain productivity of
continuous alley cropping (Palm ef al, 1991; Szott ef al., 1991a,b)

Direct fertilization as well as liming of alley cropping systems
improves pruning biomass, Pruning production of L. leucocephala and
Faidherbia albida (Syn. Acacia albida) responded to N (Hill, 1970; Stewart
and Gwaze, 1988). Biomass of 8. sesban, Calliandra calothyrosus, L.
leucocephala and Markhania lutea increased due to lime with manure
additions (Yamaah et al.. 1989}, Sometimes, manure application results
in little response of pruning production as observed with I edulis,
Erythrina sp., or Codariocalyx gyroides to lime or lime + P on an acidic
infertile Ultisol {Szott, 1987].

Nutrients in litterfall and pruning, unless brought in through cut-
and-carry, are merely recycled and are not true additions to the systems.
The application of inorganic fertilizers, on the other hand. represents a
true addition. The quantity of nutrient recycled through prunings and
litterfall can vary greatly depending on climate, soil type, tree species,
spacing, and management technigues.

In alley cropping, it is unlikely thai high demand for nutrients,
especially N, will be met solely by the prunings of the hedges, since
nutrient demand appears to exceed the capacity of the trees to provide
N and other elements. However, positive effects of fertilization may be
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less than expected due to the negative relationship between N fixation
and quantity of inorganic N applied, the increased probability of N loss
through leaching and volatilization, and the tendency of the trees to
compete for and sequester nutrients such as P.

Fertilization is apt to increase the amount of nutrient contained in
pruned materials or in Htter (Szott et al, 1991a). In the absence of
fertilization, tree based inputs and nutrient cycling may sustain the
productivity of low-nutrient demanding agroforestry systems, such as
shaded perennial crops and heme gardens. The pruning production,
the response to fertilization {lime or fertilizer application} and nutrient
concentration of prunings depend upoen the species and the soil type,
For example, pruning production by 1. edulis and Erythrina sp. did not
respond to one application of 2.5 tons lime ha'', while Cassia reticulata
and G, sepium showed little response to Jow rates (11-25 kg ha’) of
applied phosphorus (Szott, 1987; Szolt et al, 1991a).

Prunings of Inga, Erythrina, Cassia, and Gliricidia are potentially
capable of supplying most of the macronutrients required for moderate
production levels of upland rice. Quantities of some nutrients supplied
in prunings compare favorably with the amounts required for an average
upland rice grain yield of 2 tons ha” for Ca (20 vs. 5 kg Ca ha'') and Mg
{6 vs. 3.4 kg Mg ha'), but not those of N {66 vs. 5o kg N ha'}, PG v, 10
kg P ha'’) with K accumulation being slightly inferior to the demand (33
vs. 37 kg K ha''). Based on nutrient budgets, the recycling potential of
these alley cropping systems is therefore inadequate for P and K and
marginal for N. These balances would be even less favorable if more
nutrient demanding crops like maize are used or if higher levels of vield
are expected. As an example, in more fertile Alfisols, the P content of L.
leucocephala prunings (Kang and Wilson, 1987, is inadequate for one
crop of maize.

The ability of agroforestry systems to enhance nuirient availability
on infertiie soils is very limited compared to systems on fertile sails. On
both, however, agroforestry systems can play an important role in
reducing nutrient losses. Litter production and gquantities of nuirients
in litter are greater on fertile than on infertile soils, However, management
technicuies for accelerating nutrient fluxes through pruning appear to
hold promise for increasing plant productivity on the latter sotls.

Socio-economics

Economic studies have indicated that alley cropping is more profitable
than conventional farming with maize (Verinumbe ef al, 1984; Ngambeki,
1985) and an economical technology when farming intensity Increases
due to increased population density (Ehui ef al, 1990]. In ancther study,
aliey cropping using L. leucocephala was found uneconomical when only
crop vields were considered. But it out-performed monoculture of annual
crops when the value of staking material provided by the hedges was
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included in the economic calculations [Mittal and Singh, 1989). Ruhigwa
et al. {1984}, also evaluated the economic potential of alley cropping to
supply in situ mulch for plantains in relation to cut-and-carry mulching
systems. Labor for land clearing. pruning and weeding the alley cropped
plots was compared to Iabor for clearing, mulching, control of sprouting
of Pennisetumn purpureum (elephant or napier grass) mulch in addition
te its production transport costs. The labor requirement in all the three
vears of mulching plantains was highest in Pennisetum mulched plots
and lowest in alley cropped plots. The labor for mulching with Pennisetumn
was 4 to 7 times more than that of pruning the hedgerows. Although
the Pennisetum mulched plots produced the highest plantain bunch
yields {(24.4 - 31.5 tons bha' against 53.5 tons ha’'), the cost of extra
land needed to produce the mulch in addition to its transport and
management resulted in negative net revenue over a three-year cropping
period. The conclusion is that alley cropping using suitable hedgerow
species as in situ mulch sourcee is more profitable than a cut-and-carry
mulching system.

The econormic benefit of using legumes vs, inorganic fertilizers as an
N source rests chiefly upon the trade-off between labor and inorganic
fertilizers. The labor cost in alley cropping is so high such that, for
example, in Costa Rica, fertilizer prices would have to increase about
six tirpes in order to balance the extra labor costs involved in alley
cropping (Hernandez et al.. 1995). It is important to note thaf in many
cases, the decision about fertilizer use is an economic rather than a
technical one. However, the efficlency with which available nuirlents
are taken up by crops can be improved and unproductive nutrient losses
reduced, through the design and management of suitable land use
systerns. Where suitable crop associations increase farmers’ income,
fertilizers may become more easily accessible. The management of soil
physical and biological properties is however, more complex and much
less understood than nutrient management,

Conclusions and research needs

To date, much of the work on alley cropping has been in the context of
continuous cropping. The emerging picture is that the system is not
sustainable, on acid. infertile soils without additions of chemical
fertilizers. In this context, there is not yet sufficient evidence to support
sustainability of the systems. Therefore, long-term research is still
needed, This effort must also be undertaken under intercropping, the
most common tropical food production system. Studies of the long-
term dynamics and internal cycling of nuirients contained in the
hedgerow prunings are also required. Selection and improvement of
acid-tolerant germplasm is very impartant and should continue. It may
also be necessary to select for plant characteristics that are favorable in
mixed-species systems. The suitability of alley cropping as well as other
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agroforestry systems will vary with the biological and socioeconomic
environment at a given site, The latter factors should also be considered
in the formulation of research in alley cropping. The main disadvantage
of most agroforestry systems is that they are quite labor intensive and
in the case of alley cropping, the level of management is relatively high.
In addition, farmers might be unwilling to plant and maintain trees
solely for the purpose sofil fertility amelioration.

Experiments on alley cropping have lead to the conclusion that,
although there is obviously scope for alley cropping, its potential is
restricted to certain environments, and certain conditions. In dryer arcas
the scope is considerably restricted because of the limited ability of the
common ailey cropping tree species to produce enough dry matter in
such environments (Beets, 1990). Failure of the system may also be
due to other factors: infertile soils that are unable to produce enough
biomass, poor management of hedgerows that results in excessive
competition between the trees and crops, and the use of species thai
are not suitable for the particular environment,
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introduction

Although there are many types of traditional shifting cultivation systems
in the wet miombo region of Zambia {Haug, 1981, Stromgaard, 1989)
the most cormmnon systemns are chitemene, a slash-and-burn or ash
fertilisation system and the fundikila grass-mound system. Both systems
have been well described by several authors {Peters, 1950; Trapnell,
1953; Stromgaard, 1988}

Shifting cultivation is a term used to describe agricultural systems
that involve an alternation between cropping for a few vears on selected
and cleared plots, by means of slash-and-burn, and by use of hoe and
only minimal use of a plough and a lengthy period when the soil is
rested (Sanchez, 1976; Ruthenterg, 1980). Cultivation consequently
shifts within an area that is otherwise covered by natural vegetation.
The intensity of shifting cultivation varies widely. A relatively simple
amd appropriate criterion of land-use intensity is the relation between



188 H.C. Goma

the period of cultivation and the period of fallow {Ruthenberg, 1980}, In
terms of total area. shifting cultivation is the predominant agricultural
system in the high rainfall zone [HRZ) of Zambia with annual
precipitation of over 1000 mm during 5 months. The region is
predominately covered with miombo woodlands.

Large areas of the savanna region in Central, Eastern and Southern
Africa are covered with woodland vegetation known as miombo (Arakd,
1992}, which covers part of Democratic Republic of Congo, Tanzania,
Zambia, Zimbabwe, Malawi and Angola. The transformation of large
areas of woodland to cultivated land could have implications for
biodiversity conservation, regional hydrology, land-atmosphere radiation
fluxes and global carbon dynamics through transferring carbon from a
terrestrial store to the atmosphere.

Miombo woodland is also referred to as an Open Forest type of
vegetation mainly dominated by principle trees of two genera
Brachystegia, Julbernardia and Isoberlinia species forming a single-
storey woodiand with a light but closed canopy, usually attaining a
height of 15-20 m (Stromgaard, 1988 and Araki, 1992) for mature
woodland. Under the canopy there are a few seatiered herbaceous shrubs
arxi the ground flora is a mixture of grasses dominated by Hyparrhenia
and Digitaria species that usually grow to a height of about 1-2 m under
the light woodland canopy (Stromgaard, 1988 and Araki, 1992).
Destiuction of this woodland will eventually result info grassland type
of vegetation normally referred to as chipya, dominated by fire-hardy
irees. Chipya varies from open grass-herb communities dominated by
grass of the genera Andropogon and Hyparrhenia, to open woodland
communities with groups of scattered individual trees predominately
Syzygium guianense spp. macrocarpum (Stromgaard, 1988). In a detailed
study of woodlands in Northern Zambia, Lawton (1978] proposed that
in the absence of fire chipya would be replaced by Brachystegia-
Julbernardia woodland probably through a transition type of vegetation,
dorninated by Uapaca spp.

Soils in the wet miombo woodland, are generally low in inherent
fertility, shallow and slightly acidic, having quartz rubble or laterite
underneath, providing little support for perinanent agriculture, The local
farmers have adjusted their agricuitural systems o available resources.
In this region of Northern Zambia, where the shifting cultivators depend
on woodlands as an agricultural fallow crop, deforestation is prevalent
under the growing population pressure. in addition, poor seils in the
miombe woodland coupled with slow regrowth rate of the Brychysiegin
woodland make the system vulnerable to over utilization, degradation
ard possible deforestation. Chidumayo (189871, reports that the increasing
population in the region is part of the cause of deforestation, which has
resulied to some extent in the reduction of (i} the fallow periods, (i) the
per person woodland requirement from 1.1 ha te 0.53 ha, and [i#f} the
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freqquency of clearing new chitemene gardens. However, it is not clear yet
what the current fallow period is and is unlikely to be a single value, but
vary considerably depending on soil type, vegetation, climate and distance
from settlernents. Araki {1992) reports that the fallow periods which were
traditionally 50-70 years have been reduced o as few as 10 years, Peters
{1950) reports 35 years, Trapnell (1953) 20 years, Allan (1967) 22-25
years, and Mansfield et al. {1976} reports 20-30 years. “Consegquently,
the diminishing wood resources have artificially increased the population
carrying capacity from [8.7 to 2.4 persons km™", {Chidumaye, 1987).
Mansfield et al. (1976) estimated that the carrying capacity of the chiternene
system is between 2 and 4 persons km? depending on the amount of
suitable land available. Lack of suitable woodland leads to clearing of
larger areas and hence reduction of the fallow period. Both of these factors
lead to increasing forestry degeneration over time,

The most widespread soils of the region, Oxisols and Ultisols, lic on
the Tertiary land surface (Singh and Goma, 1995). The soils are strongly
leached, have little or no primary minerals, are predominantly acidic
{(pH {CaCl} < 4.5), with a clay fraction mineralogy dominated by kaolinite
and variable amounts of oxides of iron and aluminjium. Aluminium
saturation is high sometimes exceeding 60 % in the sub-soil. The soils
have low organic matier content, medium to high P fixation capacify
{Singh, 198Y) with wide spread inherent P deficiency (3 - 12 ppm Bray-
1 P}, low content of nitrogen, sulphur, potassium, low CEC (< 15 cmol
kg? soill and are therefore generally very poor in plant available
nutrients. Generally, the region has great agricultural potential of
Becoming the maize-belt of Zambia inspite of the highly leached and
acidic soils which make it extremely difficult to sustain yields
econcmically over time. The region has good and reliable rainfall,
numerous perennial rivers and lakes suitable for providing irrigation
water and has optimum temperature for plant growth throughout the
year. The rest of the country has severe drought problems. The soils
have good physical properties and it is generally considered, that
provided chemical constraints can be ameliorated, the agricultural
potential of the area could be improved.

It has been observed by various workers that arable production on
tropical Ultisols and Oxisols, whether under traditional shifting cultivation
or intensive farming, can lead to a decline in soil fertility due to a rapid
decrease in soil organic matter. hence N supply, and the removal of
elements such as P, K, Ca. Mg, and S (Sanchez et al., 1982). Nutrients
depletion rates vary with soil properties. The proportion of nutrients lost
is normally greater in sandy soils, but the total loss is greater in clayey
soils (Sanchez et al., 1997). According to the authors, this is largely because
soil organic matter (SOM) particles are less protected from microbial
decomposition in sandier soils than loamy or clayey ones. The smallholder
farmers in the region da not need low-input, low-output systems that do
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not address poverty alleviation. Given the limitations of the extremes of
either pure organic inputs or pure inorganic inputs and the increasing
population pressure there is an increasing need for a more robust
approach that provides potential aliernatives and increases the basket of
options available to farmers and policy makers. The cbjective of this
chapter is fo review the status of the traditional shifting cultivation systemns
and the technologies that are potential alternatives for changing the
traditionat agricultural systems {chitemene and fundikila} in the wet
miombo woodlands of Zambia. The chapter also focuses on the people’s
economic and social circumstances that might constrain or encourage
uptake and how best to assist them adopt a more understanding position
of these practices to sustain yields over time. The goals can only be
achieved by an integration of indigenous farming systems with modern
technalogical farming systems.,

Traditional agricultural systems and their adaptive
characters

The main traditional form of land use in the miombo region of Zambia
involves cultivation of small fields of fingermillet {Eleusine coracane],
sorghum {Sorghum vulgare), cucumber, pumpkin, cassava (Manihot
esculenfal, maize {Zea mays), groundnut {Arachis hypogea) beans
{Phaseolaspp) and pulses, either under some form of shifting cultivation
or semi-permanent agriculture, usually involving ash fertilisation and
hand hoe cultivation. Over the last 70-80 years the cultivation of cassava
and maize has spread in the region (with maize being grown primarily
on the semi-permanent gardens), while the growing of fingermillet has
declined (Moore and Vaughan, 1994}, Research conducted in the region
indicates that soil fertility, particularly as it relates to exchangeable
bhases and soil structure declines rapidly over 2-5 years under normal
arable conditions. Shifting cultivation is often a technology of expediency
where farmers seek to employ agriculiural technologies that work best
for thern under prevailing circunstances (Spencer, 1866}, In other cases
it is a land-use system that may belong to the past but is still carried on
because the transition to more productive land-use systems demands
more favourable market prices, improved access to markets, agricultural
credit and inputs, infrastructure, knowledge and time (Ruthenberg,
1980}, The local resource-poor farmers in the region practise shifting
cultivation chitemene and fundikila semi-permanent grass-mound
system being the systems adapted in response to ouside pressure over
time to suit the environment and loeally available resources. Here a
distinction on their applicability is made between the two most dominant
traditional shifting cultivation systems in the wet miombo woodland of
Zambia with respect to their impact on the ecosystem.
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Chitemene, slash-and-burn system
Chitemene is a traditional shifting cultivation system of land
management most common in the wet miombo woodland of Zambia in
areas where trees are still in abundance. It is a form of 'slash-and-burn’
cultivation or ash-culture, but unique in that the lopped area is much
larger than the cropped area. Stromgaard (1889} recognizes three types
of chitemene, slash-and-burn systems:

(1} Large-circle chitemene, practiced by the Bemba community where
the woodland is felled, trees are chopped in a larger area (the outfield)
and the slash piled in a smaller area {the infield} and burned.

{2} Small-circle chitemene practiced by the Lala: the trees are not
chopped but cleared-felled and a larger woodland area is cut to
establish the future garden.

(3} Block chitemene is the agricultural system of the Lamba which is a
variant of the large-circle chitemene. In contrast to the other two
chitemene types, more than half the land is under cultivation in the
cleared area. In some cases, the whole of the cleared area might be
covered with brush wood and burnt as a *block”. In cases where not
all the cleared land is burned, cultivation is not Himited to the burned
areas only.

However, there is considerable variation of ratio of cultivated land
and cleared area, some of which relates to the type of chitemene and
some to the duration of the fallow period and hence the amount of
biomass that accumulates during the fallow. In the large-circle chiternene,
with one large ash-circle the ratio of cultivated land to cleared area
Araki (1993} estimated to be 1:6, Stromgaard (1984, and 1989) gives
1:5-1:8, and 1:12 respectively, while for small-circle chiternene, Peters
{1951 gives 1:10/1:23, depending on the length of the fallow period,
and Stromgaard (1989} again gives the ratio of 1:26.

The cultivation starts with the selection of a field site, the most
important criterion being quantity of available wood material for burning
and botanical composition of the ground cover {Stromgaard, 1985).
Clearing and preparation of the selected area starts at the end of rainy
season {(May - July). The cutting of trees is exclusively a male activity,
In some parts of the region people climb the trees, chopping off the
branches, leaving only the trunks in the large circle chitemene. In other
areas fhey cut the whole tree at waist or shoulder height. This is small-
circle chitemene where trees are felled aver a large area and several
small ash-circles are made. In both types of chiternene when the trees
and branches have been cut, the women collect and pile them in a
special way, preparing the field for burning.

The burning takes place just before the on-set of the rains, about
late October or early November and leaves a thick layer of ash. The field
is then ready for planting. Fingermillet (Eleusine coracane) is always
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grown during the first year, usually mixed with some minor crops. The
other crops in the intercrop are referred here as ‘minor’ in the sense
that usually they are not as numerous or have the same biomass as
fingermillet. The first crop planted is generally pumpking, cucumbers
or squashes which are scattered on the edges of the field. Cassava
(Manithot esculenta) cuttings are planted dotied in the entire field and
fingermillet is broadcast later. Maize {Zea mays L. }, sesame, sorghum
{Sorghurn vulgarej or bulrush millet may also be planted mixed with the
fingermillet in the first year. Under the system several sequences of
cassava, fingermillet, beans, groundnuts {Arachis hypogea) and bambara
NS are grown.

By and large when an area is opened up for agriculture, cultivated
and then abandoned to fallow, the soil undergoes a series of chemical
and structural changes, the magnitude of which is soil-dependent. The
period required for soil fertility restoration by natural regeneration in
the chitemene system depends on the composition of the vegetation, the
soll type, climate and frequency of bush fires. The iime needed depends
also on how the vegetation was cut, the relative duration of the cultivation
and the fallow periods. If the trees are lopped, as is done in ‘large-circle
chitemene’, regeneration is faster than when they are clear-felled, as in
small-cirele” and block’ chitemene. Generally, the confinuous use of
the land extends over 4 - 6 years alternating with many years of bush
fallow. Trapnell (1953) estimates a sufficient period for woodland
regrowth to be about 20 years. Allan [1865) thinks 22-25 vears and
Mansfield et al. {1976} estimates 20-30 years to regenerate the fertility
of the soil on natural vegetation. Premature clearing of fallow woodland
could result in declining yield per hectare, which forces shifting
cultivators to increase the area of clearings. This increases the risk of
degradation of the soils thereby creating environmental and ecological
problems.

Chidumayo (18987) reports that the sustainabilty of shifting
cultivation systems hinges on the balance between the populatiorn of
cultivators and the availability of suitable woodiand. He further
suggest that increasing population in the shifting cultivation land
use system results in either the adoption of other less wood-dependent
agricultural practices, or a reduction in the length of fallow periods
which are required for the regeneration of natural woodland. There
is need for a strong land-use pelicy to avoid impreper use of land,
Land must be used according to its suitability and communities
should be advised accordingly. Soil and erosion degradation already
affect most farmland in Zambia {(Veldkamp, 1987a) and per capiia
food production is inadequate and declining. Because of population
pressure and soil resource limitations, only increased yields per
hectare may lead to sustained and improved household food security
inn the region,
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Sustainable farming systems cannot be established on deplefed,
highly weathered soils until enough nutrients have been replenished to
the systemn to maintain soil fertility, vigorous plant growth and food
production,

Some ecological effects of the chitemene iand-use system

A large proportion of nutrient reserve of the system is contatned in the
above-ground phytomass which is released by burning. Cultivation is
confined to the burnt patch {Haug, 1981}, where the ash layer forms an
exvellent seed bed and helps to overcome the inherently low soil fertility
and high acidity, by increased contents of P, K and Ca in the soil, The
effect of heat is thought to change P from unavailable to availabie form
(Banyard. 1968). In addition the heat from the burning controls weed
growth. Some of the nutrients released are utilised by food crops and
some are lost in water runoff and leaching or through volatilisation.
Reports from other parts of the world indicate that the losses of nutrients
due to leaching increase with burning depending on the soil type,
topography, rainfall pattern and the burning regime.

Woodland surrounding human settlements suffer various human
interference such as chifemene cutting, and fuelwood or charcoal
production. The fallow period of the outfield is usually shorter than
what some researchers have estimated (Araki, 1992; Peters, 1950;
Trapnell, 1953; Allan, 1965; Mansfield et al., 1876). Since regeneration
of woodland takes place through coppice regrowih, the crown becomes
smaller and finely divided compared with that of semmi-mature woodland.
The reduction of the biomass due to shortening the fallow period seemas
to affect the amount of ash produced and hence the low yield of
fingermillet.

“The chiteinene shifting cultivation system is especially suited to
the inherently infertile, leached and acid soils of Northern Zambia
because it enhinces the yield of fingermillet due among other things to
the flush of N”. {_ntdu.aayo, 1987}, released by rapid decomposition of
humus at the beginring of the rains. Studies on the effect of heat versus
ash aspect on soil acidity amelioration indicate beneficial effect of burning
in the traditional slash-and-burn system of cultivation in reducing soil
acidity. The liming effect and quick release of nutrients produced by
burning are important. The effect of heat per se changes P from
unavailable to available form (Banyard, 1968} 1t also produces a porous
fine seed-bed and controls weeds, at least in the first two cropping
seasons. [n experiments conducted in Northern Zambia (Banyard, 1968)
four treatments were applied (1} normal chitemene ash garden with
21.14 tonnes of wood pile burned and ash retained on plot; (2) 21.14
tonnes of wood pile burnt on iron sheets but ash removed; (3} no wood
pile but received ash from burnt without ash plot from treatment 2,
and {4) no wood pile, no ash and vegetation cleared before planting. The
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results demonstrated that the soil fertility was increased through
burning, as well as by the addition of ash (Table 6.1). According to
these experiments, the soil N content in all the plots was similar before
burning {70-80% in ammenium form, NH,-N, and 20-30% in nitrate
form. NO_-N). The burning treatment occured after 22 mm of rainfall,
by which time the non-chitemene and ash plots had lost about 10% of
the NO_-N. while NH,-N increased by 40-50% on the other plots. There
was a further loss of 30% NH,-N in the non-chitemene plot following
planting, which was done after 262 mun of rainfall and the NH,-N in the
ash plot soil decreased by over 50%, while the soil in the burnt and
chitemene plots showed a further increase of up to 15% in NH,-N. In
contrast, soll samples from the non-chifemene and ash plots in which
microbial activity was controlled using toluene had over 60% more NH,-
N than in the untreated samples mentioned above. The increase in NH,-
N in the toluene soil samples from the burnt and chifemene plots was
apparently not significantly different from the untreated samples
{Chidumayo, 1987].

Table 6.1. Yisid of fingermillet and the quantity of mineral nitrogen present in the scil
{NH,-N + NO-N} at difterent combinations of buming and addition of ash.

Mineral Nitrogen {mg kg soil}

< (NH_-N + NG -N) s
Soon 64 days
Sampie Plot Yield  Before  after after
{0.0101 haj Treaiment tkgha'j burning buming burning
Burnt with ash ) Normaf chifemene ash 77 2256 2700 2300

garden with 21.14 tonnes
of wood pite burni and
ash retained on plot.

Burnt withowut ash 21,14 tonnes of wood pile 943 1775 3050 3578
buirnt oni ron shests but
ash removed.

Ash only No wood pile but received 573 1525 2450 1250
ash from burnt without ash
plot {(above).

MNon-chitamene No wood pite, no ash and 268 1875 16.25 12.50
{Cleared, no burn  vegetation cleared before
& no ash) Control  planting.

Source; Banyard, 1968

According fo Chidumayo (1987], “the heat generated by burning
chitemene wood piles initiaily increased the amount of NH,-N in the soil
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which was subsequently retained. In the absence of burning and
therefore with greater microbial activity, there was a rapid loss of soll N,
which was unavailable later in the growing season. Chitemene burning
regulated the soil N cycle by suppressing microbial activity, but altowing
the steady and continual release of NH,-N throughout the growing season
for fingermillet”

Stromgaard (1984) has also shown that "the content of major
nutrients (N, P, ¥, Ca, Mg} in the top 50 cm of the soil increases following
the burning of piles of woody vegetation. Thus, the burning of Chitemene
wood piles, apart from regulating the N cycle, enhances the supply of
other nutrients. It has been estimated that the concentration of N, P,
and K derived from the burning of about 110 tonnes, fresh weight, of
wood biomass on a chifemene ash infield is equivalent to the average
application of 1310kgNha'', 41 kg P ha'! and 606 kg Kha™' (Stromgaard,
1984). There is no immediate increase in P down the soil profile,
presumably because this is a relatively immobile element: in contrast,
there is an immediate inerease in K, even in the absence of rain within
24 hours of burning. The burning also delays the oxidation of ammonia
to nitrate and the conversion of nitrite to nitrate (Stromgaard, 1984,
The planting of fingermillet in chitemene shifting cultivation is normally
done some weeks after burning, perhaps to coincide with, and o take
advantage of, the release of nitrates”,

In other studies conducted in Zambia {(Stromgaard, 1989} as well as
in other parts of the tropics {(Zinke ef al, 1978; Kang and Lal, 1981},
indicate that burning resulted in an increase in soil pH. P and available
hases, but the increase was short lived. More recent research also
support this view. Steinshamn (1984) reported that soil pH and the
concentration of available bases, after reaching a peak two to three
months after burning, started decreasing about four months after
burning.

Table 6.2. demonstrates the fertilising effect of the wood ash. The
increase in CEC value with depth under formerly burned vegetation is
not followed by a corresponding change in the amount of exchangeable
bases. The concentration of these decrease with depth and the whole
variation in CEC value is attributed to a variation in H* (Stromgaard,
18851, The beneficial effect of fire and ash on CEC was still apparent
after 16 years, although the exchangeable cations have either been
removed by the crop, recaptured by the vegetation, or leached out of the
soil profile. Apparently, the burning of miombe forest under shifting
cultivation system and the ensuing build-up of nutrients in the fallow
vegetation follows a fixed pattern. The previous burn ensures a
reasonably high CEC value in the soil, which is still detectable 16 years
after burning and this seems to be necessary for the retention of cations
which become mobilised under the next cycle of burning under shifting
cultivation (Stromgaard, 1985].
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Table 6.2. Scil parameters before ciear-felling and after the controlled burning of old

miombo regrowth, completely cleared 16 years before. Branches piled in the centre of
the ciearad piot

Avall P Exchangeable cations
Depth  pH  Total Org. C (ppm) Cmol_kg” seil
Parameter {cm) (CaCl) N(%} (%) (Brayl} Ca Mg K CEC

leforeBuming 010 68 007 0684 150 075 037 0.14 288
1020 87 005 037 438 080 025 C10 304

Immediately Inast 104 - 140 630 1151 198 17811038
After Burning 010 69 - 115 630 381 1.4 101 810

Source: Stromgaard, 1985

Sanchez (1976) also reporis that, in other slash-and-burn
agricultural systems in the tropics, the basic cations in the ash cause
Iramatic increases in exchangeable Ca, Mg, and K levels after burning,
These are followed by a gradual decrease during the cropping period
Jue to leaching and crop uptake,

Crop growth and vield in the slash-and-burn system depends on
the length of fallow periods, parent material of the soil and its physical
and chemical properties. Without additional inpui, the yield of maize
crop in the third year after burning of a secondary miombe forest declined
drastically {SPRP Anmual Report, 1987). Similar observations were made
by Cooper ef al. (1986] in South West Nigeria.

In addition to decline in chemical fertility and acidity development,
weed infestation is another major factor causing yvield decline which
forces the farmers to shift to a new site. Schultz [1976] observed that it
ts the build up of weeds rather than soll exhauvstion per se which lead to
cessation of the cultivable fields in the traditional shifting cultivation
systems,

Soil physical properties

It is widely believed that clearing and burning cause a deterioration of
soil physical properties. The evidence shows, however, that this effect is
dependent on soil type, climate, clearing and burning regime and
cropping practices. Reducing forest biomass by tree clearing in the
chifemene cultivation system affects soil temperature. In some cases
soil surface temperatures can reach levels sufficient to sterilise the soil
to the depth of several centimetres, This affects the nitrification of
ammonia fo nitrate in the soil, which was delayed by about four weeks
probably due to decreased activity of soil fauna (Tveiines, 19B6;
Chidumayo, 1987; Stromgaard, 1984). According to Tveitnes (1986),
these changes were more pronounced in the surface thar in the subsoil.
It has been reported that generally shifting cultivation in disequilibrium
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results in a gradual deterioration of soil tilth and soil structure due to
intensive mining of nutrients which leads to weed infestation, erosion,
down stieam siltation and flooding, and dramatic ecological changes
and loss of biodiversity. This is probably duc to rapid decline in the
organic matter content of the soil (Sanchez et al., 1997},

Runoff and Soil erosion

Despite changes in soil water balance, surface runoff losses are generally
fow in the chitemene cultivation system during the cultivation period
{4-6 years). This is probably due to increased water percolation as a
result of increased pore space brought about by burning of soil organic
matter in the top layer of the soil. There is no evidence of any available
soil erosion losses data from chiternene fields in Zambia. Lai (1981) also
found that water runoff and soil erosion were negligible in plots cleared
by traditional farming metheds partly due to relatively rapid growth of
cover in form of crops. Ercsion proceeds only where there is no crop
canopy to protect the soil. In fraditional shifting cultivation, the soil is
devoid of a canopy for just a few weeks. The abundant debris in the
form of trunks, branches, pieces of charcoal and ash protects most
soils during this critical period (Sanchez, 1976). In areas where
population pressure have decreased the fallow period, the problem of
ergsion may be critical when the land is exposed because of poor crop
stands.

Fuadikila, grass-mound system
In areas of the wet micinbo region of Zambia where grasslands are more
dominant than woodlands or where the area has become deforested
due to rapid increase in population {Stromgaard, 1989}, another farming
systern is praciised. It is a somewhat semi-permanent systemn locally
known as fundikila or grass-mound system where grass, usually of low
quality, Hyparrheniu spp. and Pennisefn spp., (Stromgaard, 1988,
1990} is buried in mounds of various sizes and shapes at the end of the
rain seasorn. Beans may be planted immediately on early made mounds
in some cases, which ripen before the end of the rainy season when
they are harvested but with the mounds being left intact. The last-made
mounds are often left bare. At the start of the following planting season
the mounds are levelled and the compost is spread evenly to give a
fairly uniform seed bed. In this way the grass-mounds are assumed to
act as a form of compost, supplying the new crop with nutrients. On
the patches where excess grass and shrubs were burned “delicate” but
minor ¢xrops such as cucumbers, pumpkins or squashes are planted.
The cropping pattern follows a well designed system in order to
enhance soil fertility and is based on annual rotation of crops for 4-6
years, depending on soil type, succeeded by long fallow periods. Nutrient
depletion varies with soil properties. On clayey and or on relatively fertile
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soil the eropping period is longer than in the other sofl types, normally
more than five years, Mansfield (1973) reported that the required fallow
periad for the soil recovery in this system is about 15-20 years and
Allan (1965] also found that the fallow period should not be less than 8
years on the best soils. Trapnell (1953} reported that the land is
considered ready for recultivation when the weeds from former cultivation
has disappeared and Hyparrhenia spp. have becomne dominant again.

The cropping pattern varies from area to area and from household
to household, but generally most households plant fingermillet in the
first year, Fingermillet is normally followed by beans. In the second
sgason, a variety of crops may be grown which include maize, beans,
sorghum, and groundnut, In some cases, the fields may be mounded
every second vear, and the crop planted on the mounds. In the third
cropping season most farmers plant fingermillet again followed by mixed
beans. At this time some farmers would start abandoning the fields. In
the fifth cropping season a number of farmers would =till plant a bean
crop while others would plant other crops. There might be another
harvest of a cereal crop in the fifth year, after which the feld is left
fallow. The number of households abandoning the fields after the fifth
year increases tremendously. It has been estimated that the fundikila
cultivation system is able to support 20-40 persons km* [Mansfield et
al, 1976}, considerably more than in the chitemene system. This is
hecause in the latter system adequate biomass is required so trees need
to be chopped in a much larger area, piled in a small area and burned
to establish the future garden.

The main reason for cessation of the cultivation of land under the
fundikdila system is the reduction in crop yields as a result of decline in
soil fertility and to a lesser extent due to high weed infestation
(Stromgaard, 1990j. Another concern among farmers is the bigh
incidence of termite attack that destroy their field crops (Sckotela, et ai.
1995). Farmers associate termite activity with organic matter depletion
irt the soll. The farmers usually put such lands under fallow since they
have no access to expensive pesticides.

Impact of fundikila grass-mound system on the
environment

Soil fertility

On highly leached, infertile and acidic soils, soil degradation is possible
if the input or cutput balance of nutrients is not maintained due to
shorter tallow periods. In deforested areas, where nutrient conservation
and recycling capacity in the miombo ecosystem are broken, there is no
tree canopy to lessen the impact of raindrops on the soil surface nor is
there a network of roois to absorb nutrients, The nutrients released
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during decomposition are easily leached out and are not available for
succeeding crops (Stromgaard, 1989). Soil degradation is the
consequence of these processes. In the fundikila grass-mound-based
systemn crop yield levels are generally low. Soil fertility is depleted and
the fallow becomes primarily dominated by the nutdent poor Hyparrhenia
grass spp. The other important concern among farmers is the high
incidence of vermin, particularly termites, that destroy their field crops.
This is attributed to the depietion of plant nutrients.

Researcher designed, farmer-managed trials were conducted to study
the concerns of decreasing soil fertility as a consequence of shifting
cultivation in Northern Zambia. Nine farmers were selected from two
localities, Three treatments were used:

(1) Farmer practice (grass-mound onlyl,
{2) Farmer practice plus kraal manure, and
(3} Farmer practice plus full recommended fertilizer rate.

Application rates and source of fertilizers were a hasal dressing 200
kg ha! compound fertilizer {20:10:5:10%) containing S applied to
treatment plots receiving full fertilizer rates, Kraal manure had a
coneentration of 1.5% N and manure of 40 kg N ha' equivalent was
applied to the manure-treated plots. The cultivation was as per individual
farmer's practice except for the kraal mamure and fertilizer application
treatment.

The results given in figure 6.1 indicate that fingermillet yield showed
significant yield differences between treatiments and both sites for the
addition of full fertilizer rate (Goma et al., 2001). At both sites there was
no significant effect on application of kraal manure compared to farmer’s
practice for tingermillet {Goma et al., 2001). This could be attributed to
immobilization of soil nitrate, rendering it unavailable for plant uptake
due to poor quality of the Hyparrhenia grass. Application of compound
inorganic fertiliser {NPK+8) provided favourable conditions for plant
uptake as these nutrients were inherently deficient in the soil. Generally,
the soils in Kaka were less responsive to mineral fertilizer additions.
This could partly be due to dry spells experienced in the area or to poor
soil fertility.

Weed infestation

Trapnell (1953) and Schultz (1976) both postulate that weed infestation,
rather than soil exhaustion, is the primary cause of farmers abandoning
their plots in the fundikila grass-mound system. In recent surveys
conducted in Kaka and Nsokelo areas in Mbala district of Northern
Zambia, it was apparent that the major reason for cessation of the
cultivation of land under this system was cited as mainly reduced yields
due to decline in soil fertility and to a lesser extent due to high weed
infestation (Sokotela et al., 1995). The results confirm the findings of
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Sanchez {1995), who also reports that in the miombo woodlands which
harbour unique animal biodiversity soil-fertility depletion decreases
above- and below- ground biodiversity and increases the encroachment
;)f f((i)rests and woodlands in response to the need to clear additional
and.

Figure 6.1. The effect of kraal manure and inorganic fertilizer application on the yield of
fingermillet {on-farm trial)
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Soil erosion

The soil is more disturbed in this system of cultivation than in the
chitemene system because most sub-soil remains without canopy to
cover over a longer pericd, hence soil compaction may be created, some
s0il loss may be expected, especially in areas with high wind velocity
and a short fallow period. There are no quantitative data on soil erosion
losses in the region but some examples of degraded soils have been
observed in the field which could be due to soil structural deterioration
and compaction as a result of the exposure of subsoil layer to high
temperatures for a long peried of time.

Intensification and Soil Management Options

During the last few decades, the traditional shifting cultivation system
in the region has undergone rapid changes due to various factors
including increased human population, changes in markets, employment
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opportunities, human movement and migration patterns, availability
and cost of inputs, withdrawal of subsidies on fertilizers and transport.
Much of the miombo woodland has been and continues to be, modified
by people, principally through the removal of woodland cover (Campbell
et al., 1996}, which has resulted in shortening of fallow periods,
inadequate soil fertility regeneration and increased land degradation.
Human activities are therefore important in the dynamics of miombo
ecosystems (Morris, 1970). Since the early sixties research efforts have
been undertaken in Zambia, to find potential alternatives to shifting
cultivation for the wet miombo region of Zambia dominated by acid
soils, where increasing demographic pressure is threatening the
traditional slash-and-burn agricultural system. Emphasis is being
directed to production systems that are affordable by small-scale farmers
as most of them cannot afford the use of costly inputs such as mineral
fertilisers.

Management of soil fertility is an important factor in achieving
sustainable agriculture. This applies particularly where farmers run
out of new cultivable land and will have to increase productivity on
existing land holdings in order to raise production levels. In some parts
of Zambia, particularly the southern region, deterioration and
impoverishment of soils have led to a rapid decline of production
potentials of most land, Consequently, future strategies for agricultural
development must increasingly aim at conserving and improving
productivity of existing land. Farmers' awareness and knowledge of
methodologies for sustainable agricultural production, of optimal levels
of chemical and organic fertiliser use, are key elements of such strategies.
Most smallholder farmers in the region appreciate the value of fertilizers,
but they are seldom able to apply them at the recommmended rates and
at the appropriate time because of high cost, lack of credit, delivery
delays and low and varied returns madrdy because of poor ot low producer
price for cereals as well as high risk, Such constraints are largely due to
the lack of an enabling policy environment, parficularly in rural areas
caused by the deficient road and market infrastructure. Furthermore,
since fertilizer recommendations are normally formulated to cover broad
areas with diverse soils, farmers also lack information about the best
fertilizer to use for their particular ficlds and cropping practices, making
the crop response to fertilizers more erratic and less profitable.

In both acid and non-acid soils, continuous cultivation of food crops
is possible with judicicus use of lime, fertilisers, crop rotation and soil
conservation practices {Kang et al, 1881; Sanchez et al, 1982; Lal,
1987). But it is unlikely that the majority of farmers in the region can
readily switch from shifting cultivation to continuous production systems
because of the cost of the external inputs needed to sustain continuous
cropping. Alternative systems that are affordable and profitable might
be useful as a first step to more permanent Jand-use system options. A
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new comprehensive approach in research and development with specific
focus on soil fertility restoration is necessary to reverse the process of

soil nutrient depletion and increase agricultural oufputs with minimum
negative impact on the ecosystem.

Some potential options to traditional agricultural systems

One of the biggest challenges facing agriculturalists at the moment is to
develop soil fertility restoration and nutrient saving and conservation
technologies that are profitable, agronomically effective and socio-
economically feasible and adaptable within the clientele resource
constraints. The improvement of the traditional shifting cultivation
systems, chitemene and fundikila, has been neglected due to the
concentration on the hybrid-maize and fertiliser based economy in the
past when the government used to subsidize fertilisers. The removal of
fertilizer subsidies as part of the Structural Adjustment Programme
{SAP) in the last decade has tripled or quadrupled fertilizer prices in
relation to crop prices. Structural adjustment programmes, even though
aimed at supporting the agricultural sector, appears to have a negative
influence on soil fertility management in Zambia. Policies play important
roles in agricultural development. Whereas some directly influence
investment decisions in soil fertility management, others impact them
indivectly. Recent studies in Tanzania and Zambia (NL, 1985), prove
that the abolition of fertiliser subsidies led to an extensification of
agricultural production. Farmers return to secil mining and expand
cultivated land with all the detrimental effects on the environment. It is
therefore doubtful, whether liberalisation of agricultural market alone
is the panacea of the crisis of agriculture in Zambia.

Following the diagnostic and design [D&D) exercises in the high
rainfall area of Zambia (Huxley et al.. 1986; AFRENA, 1989; Mattsson,
1989) alley cropping was recommended as a potential agroforestry
intervention for both the chiternene and fundikila systems. It was hoped
that the use of fast growing leguminous trees to supply N and organic
matter and to mobilise nutrients from deeper soil layers, would help
to maintain soil fertility for longer periods in an extended cropping
period and to ensure faster regeneration of fertility in a shortened
fallow period.

The combination of green-manuring and alternating cereal, crops
with legumes in the fundikila system. help to slow soil fertility
degradation. There is evidence that the fundikila traditional cropping
system is able to support crop production (Stromgaard, 1989) for a
cropping period of 3-5 years and the fallow period is traditionally up to
20 years (Mansfield, 1973). Due to poor nutritive quality and slow
decomposition rate of the grasses used in the grass-mound system,
crop yields are usually very low during the first cropping season. With
such low-quality plant material, there is likely to be substantial initial
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immobilization of nitrate by soil microbes, This could initially pose
problems to high-N demanding crops such as cereals, hence perhaps
why farmers plant beans first. This might help conserve N which would
be refeased in second and subseguent years as the microbial bicmass
turns over and the O:N ratio falls,

The smallholder farmers in Zambia do not need low-input, low-output
systems that do not address poverty alleviation. Given: the limitations of
the extremes of either pure organic inputs or pure inorganic inputs, it
is time for a more robust approach that provides fresh alternatives and
increases the basket of options available to farmers and policy makers.
The agricultural scientists therefore, can facilitate the process by seeking
to create the space and opportunity for farmers to take up these options
that they feel will wark best for them at the moment and retain those
elements of their traditional systems with which they are knowledgeable,
comfortable and experienced. The development of sustainable semi-
permanent or permanent farming system in the region must build on
the transformation of the existing farming systems. There are two distinet
agroforestry systems at both low and medivwrm-input technological levels:
alley cropping and planted or improved fallows to improve regeneration
of soil fertility. These systems are likely to be site specific, however.

Planted Fallows

Some experiments on affordable cropping system was conducted at
Misamfu Research Centre to serve as a transition technology between
shifting and continuous cultivation for acid soils. Various fast growing
leguminous annual cover crop species; Crotalaria. Mucuna, Dolichos
and Stylosanthes which were tested had positive influence on soil fertility
particularly with low inputs of ime and P,

Several woody leguminous species have also been evaluated at
Misamfu Regional Research Centre as alley cropping system for soil
fertility improvement. Leucaena leucocephala and Gliricidia sepium
performed well with liming and P application. Seshania sesban
performed poorly although it does very well in the Eastern Province of
Zambia where soils are relatively befter than those in the high rainfall
zone of Zambia. Other species, Leucaena diversifolia, Grevillea robusia,
Acacia confusa, Acacia albida, Acacia mearnsii, Albizia fulcataria and
Calliandra calothyrsus and shrub type Cajanas cajan [pigeon peas),
seem o be promising in that they produced substantial amount of
biomass,

Resulis from field trials showed that maize yield was higher following
leguminous cover crops. Forage legumes are well recognised as capable
of improving soil fertility through symbiotic N, fixation to the extent
that the non-legumes subsequently grown benefit from the residual
fertility. Medicago or annual Trifolivm species are estimated to contribute
about 50 to 70 kg N ha'! for the subsequent crop (SPRP, 1996).
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Figure 6.2. The effect of improved fallow on maize yield

2008
1 Soil Type
B Msamiu Red
. 1500 ™ . o
= B Misamiu Yellow
= .
S B Mufulirz
K]
S
L
w
& 3000
[:})
N
{5
=
500

No Fertilizer  Plus Fernlizer Sesbania Tephrosia  Natural Grass

Treatment

Source: 5PRP Annual Repon, 1947

The results on the response of maize in an improved fallow
experiment conducted on three sofl types in Northern Zambia are shown
in Figure 6.2. The resulis indicate that Tephrosia vogelil plots out-vielded
Seshania sesban at Misamfu on Misamfu red and Misamfu yellow soil
series, both belong to the Oxisol order, and Mufulira soil series (Ultisol).
The natural grass fallow gave higher maize vield than the control plots
on Misamfu yellow soil series. Continuous maize with lertiliser gave the
highest yield on Mufulira soil series followed by Misamfu red soil series,
while continuous maize without fertiliser was a total failure at all the
sites, These results demonstrate that addition of organic manures will
only rarely provide the productivity boost needed by smallholders, hence
the need to be combined with the judicious use of chemical fertilisers,.

Generally. the results confirm earlier findings that it is probably
not possible to grow maize continuously on moest soils without inorganic
fertiliser application [Singh and Goma, 1985), Moreover, farmers
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traditionally have not tried to grow maize or any other crop
continuously, but have rotated their crops with fallow. These old and
already highly leached soils are frequently damaged through lengthy
exploitation without adequate fertility replenishment. The soils present
a particular challenge for fertiliser management. The efficiency of
fortiliser use is typically unsatisfactory, often related to inadeqguate
levels of soil organic matter and nutrient imbalances, caused by the
farming systems.

The rapid introduction of organic materials to smaltholder agricalture
is needed. through the combination of formal science and indigenous
knowledge. Improved fallows are probably the most exciting
developments for soil fertility improvement. Improved fallow experiments
conducted in Eastern Provinee of Zambia both oni-farm and on-station
showed that fallows with Sesbanin sesban performed very well. Sesbania
seshan planted fallows of 1 {0 3 vear rotation continued to show potential
it increasing maize ylelds with or without the application of inorganic
fertilisers (Figs. 6.3). Other multi-purpose tree species {MPTs} such as
Tephrosia vogelil and Sesbania racrarntha have shown promise for 1
and 2 year fallows {Figure 6.4).

Figure 6.3. Maize yield response following Sesbania and grass fallow at 4 levels of N -
application
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Figure 6.4. The effect of short rotation fallow on maize grain yield without inorganic
fartilizer after 1 or 2 years faliow,
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Alley Cropping System

Three experiments were established at Misamfu Research Centre to
evaluate the potential of alley cropping in maize production on low
fertility, acidic soils [Ultisoll. Leucaena leucocephala, Flemingia
congesta, Sesbania sesban, Albizia falcataria, Cassie speciabilis, and
Gliricidia sepivm were grown in alley with hybrid maize and soyabean.
All the trials received 40 kg P ha' and 30kg K ha! fertilizer; N was
applied at three rates; 0, 60, 120 kg/ha as subplot treatment. One
trial was limed [2 {/ha dolomitic lime] uniformly onee at the beginning
of the experiment.

The results in Figure 6.5. indicate that incorporation of Leucaena
leucocephala prunings resulted in an increase in maize yield of up to
95 %, with a smaller increase being produced by Flemingia congesta
There was a good correlation between the quantity of biomass prunings
applied and the proportional increase in maize yields over the control
treatment. The lack of effect of most of the tree species on crop vields
was attributed to low biomass produced. Sesbania sesban and Albizia
falcatarin were found not to be suitable species for alley cropping and
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were replaced by Gliricidia sepium and Flemingia congesta. However,
though these species coppice well and are perennial they were found
not to provide sufficient N from their prunnings to increase maize
yields [SPRP. 1990). Leucaena leucocephala could be a suitable alley
cropping species as a means of maintaining soil fertility where soil
acidity is low or when the soil is limed, but this may not be feasible to
the resource-poor farmers.

Figure 6.5. The effect of organic and inorganic fertilizers on the yield of maize on an
Ultisol, Misamfu Research Centre, Kasama, Zambia
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An economic analysis showed that alley cropping with limed
Leucaena leucocephala was only profitable when nitrogen fertiliser costs
were in relation to maize prices (Matthews et al, 1992). However, lime
is both expensive and difficult to obtain and transport for most small
scale farmers in the region is scarce and is therefore not a practical
recommendation. In order for alley cropping to be a viable, affordable
and profitable technological package, future alley cropping research
should increase the genetic base by screening a wider range of tree
species, including other species or provenance of Leucaena, for acid
tolerance and higher biomass production.
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Limitations to Alternative Agriculture

Complete replacement of the expensive chemical fertilisers may not be
the best solution. First, organic fertilisers may not contain certain plant
nutrients or not in enough quantities. The nutrient imbalance requires
correction through supplemental soil treatment with mineral fertilizers.
Second, mineral fertilisers in combination with organic fertilisers tend
o enhance the decomposition process of the latter whose breakdown
would, otherwise, be too slow for the crop to benefit. Slow decomposition
rates delay plant nutrient release to the soil and results in poor crop
performance. Finally, since organic fertilisers generally contain low levels
of plant nutrients, very large amounts may have to be applied to supply
a crop with adequate N. for example. Mineral fertilisers often contain
20-40 times the nutrient content of manure.

The best fertiliser management regime would be to use both types
of fertilisers in combination as far as possible. When both iypes of
fertilisers are used together, they tend, to some extent to compensate
for each other's inadequacies, For instance, the inability of mineral
fertiliser to improve sofl structure can be compensated for by the presence
of organic fertiliser. Inn the same way, the inability of organic fertiliser to
supply certain elements or enough of them will be compensated for by
the presence of chemical fertiliser, However, on relatively fertile soils
and when dealing with low nutrient-demanding crops such as food
legumnes, which are able to fix atmospheric N, use of organic fertiliser
alone may suffice.

Since animal manure is found only in relatively small quantities in
the region, green manuring with various leguminous plant materials,
composting, sound crop residue management practices and improved
Jfundikila with perennial legumes like Stylosanthes must be encouraged.

Summary and Research Priorities

Major management constraints of most soils in Zambia are related
mostly to poor soil fertility and alumininm toxicity. These production
limiting constraints have obliged the resource-poor farmers to adopt
shifting cultivation systems of agriculture. Recently. the availability of
new cultivable land has decreased, which has forced farmers to
encroach onto marginal and fragile lands for cultivation resulting in
rechuced fallow periods. This increases the risk of degradation of the
already fragile land. The sustainable use of these soils requires
adequate inputs of nutrients and soil amendments in the form of
inorganic and organic fertilisers and lime, The rapid reintraduction of
appropriate and affordable technologies to smallholder agriculture is
required, through the combination of formal sctence and indigenous
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knowledge. Improved fallows and the use of more acid tolerant crops
are probably potential alternative technologies for soil fertility
amelioration.

Fertiliser use is the new approach to overcome soil fertility depletion
and is one of the factors responsible for a large part of food production
increases in other parts of the world such as Asia, Latin America and
the temperate region, as well as in the commercial farm sector of Sub
Saharan Africa. Fertiliser use is viewed as a recurring cost of production.
ft is only feasible if farmers can self their surplus production at a profit.
This is part of the problem that farmers in places like the wet miombo
woodlands of Zambia face, they are far from the main markets, with all
that this entails. It Is expensive to transport their produce to those
markets themselves, so they generally have to accept low prices because
someone else will bear the transport costs hence non-availability of agro-
inputs in the area and if available, the cost is beyond the reach of these
farmers. Their scale of operation is generally so small that they cannot
benefit from the economies of scale; if anything they are functioning at
diseconomies of scale. Under such circumstances, the author feels that
we should be helping the farmers use and develop their indigenous
technologies until some of the larger structural problems can be
addressed, at which point the farmers are likely to adopt the new
technologies without having to be encouraged to do so. Adopting a more
understanding position on practices such as chifernene and fundikila
would be a good start,

Sustained agricultural production can be achieved only by a proper
use of soil rescurces, which includes the maintenance or enhancement
of soil fertility. Under conditions of sedentary agriculture without
significant changes in farming practices, of low yields and Umited crop
residue availability for the purpose of soil fertility maintenance and poor
availability and high cost of inorganic fertilisers, the nutrient reserves
of the soils are being depleted.

Future research priorities must, therefore, be based on farmers’
resource constraints rather than on single commedity research since
the major target group are small-scale farmers, among whom the
practices of shifting cultivation are most prevalent. In order to achieve
this, farmers should be involved early enough in the research process
and on-farm trials of recommended low-input technology should be
encouraged among farmers. Currently amongst the farmers in the
region, there seems to be a transfer gap rather than a technology
gap. therefore, there is a need for participatory fechnology testing
under farmer's spécific conditions. However, in certain areas we still
need some new technologies but these must be through participatory
technology develepment (PTD) approach. This is essential if the
research technologies developed or being developed are to stand the
test of time,
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Chitemene shifting cultivation appears to have been developed with

the implicit objective of ensuring the regulated release of soil nuirients
for optimum crop production in soils that are relatively infertile.

The following proposed research thrusts are potential options needed

to improve rhanagement strategies which could stave off the declining
per capita food production:

Tree species anel provenance screening. Improved fallow involving
leguminous trees seem to be a potential technology 1o address the
problem of declining soil fertility in the wet miombo region of Zambia.
Trials so far conducted have shown that of all the tree species tested,
only Leucaena leucocephala has given a positive benefit to crop yields.
However, this was limed at 2 t ha? at the time of establishment but
generally, Leucaena does not perform well on acid soils. Acid tolerant
leguminous tree species have not been identified yet, Lime is also
expensive and not always available to small-scale farmers, Therefore,
there is need to screen various tree species and provenance of
Leucaena and other tree species for tolerance to the high acidic soil
conditions in the region to achieve good biomass production without
liming. In addition, management trials aimed at finding management
practices that will maximise biomass production, increase benefits
to comparion crops and reduce competition, should also be conducted.

Screening of local species to test for their suitability in the alley cropping
systent. Trees and shrubs have many roles to play in tropical land
use systems and wood perenmial legumes are an extensive and
important group to consider. Many legumes fix N and have their
own impertance to contribute: some are deep rooted and act as
nutrient-pumps while others have mycorrhizal affiliation - a
symbiosis which provides nutrients to the {rees. Some have uses as
traditional medicines, insecticides, fish poison. Evaluation of these
for alley cropping can be an added advantage as these are more
adapted to the local environment.

Effect of rate of biomass application on crop production. In earlier
alley cropping experiments at Misamfu Research Centre prunings
from hedgerows of trees were used to improve and sustain yields of
crops grown in alleys between hedgerows (Figure 6.5). It has been
difficult to establish quantitatively the effect of the pruning
application on the crop yield because of large variation in soils and
biomass production from the trees in these trials. It is therefore
eonsidered beneficial to establish a trial where a crop receives known
quantities of biomass and then measure the response of the crop.

Nutrient cycling under alley cropping systems. Some research studies
conducted in the region demonstrated that there was no benefit in
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growing trees and crops in close association. In some cases there
was even a depression of yield by the presence of trees. The tree
species used were able to grow reasonably well and produced
adequate quantities of biomass, but this did not seem fo be able to
benefit the crop. It is possible that many of the nutrients particularly
nitrogen, could have been lost from the system, either by leaching
or volatilisation {o the atmosphere. A knowledge of tn-sifu rates of N
fixation, quantity fixed and the subsequent fate of N fixed within
Alley Cropping systems may help to design new techniques in alley
cropping management to reduce losses.

In-situ rates of N-fixation of some leguminous tree species can be
estimated using some sophisticated techniques such as the N
natural abundarnce technigue and the '*N isotope dilution techmique.

On-farm establishment of tree species for fodder and alley cropping
irials. Animal husbandry is found in some parts of the region. Non-
avatlability of high quality fodder is considered as a constraint for
improving animal production especially during the dry season when
grass is scarce. It has been documented in West Africa that the
Fulant cattle spend 5% of their feeding time on browse during the
rainy season and 15-20% during the dry season (Kang and Lal,
1981}. This clearly indicates that animals mainly survive on fodder
during the dry season and hence the need for developing good
protein-rich fodder. More research need to be conducted to establish
fodder banks on farmers’ fields.

Syrichronisation of green matruere incorporation. The release of nutrient
from above ground-inputs and reots can be synchronised with plant
growth demands. The synchrony principle is based on understanding
the way that the processes of organic matter decomposition and
nutrient uptake by planis are integrated to ensure efficient nutrients
cycling in ecosystems; its aims are to improve the efficiency of
nutrients cycling in agriculitural systems by manipulation of these
processes, in particular by management of organic matter inputs,
with or without interaction with inorganic fertilisers.

Previous work at Misamfu Research Centre bas shown that over a
period of time (5-6 yvears), the soil physical and chemical
characteristics deteriorate progressively when the same piece of land
is cropped even under rotation and use of a good fertiliser practice.
Seils in this region are acid-prone and easily become more acidic
with addition of nitrogenous fertilisers without liming programme.
The level of organic matter also drops with time.

Therefore, in order to build up or maintain soil fertility, the
introduction of a green manure could be a cheap and viable option.
Since traditional small-scale farmers often have limited labour and
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land resources and cannot afford to raise a green manure during
the dry season, it is felt that the green manure could be grown
together with a food crop and incorporated sometimes during the
course of the growing season. Another important aspect would be to
determine the best time to plant and incorporate the green manure
for maximum benefit to the crop.

Mycorrhiza-tree association studies, Leguminous species require large
amounts of phosphorus (P} for growth, nodulation and N fixation.
Consequently they are often unable to grow on acid soils with low
available P. Other researchers have found exciting and dramatic
association between P absorption and a specialised group of fungi
called vesicular arbuscular mycorrhizae (VAM). In particular,
mycorrhizal infection usually increases the efficiency of nutrient
absorptian by its host, from which the fungus obtain carbon
compounds. Research has shown that effective associations between
many leguminous speeies and mycorrhizal fungi significantly improve
growth and N, - fixation relative to non-mycorrhizal plants in P
deficient soils. Research need to be established to find out the
predominant mycorrhizal fungi associated with species commoniy
usged in agroforestry and the effects of mycorrhizal inoculation on
survival and P uptake of some leguminous species.

Nutrient management - Rock phosphgaie nitiative, After N, P is the
most limiting element for crop growth throughout the tropics. While
it is available in a variety of chernical forms as a fertiliser, it is often
too expensive for small-scale farmers (Sanchez ef al., 1995}, To
improve the N status of tropical soils, we can incorporate legumes
into our cropping systems to take advantage of the association with
N,- fixing rhizobacteria. However, there are no known equivalents
for P (Sanchez et al. 1995).

Farmers can use two basic strategies to meet the phosphorus
requirements of their crops; find other indigenous sources or improve
the availability of the phosphorus that deoes exist. Two major
alternative sources are animal manure and indigenous RP. Cattle
manure usually ranges between 0.2 and 0.4% PO, (Mishra and
Bangar, 1986}. Rock phosphate deposits exist in the region and other
parts of Zambia.

The agronomic effectiveness of several types of rock phosphate (RP}
is highest for acid soils that have low P and Ca levels, but it has not
been an effective source of P in neutral or alkaline soils, Compared
to water scluble P fertilisers, RPs are generally considered less
effective, presumably because their limited solubility does not
maintain a sufficiently high level of P in the soil solution. A variety
of micro-organisms are known fo solubilize different inschible
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inorganic phosphates. These include fungi, bacteria and
actinomycetes. Many trials have been condducted with inoculation
of seils, crops and the phosphorus itself with the vartous microbes.
Some researchers have investigated biological methods to make the
RP mwore soluble, affordable and profitable, Researchers in Kenya and
India have had good results when they added the RP while starting
cornpost piles. The important mechanisms involved in the dissolving
of insoluble phosphates in soil include formation of organic acids
and chelating substances, During composting, there is cotncentrated
microbial activity and significant amounts of organic acids and
chelating substances are produced {Mishra and Bangar, 1986).
Adding RP to compost is one method farmers might use to better
utilise the limited P available o them. Responses will depend on the
compaosition of the RPs and soil types. Application of phosphate rock
is of interest to the agricultural systems that are affordable, because
phosphate rock is less expensive than ordinary water soluble super
phosphate and releases P quickly in the very acid solls. The use of
acid-tolerant crops may permit more efficient utilisation of P from
RP, because the plants will grow under the acid conditions that
promote the dissolution of apatite.

Screening and Selection of Crop Genotypes for tolerance to both
aluminium toxicity and low phosphorus levels: Soils of the high rainfall
area of Zambia have problems of low natural sofl fertility and P
availability to plants is low. Aluminium toxicity and P deficiency always
accur together, although they are often studied separately {Singh and
Goma, 1295). Under acid sail conditions, where it is difficult to separate
the detrimental effects of aluminium from those of low P availability,
the differences in aluminium tolerance among species or varieties
seems to be positively correlated with differences in P translocation
rates in the presence of Al {Foy, 1874). It 1s well documented that
differences exist among erop species and varieties in tolerance to low
levels of available P in the soil. It has also been reported about the
possibility of dual tolerance to both Al and low P (Salinas and Sancheg,
19596}, Limited evidence indicates that the species or varieties which
are tolerant produce maxinmum yields at lower levels of applied P and
or lime than do the sensitive species or varieties. Fertilisers can correct
soil limitations but their high cost and the uncerfain economic refurn
are a factor of high risks inherent in agriculture in the region for
small-scale farmers, who have no resources or access to credit facility.
Cuarrently, local farmers have clearly taken up hybrid maize. However,
the attribuies of these hybrids are not well suited to the climate, soils
and management conditions of the region and the cost is beyond the
reach of the local farmers. The exploitation of the genetic variability
of genotypes with different features could be a potential strategy that

— 1t



214 H.C. Goma

would make feasible the production systems of resource poor small-
scale farmers in view of the high price of fertilisers and lime. The
screening programme must incorporate promising major crop
genotypes, grown in the region, with dual tolerance to both low levels
of available soil P and high Al saturation for incorporation into breeding
programmes. This would enable these resource poor farmers to
effectively and economically utilise low-fertility, acid soils of the region
where P and Al toxicity are some of the major imiting factors for
maize production. In addition, it is not just cultivars that are tolerant
of acid soils that are needed, but also the ones that can handle high
levels of Al in the soil inot necessarily aluminium-accumulators, as
the aluminium would be released into the soil when the foliage
decompose].

s Increase efficieny of external inputs: The efficiency of mineral
fertilizers is quite low in most cropping systems in Africa due to soil
conditions, eratic and low rainfall and poor crop and soil
management. In order to make fertilizers more profitable, future
research need to focus more on developing strategies for a higher
efficiency of these external inputs.
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Introduction

The arid and semi-arid areas of sub-Saharan Africa cccur mainly around
latitudes 10 to 15°N in West Africa and roughly 10 te 30°5 in Southern
Africa. In addition, there is also a large arid and semi-arid region in the
Horn of Africa and in East Africa. Another large dry region exists in South-
Western and South-Eastern Africa, consisting of a semi-arid strip that
runs roughly North-South inland of the Namib Desert, eastwards in a
broad belt through Botswana. then South through the center of South
Africa. Smaller semi-arid areas are also found in Zimbabwe, Mozambiqgue
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and Madagascar, These semi-arid regions in sub-Saharan Africa are
experiencing the greatest population change, compared with the high
potential agricultural areas, with a natural rate of increase of 3.5 to 4% in
East Africa and a higher actual growth rate due to migration from the
crowded fertile areas of the highlands. Farm sizes in these regions are
thus getting smaller, ranging from 1.5 to 17 ha per household (McCown
and.Jones, 1992}, in East Africa. In Southern Africa the natural population
growth rate is between 3 and 3.5% {SACCAR. 1997}, and the land size of
an individual household ranges from 0.5 to 25 ha with an average of 3 ha
in Zimbabwe and Zambia. Traditionally, farmers in the semi-arid areas of
East and Southern Africa have always grown maize {Zea mays 1.}, beans
(Phaseolus vulgaris L.}, sorghum (Sorghum bicolor, millets {(Penniseturn
americanum and Eleusine coracand), cowpeas (Vigna unguiculata) and
pigeon peas {Cajanus cajan). The migrants into the semi-arid regions have
traditionally brought along with them crops more suited to the high potential
regions, with no requisite change in production technology to optimize the
procluction of these crops in the semi-arid regions.

Semi-arid regions have a low rainfall of approximately 350 to 650
min per annum, which is usually erratic, and unreliable. In Kenva,
these areas receive rainfall with recordings as low ag 342 mm per annum
{Nadar and Faught, 1984a) and even lower amounits below 300 mm per
anmum are recorded in the unimodal rainfall system of Southern Africa,
especially in Botswana, Zimbabwe, Seuth Africa and Namibia. The
probability of crop failure in semi-arid regions may therefore be quite
high during years of below average rainfall because inadequate moisture
would limit crop growth in addition to unavailability of nutrients. There
is need, therefore to understand other contributory factors to successful
agriculture in these dry environments, mainly those pertaining to soil
fertility and water management.

There {s widespread cultivation of semi-arid lands in sub-Saharan
Africa. The topography is variable and areas with slopes as high as 30%
or more are commonly used for crop production and are susceptible to
severe soil erosion, nutrient depletion and consequently nutrient
imbalances. Many of the soils in the arid and semi-arid lands [ASAL] of
East and Southern Africa are deficient in some essential mineral
nutrients especially phosphorus and nitrogen. Crop yields are thus
declining in many areas because of reduced soil fertility resulting from
continuous cropping with httle or no inputs of nutrients.

Mixtures, intercrops or polycultures characterizes crop production
in the semi-arid areas. There are many variations of intercrops, the
conmumon ones being mixed, row, strip, and relay cropping (Vandermeer,
19905, These variations depend on the sowing date, spatial arrangement
and the degree of physical association of the crop species grown together,
A common reason for the frequent use of intercrops is that they produce
a systemn capable of dealing with environmental variability, or that the
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system is a strategy of risk avoidance (Francis and Sanders, 1978 It is
argued that if two or more species are grown together, where each has a
different growth requirement and different growth cycle, there may be
an increased possibility of obtaining some yield, at least in one of them,
under adverse growth conditions as common in the arid and semiarid
areas. The legume in a polyculture is a source of protein in human diets
for cash-limited peasant families. The legume stover is also a protein
source in animal feeds. Livestock production systems alse dominate
many of the ASAL. The judicivus use of agricultural inputs and
implements, reducing nutrient losses and improving nutrient cycling in
crop-livestock systems is therefore key to the development of sustainable
agriculture In these semi-arid regions,

In this chapter we begin with a section on constraints to soil fertility
management under cropping systems characteristic of serni-arid areas
focusing on East and Southern Africa. Where necessary, appropriate
comparisons between the semi-arid and subhumid, and humid agro-
ecological zones are made to bring out desired contrast. To aid in the
projection of this contrast between the semi-arid zone and other zones,
examples in some sections of this chapter are drawn from elsewhere in
Africa or in the world. Following the presentation of soil fertility
management constraints, we discuss intercropping in semni-arid areas,
and nutrient supply in cereal crop rotations and other dryland cropping
situations. In the sections that ensue, one of the cornerstones of soil
fertility maintenance or improvernent, namely crop-livestock interaction,
is discussed emphasizing manure use in more detail than in any of the
other sections of this boak.

Soil Fertility Management in Semi-arid Areas

Soil fertility management in semi-arid areas i1s mainly constrained by
inadequate moisture and lack of resources for purchases of inputs,
particularly the very expensive mineral fertilizers that are usually
imported. This problem is compounded by the nutrient removals, which
in turn exacerbate the problem of soil fertility decline. The nutrient
removals arlse from continuous cropping, without adequate
replenishment and soil erosion. Nutrient imbalances and deficiencies
are therefore commen in most soils of these regions.

Nutrient deficiencies

Many of the seils in the semiarid zones of Eastern and Southern Africa are
deficient in some essential mineral nutrients especially phosphorus (P)
and nitrogen (M) (Okalebo, 1987; Siderius and Muchena, 1977, Keating et
al., 1992; Hikwa et al., 1898). Low soil fertility {especially Pand N deficiency)
is a major biophysical constraint to successful agriculture in sermiarid areas
of East and Southern Africa (FAQ, 1971; Yates and Kiss, 1992}
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In the Eastern Province of Zambia (Katete and Chipata districts), an
area typical of the Miombo woodlands of Southern Africa, declining N
fertility was identified as a major constraint to maize production while
P was not (Ngugi. 1988). More than 60% of the sandy soils found in
Zimbabwe are planted to continuous faize monoculture with crop
residues mostly removed to feed livestock, as is common elsewhere in
Eastern and Southern Africa. Mukurumbira and Nemnasasi (1998), noted
that this practice might result in both macro and micronutrient
deficiencles in these sandy soils. Trace element deficiencies, especially
of zinc (Zn} and melybdenum (Mo] may also become limiting under
continuous cultivation, as commonly applied mineral fertilizers do not
usually supply these nutrients.

A better understanding of nutrient imbalances induced by pH and
other applied nutrienis is important in managing soil fertility. For
instance, trace elements such as Zinc and Molybdenum aiffect maize
growth, yet they become unavailable at pi greater than 5. Boron
availability is decreased by liming and dry conditions but deficiency is
amplified by inadequate natural supplies from parent rock and by
leaching in sandy soils (Mukurumbira and Nemasasi, 1998). Overliming
and high P applications have been shown to reduce the availability of
Zn to crops grown on sandy soils in Zimbabwe (Mukurumbira and
Nemasasi, 1998]. High levels of N and P may also induce copper
deficienicy by interference with translocation under marginal deficiency
situations [Tanner, Cooper, Madziva and Vere, 1981). Tanner (1873}
attributed the increase of the Zn deficlency problem in Zimbabwe to
changeover from the use of manures, which contain Zn to inorganic
fertilizers. This suggests that part of the problem of nutrient deficiencies
can be addressed through judicicus use of erganic inputs. Studying the
efficacy of combinations of organic and inorganic sources of nutrients
on maize growth, Nyathi {1997) concluded that synergism or
complimentarity existed only when combinations of inputs to sandy
soil included inorganic fertilizers.

Inherently infertile soils require external inputs of fertilizer materials
for sustained fertility and productivity especially under continuous
cropping (Nyathi, 1997). Chemical properties, typical of sandy soil in
Eastern and Southern Africa particularly common in most parts of
Zimbabwe are presented in Table 7,1 Soils are strongly acidic with an
average pH of 4.9 for the 0 ¢ 15 em depth (Table 7.1). In addition, the
predominantly sandy soils in the semiarid zone predispose any soil
amendments to reduced effectiveness because of their low water holding
capacity and low organic matter content. Soil fertility manageroent has
to focus on supplying inputs from external sources to improve organic
matter content of sandy seil and consequently its capacity as a repository
for nutrients.
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Nutrient depletion

One of the major constraints to seil fertility management in semi arid
areas is depletion of nutrients through continuous cultivation without
adequate nutrient replenishment. The continuous cultivation exposes
soil organic matter (SOM) to oxidative processes, since in most cases
there is a reduced biomass input {(Shepherd and Soule, 1998) and failure
by users to judiciously manage soil nutrient reserves. Decompaosition of
organic rmatter has an impact on the capacity of soil {o retain nutrients.
SOM plays a key role in soil fertility replenishment but the linkages
between degradation and soil carbon sequestration and nutrient
retention are complex. Some forms of tillage, particularly in arid and
semiarid areas encourage oxidation of organic matter throughout the
profile resulting in release of carbon to the atmosphere rather than its
build up in the soil (Nabhan, 1897). This leads to reduced biomass
production from crops or pastures and lower carbon itiputs to the soil
in subsequent periods {because less root matter, leaf litter and less
crop residues are returned to the soil).

Table 7.1, Chemical properties of sandy soii at Makcholi Experiment Station, Zimbabwe

Seil depth (cm)

G-18 15-30

mS *mSal
Texture
Gravel (%) 1 3
Coarse sand (%) 18 17
Medium sand (%} 31 25
Fine sand (%} 38 a1
Silt %) 10 8
Clay (%) 4 18
oH {0.1M Caliz} 49 49
Mineral nitrogen (ppmy} &5 £.0
WMineral nitrogen after
seven weeks incubation (ppm)} 14.8 1t5
Resin-extractable phosphorus {ppm) 1.7 6.7

Exchangeable cations (ammonium acetate)(meg / 100 g dry weight soil)

Potassium 0.09 o.08
Calcium 1.06 167
Magnesium .45 0.43
Total Exchangesbile bases 1.60 1.58

After Nyathi, 1597

1 mL8 = medium loamy sand
2 mBal = medium sandy loam
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Surveys in communal areas of Zimbabwe revealed that 44%% of the
500 crop fields that were sampled had depleted levels of at least one
nutrient (Mushambi et ol , 1997). Normally stuch soils are characterized
by multiple nutrient deficiencies of N, P and § and at advanced stages by
the depletion of Mg and Zn {Grant, 1970). Smaling et al. (1997). chronicled
nutrient depletion i five African regions according to the severity of the
problem with East and Southern Arica occupying first and third positions,
respectively, in a scale where one is the worst case scenario. High nutrient
depletion is attributed to high outflow of nutrients in harvested products,
erosion and {o the relatively inherently infertile Alfisols that are
predominantly sandy as described for Southern Africa where they are
dominant {Chapter onel. Nutrient depletion rates vary with soil properties.
The proportion of nutrients lost is normally greater in sandy soils but the
total nutrient loss is greater in clayey solls (Sanchez et al, 1997, This is
largely because seil organic mafter particles are less protected from
microbial decomposition in sandier soils than in loany or clayey ones
{Swift et al, 1984). Sanchez et al (1997), noted that this is one major
difference between the nutrient-depleted high potential zones of Eastern
and Southern Africa with predominantly loamy and clayey soils, and
serniarid zones of West. East and Southern Africa with predominantly
sandy soils. There appears to be a significant decline in soil fertility with
time, regardiess of the original nuirient status further reinforcing the
need to judiciously manage soils through well-defined strategies that work
towards nuirient replenishment. This requires that fertility management
especially of sandy soiis has to pay attention fo manipulation of organic
matter levels to aliow for increased retention of nutrients.

Soil scidity, sodicity and salinization

Gf the approximately 2976 miliion ha of total land area in Africa, 2146
million ha are classified as probiem sofls of which 72% are affected by
different fertility constraints such as soil acidity, vertic properties,
shallowness, salinity, poor drainage and low fertility. About 490 million ha
in Africa are affected by different types of soil degradation (Mashali, 1997).
in rainfed areas. {allow periods are declining below safe limits. In Zimbabwe,
it is estirnated that 30% of croplands in the communal areas have been
fallowed or abandoned due to depleted soll fertility {Anderson et al., 1993).
On irrigated lands, improper use and system management not only detract
attainment of sustainable agricultural production but also cause land to
be withdrawn from cultivation because of salinity, sedicily, compaction
and infertility {Nabhan, 1897}, Marginal land and problem soils with severe
production constraints are put under cultivation without adoption of
efficient water and soil management practices {(Mashali, 1997).

Soil acidity
The sandy soils in Zimbabwe are highly weathered. weakly buffered
and acidic (Grant, 1970). Dhliwayo et al. (1998), noted that 70% of soils
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from eight sampled communal areas in the semiarid zone of Zimbabwe
were extremely to very strongly acid with Al saturation of more than
20%., a level toxic to maize plants. In these soils which are moderately
leached, Mo becomes unavailable at pH values below 4.8 {0.01M Ca
CL), a sharp contrast with granite derived soils which usually supply
adequate Mo for normal maize growth at these pH levels {Tanner and
Grant, 1674). Grant {1971) reported that 32% of light colored soils of
Zimbabwe derived from siliceous rocks and 31% of red soils from basic
rocks had pH values of 4.2 or less. In South Africa, naturally occurring
acid soils affect more than 15% of total land area and scil analyses
trends indicate increasing acidification and that almost 14% of total
arable land is likely to be affected by some degree of subsurface acidity
{ Beukes, 1897; Farina 1897%

A usual remedy is the application of lime to correct acidity of soils.
Farmers are often forced to neglect soil care when economic returns
from agriculture are too low to justify investment in sofl fertility
maintenance. Liming to ameliorate soil acidity is in this category.
Dhliwayo ef al. {1998}, however, recommended that high lime applications
should be split such that half of the recommended amount is applied
during the first year and the other half in a subsequent season, This
should be done to avoid upsetting the nutrient balance in the weakly
buffered sandy soils characteristic of most of the semiarid zones of East
and Scuthern Africa. Another possible approach could be to tatlor plants
to suit the environment. The main component of managing soil acidity
for plant growth is the selection of productive varieties that are tolerant
to Al toxicity [Sanchegz and Salinas, 19811, Al ions directly damage roots
and reduce nuirient and water upiake, and acidity causes poor
nedulation in legume crops (Beukes, 1997). Plant species and genotypes
within species differ widely in their tolerance to excess Al and some of
these differences are genetically controlled (Foy, 1988}, This appears {o
offer a timely opportunity for deliberate manipulation to engineer plants
suited to specific problem environments or ecological hot spots.

Salinization /waterlogging/sodicatien

Soil salintzation is the accumulation of excess salts in the rhizosphere
{rooting zone] resulting in partial or complete loss of soil productivity and
eventual disappearance of vegetation [Mashali, 1987). Salinization refers
1o all types of soil degradation brought about by the increase of salt content
in the seil and can also be caused by incursion of sea water into coastal
areas {Nabhan, 1997). It covers the build-up of free salts and sodication
due to the development of dominance exchange complex by sodium. The
sodication process involves the presence of soluble sodium salts in the
soil solution and their adsorption on the exchange complex (Mashali,
1997}, Salinization in Africa is one of the degradation processes affecting
large tracts of land in arid and semiarid zones. There are approxdmately
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79.5 million ha of salt and sodium affected soils in sub-Saharan Africa
(FAO. 1986). Salinity and sodicity affect soil chemical properties making
soil unfit for conventional crop production (Nabhan, 1997).

In Zimbabwe, saline and sodic soils are found in areas of low rainfall
and high temperatures {(Mushambi et al, 1997). Irrigation is used to
supplement natural rainfall for main season (summer) crops and to
supply water for winter crops in the dry season. Human induced
salinization is the result of improper irrigation, soil and water
management. The two types of water that may give rise to salinity
problems are: regenerative waters {that is underground water), and
drainage water from irrigated land (du Toit, 1991 quoted by Mushambi
etal, 1997}, Underground water in low rainfall areas has more dissolved
salts than that in high rainfall zones due to high evaporation and evapo-
transpiration rates (high temperatures). An assessment in Zimbabwe of
204 samples of irrigation water from different tobacco growing districts
indicated that 95% of the samples had low to medium salinity [Mushambi
etal.. 1997).

Water logging is the lowering in land productivity through the rise
in groundwater close to the soll surface (Nabhan, 1997). Waterlogging
is linked to salinization as both are often brought about by incorrect
irrigation management. A complete solution to the problem of
waterlogging and salinity requires comprehensive drainage works to
remove the excess groundwater but is expensive. With the drive by
governments to increase crop production through irrigation to match
the rapid and alarming increase in population growth rate {currently
averaging 3% per annum) in the East and Southern African region,
various problems of salinization and/or sodication are bound fo increase
in future. Studies indicate that growing forage plants on salt affected
soils to remove excess salt is feasible and economical (Szaboles, 1992;
Maleolm, 1992: Davidson and Galloway, 1993). Given the recent
advances in biotechnology for the selection of salt-tolerant plants, it is
likely that this major cbstacle will be overcome by the use of these
techniques.

Soil erosion

The impact of soil erosion and soil processes if affects including crop
responses are deseribed in documents by the FAQ-sponsored Erosjon-
Productivity Network which since its inception in 1984 has used a
standardized design to generate comparative data from different soils
and agro-ecologies {(Stocking, 1984).

The soil in most agricultural land of Zimbabwe has been reduced to
its minimum agricultural potential through degradation of soil structure
seriously limiting yields and substantially increasing inputs. Of the total
land area of Zimbabwe, 13% is classified as severely eroded (Whitlow,
1988). As a product of soil erosion, it was estimated that $1.5 billion
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(Zimbabwe dollar] worth of N and P and 2.5 billion tons of organic matter
essential for soil stability and fertility were lost every year in Zimbabwe
(Stocking, 1986}. In Zimbabwe it is estimated that the rate of soff loss
from land ploughed annually is in the order of 530 t ha! yr', and that
one third of seasonal rainfall is lost as surface runoff with up to 50% of
applied fertilizers washed off the land (Elwell and Stocking, 1988).

On a more positive note, Tiffen ef al {1993), describes a suceess
story in semi-arid Kenya on environmental recovery in the dry plains of
Machakos, South East of Nairobi. Their work draws a positive picture
of the adaptive response by smailholder farmers to changes in land
avaflability, agricultural outputs and labour markets, technological
optiong and institutional innovations, and farmers’ ability to invest in
the agricultural resource base.

Inadequate Fertilizer Use

Intensification of production systems requires an increased supply of
nutrients. Monitoring of soil nuirient balance and supply to plants,
control of losses, arresting depletion and ensuring accumulation are
essential for increased productivity. The average world fertilizer
consumption during the period 1990-1993 was 131 million metric tons
(MMT! of nutrients that declined to 130 million MMT in 1995-1996
(Nabhan, 1997). Africa comprising 58 countries accounts for only 2.6%
of world fertilizer consumption and the share of sub-Saharan Africa is
only 1.2% equivalent to 2.16 MMT in 1993 compared to 51,2 MMT for
the Far East developing countries and 5.4 MMT in the Near East. With
the exception of twelve major fertilizer consumers in Africa {Algeria,
Egypt, Kenya, Libya, Malawi, Moroceo, Nigerda, South Africa, Sudan,
Tunisia, Zambia and Zimbabwe), the average fertilizer use is below 10
k¢ nutrients per ha of arable land in most of sub-Saharan Africa
compared to 130 kg/bha in the Far East and 60 kg/ha in the Near East
and 90 kg/ha as a world average. About 63% of the regional total of
fertilizer consumption in Africa is accounted for by Egypt. Moroeco and
South Africa (Nabhan, 1987}, Fertilizer consumption during 1975 to
1990 had been growing at nearly 5% in East Africa and 1.7% in Southemn
Africa. Structural adjustment policies of many governments in East
and Southern Africa have led to a great disparity and stagnation in
fertilizer consumption ameng countries since the late 1880s {Simpson
et al., 19986). About 87% of N fertilizer is produced in South Africa and
Nigeria and very small units are operational in Zimbabwe, Senegal,
Mauritius and Zambia. South Africa and Nigeria produce 85% of the
continental P fertilizer needs (Nabhan, 1997}

Water deficits and crop growth
In Kenya, the semi-arid agricultural areas receive very low bimodal
rainfall, with recordings as low as 342 mm per annum (Nadar and
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Faught, 1984)), and even lower amounts are recorded in the unimaodal
rainfall system of Southern Africa, especially in Botswana. Zimbabwe,
South Africa and Narmibia (SACCAR, 1997). The probability that the
rainfall is less than two thirds of potential evaporation in the rainy season
varies between 60 to 80%. It is generally assumed that rainfall equaling
two thirds of potential evaporation (approximately 367 mm in a four
months growing season} is the minimum required by annual crop plants
like maize and beans with a growing period of approximately three
months. Rainfall less than half of the potential evaporation
fapproximately 275 mm within 4 months} in the growing season will
lead to crop failure {Nadar and Faught, 1984). The probability of crop
failure in semi-arid regions may thercfore be quite high during years of
below average rainfall.

Farmers in the East and Southern African region use various water
caplure strategies aimed at reducing runoff on the soil surface and
those that encourage infiltration. These include terracing on steep slopes
particularly but not exclusively in Kenya, contour bands including dead
level contours now becoming popular in Zimbabwe, storm drains and
other water harvesting techniques such as tied ridges and basins
constructed in a field of growing erops to encourage water infiltration
and retention, Tiffen ef al. {1993), elaborated on the excellent progress
that has been made in Kenya (Machakos) in reducing soil erosion by
contour banks and terracing. Terracing of the croplands using hand-
dug contour trenches and banks was long adopted by farmers in Kenya
and is known in Kiswahill as 'fanya juu’ terraces (Simpson, Okalebo
and Lubulwa, 1998). Tiffen and Mortimore (1994), further elaborated
that any deleterious effects of changes in the nature of the resource
base (due'to cultivation and cropping) have been more than offset by
improvements due to terracing, and other conservation measures and
that farmers have learned how to manage the resource better. The
progress made in the conservation of seil and water has, however, by
increasing the supply of soil moeisture actually increased the potential
for ‘mining’ of the remaining soil nutrients by crops {Simpson ef al
1996). With inherently low soil fertility, most of the soils in the semi-
arid areas of East and Southern Africa may produce short term gains in
crop vields when appropriate water harvesting techniques are used but
will accentuate the problem of low sofl fertility in the long term,

Cycles of drying and rewetiing of soil greatly stimulate N
mineralization {Birch, 1958, also see CABI, 1994). In semi-arid zones
this release of nutrients may be unsynchronized with plant uptake due
to immature roots or insufficient moisture to allow uptake to oceur
{Nyathi, 1997). Cycles of increasing soil degradation arising from episodic
events such as storms and fires have led to situations of diminishing
organic matter levels and nutrient status of soils in the semni-arid areas.
With reduced soil organic matter, infiltration rates for rainwater are
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lowered. runoff increases carrying with it the relatively nuatrient-rich
top layer. Both valuable soil and potentially productive water are lost
{Simpson et al.. 1996} to silting dams, lakes, rivers and oceans. Nitrogen
fixation has also been reported to decrease with water deficits via poor
root nedulation and an observed drop in nitrate reductase activity
(Salisbury and Ross, 1992). This would affect plant growth negatively
in semi-arid areas.

Binlogieal nitrogen fixation in cropping systems

On a worldwide basis, the demand (or fertilizer nitrogen cannot be met
by the use of chemical fertilizers {Postgate, 1987). Therefore, biological
nitrogen fixatton {(BNF) is an important source of soil nitvogen in the
soil-plant-environment system, particularly for farmers in developing
countries where farm family incomes are low and preclude the wide use
of commercial inorganic N sources. The use of BNF is widely recognized
in Kenya, Malawi, Zambia, South Africa, Tanzania, and Zimbabwe and
o a lesser extent in the other countries of East and Southern Africa as
a practical way of increasing nitrogen availability to plants. To this end,
the Microbiology Research Cenire (MIRCEN] in the University of Nairobi
and the Soil Productivity Research Laboratory of the Department of
Research and Specialist Services in Marondera {Zimbabwe) have been
for a decade and more actively involved in the production, evaluation
and marketing of fegume inoculants.

Where legume/ cereal intercrops are involved, the possibility of nitrogen
transfer from the fixing legume to the cereal, or the sparing of mineral N
by the fixing legume which in furn increases N availability to the cereal
can increase crop growth and vield per unit land area. However, BNFis a
process that requires a high energy input, Energy in the form of adenosine
triphosphate (ATP} is required to transform atmospheric N, to NOs , in
addition to the much higher requiremnents for Mo and Fe* for N, fixation.
Other extra requirements for fixation include a greater enzyme requirement
by the bacterium, and the requirement for a greater time to regenerate
enzymes for NO, assimilation. These extra requirements for N-fixation
are well documented by Raven (1985} and Sprent (1884),

In theory, therefore, atmospheric fixation of nitrogen has a high
energy and water cost to the fixing plant (Raven, 1885). Thus. in semi
arid regions, where nutrients and water shortages are common, the
relatively high energy requirements for N, fixation may reduce the
maximum potential yield for fixing plants compared to plants assimilating
mineral N, (non-fixing). Based on this information, a N, fixing legume
plant or any other in a mixture with a cereal crop may not be the most
efficient way of utilizing the scarce supplies of water for food production
in semi-arid areas of East and Southern Africa. There is, however,
experimental evidence to demonstrate that intercropping with legumes
is successful only for a few legumes such as cowpea (Vigna unguicidata)
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and pigeon pea (Cajanus cajar), in years of average rainfall, and the
legumes have been shown to fix N,.

Intercropping in Semi-arid Areas

Intercropping is defined as the cultivation of two or more species of
crops to the extent that the crops interact biologically (Vandermeer,
1990). Common terminology used interchangeably with intercrops
inchide polycultures and mixtures, Intercropping is commonly practiced
to closely similar or equal extent in semiarid and subhumid zones using
cereal, leguminous and other crop varieties. The focus of discussion in
this section is on semiarid zone intercropping practices.

There are many variations of intercrops, the common ones being
mixed, row, strip, and relay cropping (Vandermeer, 1990). These
variations depend on the sowing date, spatial arrangement and the
degree of physical association of the crop species grown together,
Intercropping is a very common practice, In Africa, 98% of cowpeas
{Vigna unguiculata) are grown as mixtures while in Colombia, 90% of
beans (Phaseolus spp.} ave cudtivated in intercropping systems [Guitierrez
et al., 1975). Agricultural land devoted to intercropping varies between
17% in India to 94% in Malawi (Edje. 19791 In 1923, bejore the advent
of mechanized agriculture, as much as 57% of soybean acreage was
grown as an intercrop with maize in Ohio, I1.8.A, (Thatcher, 1925]). This
probably emphasizes the age-old importance of intercropping as a
practice that has harbored hidden benefits that have not been clearly
substantiated by research.

A common proposal for the frequent use of intercrops is that they
produce a system capable of dealing with environmental variability, or
that the system is a straiegy of risk avoidance (Francis and Sanders,
1978). It is argued that if twe or more species are grown together, where
each has a different growth requirement and different growth cycle,
there may be an increased possibility of obtaining some vield, at least
in one of thern. under adverse growth conditions. In many parts of Kenya,
Zimbabwe, Zambia and Malawi for instance, farmers will plant maize
and bean polycultures, expecting a reasonable maize grain yield and a
considerably reduced bean vield, such that the bean is considered a
bonus {Fisher, 1977). The legume in the polyculture is a source of protein
in human diets for cash-limited peasant families, Common dishes often
consist of cereal-legume mixtures. The legume stover s also a protein
souree in animal feeds.

A survey of Machakos area in Eastern Kenya, dominated by a semi-
arid climate, revealed that almaost all farmers practiced mixed cropping,
especially during the short rainy season {Marimi. 1975}, while other
reports indicate that 95% of farming land in other marginal areas of
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Kenya was under intercrops. Most of the intercropping research in Kenya,
however, has been carried out in the high and medium potential areas
and in the relatively wetter and cooler areas of semi-arid Kenya such as
Katumani and the surrounding areas {mean annual air temperature
19.5°C, mean annual rainfall 855 mm) (Nadar, 1980 ), In the drier arcas
of Kenya, for instance Kiboko (mean annual afr temperature 23.5°C,
mean annual rainfall 500 mm}, most of the research on intercrops has
been on agroclimatic analysis and/or modeling (Stewart and Faught,
1984, Keating et al, 1992).

Limitations of intercropping

When two species are grown together within the same environment,
their interaction can be synergetic or competitive. In semi-arid regions,
there may be competition for limiting supplies of nutrients and water.
Infercropping may also affect the amount and quality of light available
to the components of the mixture. For instance, maize and heans while
grown together form different canopies and the taller maize could shade
the bean plants. The qualitative and the quantitative radiation
interception therefore differ beiween monocultures and polyculiures,
particularly for legumes and the shading effect of the cereal, affect the
utilization of light for photosynthesis (Kimani 1994}, These and many
other crop competitinn issues, as well as the choice of legume Intercrop
need more attention from researchers who should find answers to be
able to unambiguously advocate intercropping as a viable agricultural
production practice in these arcas,

One of the major difficulties to understanding the advantages or
disadvantages of intercrops is the absence of appropriate ways for
assessing the performance of the components of a mixture relative {0
the monocultures. The Land Equivalent Ratio [LER], a function of land
area, is the most commonly used measurement to judge the effectiveness
of an intercrop (Mead and Willey, 1980). The objectives of intercropping
may not necessarily be related to increased biomass or grain yield, but
could be related to socio-economic factors such as risk aversion or a
combination of this and other factors such as improving soil fertility
over time through inclusion of legumes or agroforestry species. The
planting pattern which produces the highest physiological advantage
cannot always be the one used by the farmer because his/her choice is
likely to be influenced by other considerations such as preferences fora
specific component, convenience in sowing, weeding and harvesting
(Natarajan, 1989). There are situations where the farmer would not
accept a loss in yield from one of the components, Willey {1979) points
out that different intercropping situations may have to satisfy different
requirements for them to be advantageous, and it is important that
research aimed at improving an intercrop recognizes these requirements,
For example, in Zimbabwe, a row pattern in a maize - cowpea intercrop
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which produces maore cowpea but reducing the maize yield drastically
will be less preferred than the one that largely favors higher maize yields
and some additional yield of the legume (Natarajan, 1989).

Sofl fertility and nutrient dynamics under polycultures appears more
complex than under cereal crop rotations and requires the attention of
multi-disciplinary research teams that would at least include agro-
ecologists, agronomists and soil scientists. Under crop rotation, it is
possible to precisely measure nutrient requirements of the next crop
while simultaneously determining what has been used or contributed
by a previous crop, a much simpler operation than dealing with
intercropping situations,

Nutrient supply in cereal crop rotations and other dryland
cropping situations

Numerous studies have been conducted in ASALS of Eastern and
Southern Africa to determine the effect of inorganic and organie inputs
on crop vields (Stewart and Faught. 1984; Probert and Okalebo, 1992;
Nyathi, 1997; Jeranyama &f al, 1998). Most of these studies have
confirmed the widespread deficiency of N and P in soils and the necessity
of these nutrients for healthy plant growth in the ASALS of Eastern and
Southern Africa. On examining the results of experiments conducted to
determine the effects of various levels of N and P {30 kg N and 20 to 60
kg P ha''] on the vield of maize and cowpeas grown in a rotatien at five
sites in the ASALS of Kenya, Probert and Okalebo {1882], concluded
that N and P combinations gave yields higher than the control and N
only treatments at all sites reflecting the combined importance of N and
P in maize nutrition in the ASALS of Kenya [Table 7.2). A similar
conclusion was reached by Nyathi (1997}, following a study in Zimbabwe
inn which the effects of N and P levels on a maize monocrop grown on a
sandy scil were considered. Grant (1981), demonstrated that it was
difficult to obtain good crop yields from sandy soils without regular
application of mineral fertilizer, rmanure, and lime in Zimbabwe. Although
water may be the major limiting factor to crop growth in semi-arid areas,
these studies show that nutrients also play a key role in increasing or
limiting yields depending on the amount of rainfall.

A legume cover crop may contribute N to a subsequent non-
leguminous crop, reducing N fertilizer needs by 100 kg N ha' and more
in some cases {Giller and Wilson, 1991; Hesterman, Griffin, Williams,
Harris and Christenson, 1992). Badaruddin and Meyver (1989), however,
cautioned that cover crops may also deplete the sofl moisture necessary
for grain production in semi-arid areas while Jeranyama et al. (1998),
emphasized that they can also compete for light and nutrients with the
revenue crop. Strategies for water conservation in soil cultivated for
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crop production should include selection for those green manure cover
erops that enhance water use efficiency.

Table 7.2. The Effect of N and P Fertilizer on the Yield of Maize (kg grain ha'} inthe short
rains season in Eastern Kenya

Treatment NOFRC lthookwe Makava Kyengo Mutua
Katumani  Sub-Station Famm Famn Farm
Gontrol 2438 2418 480 580 4597
N 3474 3481 918 3860 1983
N 3759 4304 1865 4540 350
LED {(P<0.05) 859 773 376 418 450

Sources. Okalebo, 1987; Probert and Okalebo, 1992

*Means of P application rates of 20, 40 and 60 kg P/ha, apart from Mutua Farm where
rates wers only 20 and 40 kg P/ha.

The LSD valuses ars for comparing the control or the N treatments with N + P treatment.

Legumes are very important in African cropping systerns, As pointed
out earlier in this chapter they are often not only intercropped with
cereals but are also grown as sole crops in cereal-legume rotations.
Legumes are a major source of protein, particularly to smallholder
farmers (Karanja and Weod, 19881, The commonly grown legumes in
East and Southern Africa are common beans, cowpeas, pigeonpeas,
bambara nuts and groundnuts. Through rotations legumes serve as a
break crop against root diseases and also contribute to residual soit N
{through decay of roots, nodules and leaf litter) for subsequent cereal
crops (Nadar and Faught, 1984a). At Kyengo Farm {(Wamunyu in Kenya}
Simpson et al. (1992}, reported that the cowpeas, pigeonpeas and lablab
grown for two seasons in a rotation with maize left behind an additional
40 kg N ha'! in the soil profile. This N quantity was only adequate to
increase subsequent maize yield by 300-400 kg ha’. Perhaps the modest
increase arose from the common practice in the region, where the
legume's entire above ground hiomass including some roots were
removed from the soil and used as livestock feed, thus removing most
of the N associated with the legume biomass. This reflects that the
legumes alone will not solve the problem of sustaining soil fertility in
semi-arid areas where both human and livestock populations are already
exacting immense pressure on the land which has to continue to support
their sustenance.

To determine the phosphate fertilizer requirement for cowpeas, a
field trial was conducted at Kyengo Farm, Warmunyu (Kenya) during the
1988 short rains (SR). Phosphate was applied at 0, 20, 40 and 60 kg P
ha' as single superphosphate. To study the residual effect of P fertilizer
in a succeeding crop, cowpeas were replanted in 1989 long rains (LR)
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without further application of P; but only nitrogen was applied at 60 kg
ha' and the second cowpea crop planted very close to the original rows.
The first cowpea crop experienced a wetter than average season
{rainfall from planting to harvest was 415 nmun at Kyenge Farm in 1988
SR). Cowpeas responded to phosphorus with grain yields increasing
with rates of P (Table 7.3}, In 1988 LR the rainfall was unevenly
distributed with only 8 mm received after the end of April. On this sandy
soil, moisture was Hmiting production due to poor storage, hence the
residual effects of P added to the preceeding crop were not substantial
(Table 7.3). Inadequate soil moisture reserves do not favour the
dissolution of fertilizer in soils, and thus limit plant uptake.

Table 7.3. The efiect of N and P Fertilizers on the Yield of Gowpeas at Kyengo Fanm,
Wamunyu (Kenya) in the 1988 short ralns {SR} and the 1988 long rains (LR}

Treatment 1988 SH 1983 LR
Grain {kg ha™"} Grain {kg ha'*}
aven-dry oven-dry
Control 101G a8
N 1100 248
N+P* 2240 375
LSD (P<0.05) 413 96

Source: Probert and Okalebe, 1992
* Means of £ application rates of 20, 40 and 80 kg ha”
L8D's are for comparing the N or the control treatments with NP,

Crop-Livestock Interactions in Mixed Farming Systems

This section presents an integrated view of nutrient cycling in selected
mixed farming systems of East and Southern Africa with some examples
also drawn frem West Africa to {llustrate some fundamental
characteristics of systems common in Africa. First, a general view of
crop-tivestock interactions is presented to highlight possible benefits,
synergies and problems arising from interaction of crop and livestock
enterprises within semi-arid settings,

Characteristics of mixed crop-livestock farming systems in semiarid
zones

Mixed crop-livestock farming systems are characteristic of large areas
of Africa (Allan, 1965; UNESCO, 18979). Cattle are the most widely used
livestock for cultivation in most parts of Africa while in India both cattle
and buffaloes are used as sources of draft power. In most of sub-Saharan
Africa, animal power for cultivation has been introduced during the
present century uniike for example, in North Africa where animal traction
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has been in use since the time of the Egyptian Pharachs. Domestic
animals (cattle, camels, goats, sheep, horses, mules and donkeys) have
played an outstanding and central role in the entire history of mankind
by providing food, fuel, manure, transport and clothing.

Livestock farming is a necessary complement to crop cultivation in
many mixed farming systems and a key factor in the ecological balance,
as well as an important safeguard against risk for the farming household.
The tmportance of animal products in the balance of seasonal
fluctuations of foad avaiflability from other sources, or in the case of
total crop failure should not be underestimated. The goat, for example,
often called the poor man's cow, and blamed for destroving the
environment {because it is the last one to be seen when all else has
succumbed to drought) does in fact have an important function in the
survival of a large number of the rural population in East and Southern
Alrica through provision of milk and timely meat supplies following a
drought. The increase in agricultural productivity through the use of
animal draught power and the provision of manure are indirect effects
but very critical inputs to enhancing social security and soit fertility for
the smaliholder farmer

The role of livestock in improving soil fertility and productivity
In many African countries, fertilizer prices have escalated due to the
removal of subsidies as part of government structural adjustment
programs. One of the outcomes of such palicies is the greatly reduced
use of this input in agricultural production. Instead, livestock manure
iz the main input for improving soil fertility particularly in semi-arid
regions and has potential to improve crop yields considerably. This has
been shown in several studies and reviews {Haque, 1993; Probert ef al,
1995; Murwira ef al., 1995;) and for humid and sub-humid areas of
East Africa (Kimani et al., 199%; Lekasi ef al., 1998; Lekasi ef al., 2001).

The demonstrated benefits of manure include increase in soil pH,
water holding capacity, hydraulic conductivity, infiltration rate and
decreased bulk density. Marnure can be an important source of nutrients,
especially nitrogen {N), phosphorus {P) and potassium (K). The quantities
of manure available are, however, often inadequate to maintain soil
fertility and crop yields. The quality is also often poor. This can, however,
be improved. Results of a survey of farmer practices in the Masvingo
Province of Zimbabwe showed that a majority (86%) of surveyed farmers
mixed woodland leaf litter with manure or with manure and fertitizer
before application to crop fields (Nyathi, 1997). In the short ferm, manure
forms a reserve pool of mineralizable nutrients that will be available for
plant uptake in future seasons. In general, manure has the long-term
effect of raising sofl organic matter levels.

One ecosystem level study of nuirient cycling which has been
documented is the communal ares farming system [CAFS) in Zimbabwe
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which is a low input agro-pastoral system confined to the peasant
farming sector. Swift et al. {1989). gave a description of CAFS as
interaction between the grazing and arable sub-systems centered on
the role of cattle to transfer nutrients from the grazing lands to the
arable fields in the form of manure. Detailed nutrient transfers for the
CAFS model are shown in Figure 7.1, Other inputs and flows, which
contribute to sofl fertilify, are termitaria soil, leaf litter and household
compost (Nyathi, 1997}, Little, if any, of the crop residues produced are
incorporated directly into soil. The greatest potential for losses of
nutrients in the CAFS is in the arable fields (6 - 42 kg N ha''), through
leaching, and N volatilisation from stored manure (1 - 6% of total N},
{Figure 7.2, Murwira et al 1995). The manures from these farming
systerns have been noted to be of poor quality and mineratize little
nitrogen in the short term, but the potential is higher if residual effects
are considered (Murwira and Kirchmann, 1893).

Figure 7.1. Uiilization of tocally derived fertifizers by farm househoids in Mutoko
Communal Area, Zimbabwe. Data are amounts in kg ha”' transterred between diffarent
soureas and links for clarity some minor transfers have been omitted thus numbers may
nol seem to add up
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Figure 7.2, Nitrogen fluxes in an animal-plant-soil system of & communal area farm in
Zimbabwe. The data are ranges of measured variables detected in applications of zero
to 100 kg N of fertiiizer as manure, inorganic N or as a mixture, Min indicates N
mineralization
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Manure is generally a scarce commodity on most farms. The amounts
of manure available to a farmer is dependent on several factors such as
herd size, its management system. ownership patterns, and for farmers
with no livestock in semi-arid areas, the existence of manuring contracts.
Manure production is also dependent upon seasonal differences and
rainfall conditions, which determiue availability of fodder. Manure
production especially from unimproved livestock breeds in free-range
grazing, open systemns is generally low although highly variable. Production
levels of 14on ha'! yr' per animal for unimproved local breeds in a maize-
livestock system have been reported for semi-arid parts of Eastern Kenya
and Southern Zimbabwe (Scoones, 1990; Probert et al. 1992). For the
same regions of Kenya, Ockwell efal., (1991, estimated manure levels as
high as 2.5 tons ha“ yr'. Livestock in this system graze in crop fields
once harvested and in designated grazing areas.

Despite the low levels of manure produced from farms, recommended
manure input levels are ofien between 10 to 15t ha! v in semi-arid
areas and appear to be lowered as rainfall conditions Improve (Table
7.3). Actual application rates by farmers are far much lower. The manure
used in trial recommendations often emanates from feedlots and ranches
with higher feed quality and supply than communal areas. The quality
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of pen manure from livestock in communal areas is highly variable,
with N levels as % of DM ranging from 0.46 to 1.98% [Mugwira and
Mukurumbira, 1985: Tanner and Mugwira, 1984: Mureithi et al., 1994,
Lekasi et al, 2001). Such levels are far lower than N contents found in
manures derived from feedlot cattle or from ranch cattle with
supplements. In addition, much of the communal area cattle manure
contains high fractions of sand (Khombe et al., 1992). N levels also vary
between seasons as a consequence of changes in the quality and
availability of fodder, this being a function of scason feed quality.

Table 7.4. Recommanded rates of manure application for fisld crops on sandy soils of
Zimbabwe

Source Area and Type of Soil AEZ  Recommendation
Grant (1981) Alvord (Makohot) 3 40t ha'' of manure
granite santveld every 4 years
Cackett {1960) Matopos granite sandveld v 18-20t ha!) manure
per year
Grant (1976; 1981}  Kwekwe Communal Area il 10t ha* manure
granite sandveld + 120 kg N ha"
Johnson (1962) Chiweshg Communal Area it 5t ha-1 manure
granite sandveld + 181 kg ha” urea at
& weeks after planting
Rodel et al {(1580) Henderson Research Station | 4.5t ha’ manure
granite sandveld + 70 kg ha' P205
+ 60 kg ha™' K20

Adapted from Mugwira and Murwira, 1997,

All sites are on granitic sandy soils: Sites in Masvingo are on abandoned or fallowed sands.
AEZ = Agroecological zone according to annual rainfall as follows: AEZ 1 = »1000 mm;
AEZ 1 = 800 t¢ 1000 mm;, AEZ Il = 880 {0 800 mm; AEZ IV = 450 10 650 mm per annum

Inadequate feed is a major constraint to most farmers especially those
with stall-fed animals. The planting of fodder species particularly Napier
grass (Pennisetum purpureum) is, therefore, a recommended practice on
farms with zero-grazed dairy production systerns. The production of fodder
can be enthanced by the use of fertilizers. Bayer (1990), showed that with
the application of fertilizer at 100 kg N plus 20 kg P ha'’, Napier grass can
vield 25 tha'! dry matter with 1,5% N and 0.30% P content. Typical vield
of Napier grass without fertilization is less than 10 t ha'. The use of
fertilizers is crucial in increasing feed supply and its quality. Mineral
fertilizers, however, continue to be costly and unavailable to most farmers.
The small amounts of these fertilizers that are available need to be used
judiciously, by combining them with organic sources of nutrients such
as N-fixing legumes, crop residues and manures.
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One way to improve manure quality (i.e., nutrient content) is to
supplement livestock feed with nutrient rich concentrates and fodder
{Lckasi ef al., 2001). Many trees and shrubs used in agroforestry systems
can provide fodder that can improve the quality of manure. For example,
Delve et al, (1998) showed that N content in ruanure can be raised from
0.910 1.7% if the grass fed to zero-grazed dairy cows were supplemented
with fresh leaves of Calliandra calothrysus, a leguminous shrub with
fodder value, at 15% of the total dry matter offered to the animal. While
this improvement in manure gquality through fodder supplementation
is possible in feedlot systems, it is more difficult to quantify under grazing
systems in rangelands comrmon in semi-arld regions.

The challenge in any production system whether it involves livestock
or not, is how to minimize nutrient losses and improve the efficiency of
nutrient cycling. In systems involving livestock, nutrients can be lost
via several avenues. An important one in traditional livestock enclosures
{bomas) is the leaching and loss of nutrients from the surface soil as
shown by the profiles of N, P and K of soil under ‘bomas’ from studies in
sermni-arid Eastern Kenya (Figure 7.4). For both mineral N and K, the
enrichment extended to the full sampling depth of 2 m, but for P the
effect was restricted to the surface layers as expected from its low mobility
[Probert et al, 1992). This leaching of nutrients from ‘poor’ storage shows
an accumulation of nutrients beneath the ‘bomas’, which act as sinks
for nutrients that have been removed from farm suils or croplands and
are no longer aceessible unless mined.

The rate of mineralization of N is faster, and losses from volatilization
are grealer from animal excreta than from plant litier. This makes
ammonia volatilization a major loss of N from manure. Vertregt and
Rutgers (1988] estimated that ammonia losses accounted for four times
as much of the N excreted from animals compared with N losses from
decaying berbage from pasture. Other avenues of loss are in use of
manure as fuel wood especially in the densely populated areas {e.g.,
highlands of Ethiopia) and as material for plastering of houses {for
example Kenya, Zimbabwe, South Africa and Zambia). Data on losses
of nutrients during manure management in smallholder farming systems
is generally lacking. Recent estimates, however, suggest that up to 60%
Nand 10% of P can be lost through poor manure management {Shepherd
et al., 1995]. Although there are uncertainties in these estimates,
accurate measurement particularly in the context of intensive dairy
farming with high manure fluxes are still required and the need to device
apprepriate managemertt practices that minimize losses remains
unfulfilled. Stnce 40 to 60% of the N excreted by livestock (ruminants)
is in the form of urine, the potential for nutrient loss can be greater
under stall-feeding than field grazing extensive systems since only
manure is captured and applied to crop fields [Powell and Williams,

* 199561, More intensive stall-feeding systems of livestock eould, therefore,
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Figure 7.4. The accumulation of nitrogen, phosphorus and potassium beneath bomas
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increase nutrient losses and jeopardize long-term soil productivity if
technologies are not available that capture and recycle the nutrients
volded by the animals.

The nutrient flows and leakages of livestock-crop-based systems
are little understood. Ransom et al., (1995 observed that 72% of all
maize stover produced i the maize-coffee-livestock based system in
Embu (Cenfral Kenya) was fed to livestock. Nitrogen and phosphorus
removal through grain from this system averaged 50.7 kg ha' and 8.5
kg ha', respectively, and 4.9 kg ha' and 1.2 kg ha', respectively through
stover, Nutrienis contained in crop residues (e.g. maize stover) may not
be losi from the system if fed to livestock or used as bedding materials
in livestock pens which will allow its recycling with manure. The success
of this would, however, be dependent on the other demands for crop
residues such as use as fodder, for fencing, roofing or fuel.

Loss of nutrients through off-farm sale of manure can be a major
avenue for losses of nutrients {Shepherd et al, 1995). The net effect
on soil fertility is a negative nutrient balance at the farm level. This
can only be made positive where nutrients imported in feed
concentrates or harvested off-farm by grazing animals outweigh
nutrients exported in the sale of livestock and its products. In zero-
grazing systems, the use of nutrient-rich feed concentrates can balance
nutrient losses.

In farming communities where some farmers keep livestock and
others do not, grazing of livestock or sale of grass and crop residues
from those withott to those with lvestock can result in overall nutrient
tmbalances at the community level in favor of those with livestock. This
is demonstrated by Reynolds and de Leeuw (1985), in livestock-mixed
farming systems jn the Kaloleni area of the sub-humnid coastal belf of
Kenya. Farms with grazing cattle showed a net positive N balance at the
expense of non-cattle owning farms in the area, provided there was
unrestricted aceess to all on-farm feed resources. As a consequence,
Reynolds and de Leeuw {1995), estimate that farms with access are
able to provide a net input of 25 kg ha? for soil fertility and plant growth
which is sufficient to maintain maize grain of 1.8 t ha''. A slightly lower
net input of N ha! can be achieved in the semiarid zone given that it is
slightly more arid than the subhumid zone and the two zones are
sometimes difficult to separate.

Soclo-economic factors that affect the use of manure

Most research en nutrient cycling to date has focused on its biological
dimensions. Scoones and Teulmin {1985), pointed cut that social and
economic processes mediate the velume, pattern and distribution of
different nutrient flows. Access to manure will be affected by a range of
factors such as size of the herd and access to manure exchange contracts.
The quantity of manure will depend on availability of fodder resources
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and access to grazing land, which in turn is affected by tenure rights,
Manure quality will depend on the type of fodder resource, seasonal
rainfall and feeding management.

The application of manure to arable areas will depend on availability
of fabor and transport {from livestock pens to the field), or the existence
of arrangements whereby herders pen their livestock on farmer's fields.
Availability of transport depends on access to carts and draught animals
{Nyathi, 1997). Access {o manure from livestock owners will be dependent
on established mutually acceptable exchange relationships between erop
and livestock farmers. The effective use of available nutrients for crop
growth will be dependent on careful management and timing of manuring
in relation to sowing and weeding the crop. The nutrient pools and
flows of agro pastoral systems such as the ones presented in Figure 7.2
become much more complex once these issues are taken into account,
Issues of resource quality and access affect the nutrient stocks within
any one of the nutrient pools identified, while issues of lIabor availability,
management skill, access to cash and availability of transportation
influence the flows between nutrient poels.

In summary, the overall use of manure as a source of nutrients
for crops is dependent on a range of socio-economic factors that are
likely to vary from place to place in Eastern and S8cuthern Africa but,
which in general, are little understood when compared to ecological
conditions.
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Introduction

The Sudance-Sahelian zone of West Africa (5SZWA) is the home of the
world poorest people, 90% of whom live in villages and gain their
livelihood from subsistence agriculture. Per capita food production has
declined significantly over the past three decades. According to FAO,
total food production in Sahelian countries grew by an impressive 70%
from 1961 to 19986, buti it lagged behind the population which doubled,
causing food production per capita to decline approximately by 30%
over the same period. Low, erratic rainfall and high soil temperature,
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soil of poor native fertility, surface crusting and low water and nutrient
holding capacity, and recurrent droughts are the main abiotic constraints
to crop production in this environment.

Data on economic and human development characteristics of West
African cotmntries (Table 8.1) indicates that except for Senegal. Cote d'voire,
Mauritania and Ghana where the percentage of undernourished people is
Tess than 19%. most couniries have between 20 to 534% of undernourished
people and countries like Niger have more than 35% of their population
underncurished. Sahelian countries produce 80% of their total cereal
preduction under very difficult conditions, The ability to obtain the
remaining 20% of required food is limited by low Income and underdeveloped
marketing channels. Gross domestic product per capita, for example, ranged
from USS177 in Chad to USS575 in $enegal and have stagnated in real
terms over the past decade. From the United Nations Development
Programme’s Human Development index, which ranks countries in terms
of life expectancy, education and income, Sahelian countries fall in the
bottom 15% of the 174 countries ranked, the lowest being Niger.

In extensive agricultural systems, when crop yields decline to
unacceptable levels, the land is left fallow to build up soil fertility, and
new areas are then cultivated. Increasing population pressure has
decreased the availability of land and resulted in reduced duration of
fallow and increased the duration of cropping periods. Shifting cultivation
is losing effectiveness and soil fertility is globally declining in many
areas. The present farming systems are therefore unsustainable, low in
productivity and destructive to the environment. Plant nutrient balances
are negative [Stoorvogel and Smaling, 1990). The increasing need for
eropland has prompted farmers to cultivate more and more marginal
lands which are prone to erosion,

Agricultural output should expand by at least 4% annually by the
year 2000 in order to ensure food security. Previcus studies have clearly
shown that the expansion of new farms cannot increase output by over
1% without accelerating environmental degradation. Consequently,
productivity of land currently under cultivation should increase by at
least 3% per annum. Presently, over a quarter of West African sub-
region's population of two hundred million inhabitants is threalened by
food insecurity. Any program aimed at reverting the declining trend in
agricuttural productivity and preserving the environment for present
and future generations in West Africa must begin with soll fertility
restoration and maintenance (Bationo et al., 1996}

In this chapter, after a brief presentation of the crop production
envirenment, we will present the state of the art of nitrogen, phosphorus
and organic matter management for sustainable land use in the Sudano-
Sahelan zone. Before presenting the new opportunities for future
research for soil fertility restoration in this zone, we will discuss the
effect of different cropping systems on soil fertility and also the main
research achievements of the on-farm evaluation of soil fertility
restoration technologies,
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Crop Production Environments

Climate
The rainfall in West Africa shows a significant north-south gradient
because of the inter -seasonal movement of the intertropical convergence
zone, north and south of the equator. The rainfall is low, variable and
undependable. The north-south rainfall gradient is very steep. The
further one goes from the Sahara margins, the greater is the rainfall by
approximately 1 mm km'. The isohyets run parallel {Toupet 1965).
Sivakumar {1986) proposed a soil climatic zonation scheme for West
Africa that is caleulated from rainfall and potential evapo-transpiration.
Ir1 this scheme a growing period of 60-100 days was used for defining the
Sahelian zone. The geographical extent of the Sudanian zone has an
average growing period of 100-150 days. The extent of the Sudano-
Sahelian zone of West Africa {(SSZWA] is represented by the Semi-Arid
zone in Figure 8.1, The average annual rainfall of the cultivated zones
varies from 300 to 900 mum and the ratio of annual rainfall to annual
potential evapo-transpiration from 0.20 to 0.65. High soil temperature,
sometimes exceeding 40°C, can prevent crop establishment, Sand blasting
and burial of the seedlings caused by wind erosion adds to this problem.
Time dependent variations in rainfall are quite common in the region
with coefficient of variation of annoal rainfall ranges between 15-30%,
and rainfall in some years can be 504 below or above the long-term
average. For instance, Nicholson (1881) showed that in 1950 rainfall all
over West Africa was above normal, at some location even 2609% above
normal. However, in 1870 rainfall was below normal throughout the region.

Figure 8.1. Agro-scolagical zones of West Alrica
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It is well documented that precipitation determines the potential
distribution of terrestrial vegetation and extended drought have initiated
or exacerbated desertification. In the past 25 years. the SSZWA has
experienced the most substantial decline in rainfall {Hulme and Keily,
1997; Hulme 1892; Nicheolson and Palae, 1993) and the downward trend
is persistent since 1851 with more areas experiencing more higher
rainfall variability, As a result of the decrease in rainfall there will be a
decrease in the vegetation cover of the land and a reduction in the
vegetation cover logically leads to reduce precipitation [Charney, 1975;
Cunnington and Rowniree 18986; Xue ef al. 1830). The other non-climatic
forces of desertification includes unsustainable agricultural practices,
overgrazing and delorestation.

With the reduction of the vegetation cover, the soil is left bare and
therefore directly exposed to wind and water erosion. The effect of these
changes on wind and water erosion are aggravated by the sandy nature
of the soils of S8ZWA, which are frequently poorly aggregated, offering
little resistance to the erosive forces. The Global Assessment of Soil
Degradation {GLASOD] preject estimates that 65% of the African
agricultural land, 31% of permanent pasture land, and 19% of forest
and woodland has already been degraded. Three hundred and thirty
two million hectares of African drylands are subjected to soil degradation.
‘This represents one third of the entire area of drvland soil degradation
in the world.

Land degradation is one of the most serious threats to food
production and seil lost through erosion is about 10 times greater
than the rate of natural soil formation while deforestation is 30 times
greater than of planned reforestation. Buerkert et al. (1996al
measured absolute soil Jost of 190t ha'' in one year on bare plots, as
opposed to soil deposition of 270 € ha” on plot with 2 t ha’ millet
stover mulch, Sterk ef al. {1996) reported a total loss of 45.9 tha! of
soil during four consecutive storms. Buerkert ef al {1996b) reported
that in unprotected plot up to 7 kg of available P and 180 kg ha* of
organic carbon are lost from the soil profile within one year. Wind
erosion will decrease also the exchangeable base and increase s0il
acidification. Wind erosion constitutes one of the major causes of
land degradation. This results from the low vegetation cover at the
time whern the most erosive winds are blowing in combination with
sandy and easy erodable solls. Wind erosion induced damage includes
direet damage to crops through sand blasting, burial of seedling under
sand deposits and Joss of top soils (Fryar 1971}, The loss of the top
soil which can contain 10 times more nutrients than the sub-soil is
particularly worrying, since it potentially affects crop productivity
on the long-term basis by removing the soil that is inherently rich in
organic matter.
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Soils

Entisols and Alfisols occupy most of the'landscape in the SSZWA.
Entisols are mainly composed of quartz sand, with low water and nutrient
holding capacity. Alfisols have a clay accumulation horizon and a high
base saturation because of lower rainfall and leaching but they have
poor structural stability, poor water and nuirient holding capacity and
lower organic matter than the ultisols and odsols in the sub-humid
areas.

The data in Table 8.1 shows physical and chemical properties of
soils in the 8SZWA. Most of the soils are sandy. One striking feature of
these soils is their inherent low fertility which, is expressed in low levels
of organic carbon (generally less than 0.3%), low total and available
phosphorus and nitrogen and low Effective Cation Exchange Capacity
(ECEC). The ECEC is attributed to low clay content and the kaolinitic
mineralogy of the soils. Bationo and Mokwanye (1991) found that the
ECEC is more related to the organic matter than to the clay content,
indicating that a decrease in organic matter will decrease the ECEC
and then the nutrient holding capacities of those soils. De Ridder and
Van Keulen {1990) reported that a difference of 0.1% in organic C content
results in a difference of 4.3 Cmol kgt in ECEC,

Table 8.1. Mean and standard deviation of physical and chemical properties of selected
VWest African solls, (-15 cm

Parameters Mean Standard deviation
pH HO (2:1 water: soil} 817 0.66
pH KC1 {2:1 KC1: soil) 505 0.77
Clay {%) 38 287
Sand (%} 88 8
Qrganic matier (%) 1.4 1.08
Total nitrogen (mg kg™ 446 455
Exchangeabie bases (omal kg')
Ca 2.18 3.01
Mg 0.59 0.55
K 0.20 0.22
Na 4.04 .01
Exchangeable acidity {cmol kg 0.24 0.80
Effective cation exchange 343 3.801
Capacity (ECEC; emol kg 88 17
Base saturation (%} 3 8

Source: Bationo ef al, 1938
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Soil nutrient depletion is a major bottleneck to increased land
productivity in the region and has largely contributed to poverty and food
insecurity. Soil nutrient depletion occurs when nutrient inflows are less
than outflows. Nutrient balances are negative for many cropping systems
indicating that farmers are mining their soils. Table 8.2 shows the
aggregated nutrient budgets for some West African countries. In Burkina
Faso, current estimates indicate that in 1983, for a total of 6.7 million
hectares of land cultivated, soil nutrient mining amounted to a total toss
of 95000 tons of N, 28000 tons of P205 and 79000 tons of K20, equivalent
to USS159 million of N, P and K fertilizers. In Mali, Van der Pol and Van
der Geest (1993) reparted that farmers extract, on average, 40% of their
agricultural revenue from the soil mining, The significance of these figures
is alarming when it is realized that productivity of these solls in their
native state is already low because of low inherent levels of plant nutrients.
The countries of the SSZWA consume less than 5 kg.ha'' of plant nutrients
and in addition there is intense pressure on the governments to remove
subsidies on fertilizers without alternative policies {o sustain even the
current low levels of use of plant nutrients.

Tabile 8.2, Nutrient losses for some West African countries

Counlry Area {1000 ha} Nutrient ibsses (1600 tons}

N PO, KG
Benin 2972 41.4 10.4 325
Burkina Faso 5691 954 Z7.8 78.8
Ghana 4506 1371 323 80.8
Mali 8015 817 17.9 86.7
Niger 10985 176.1 553 146.6
Nigeria 32813 1107 316.7 248.2

Seurce: Stoorvogel and Smaling, 1990

The data in Table 8.3 indicates that continuous cultivation of the
weakly buffered soils of northern Nigeria will result in a rapid decline of
exchangeable cations and soil acidification in the Sudanian zone of
Northern Nigeria. Soil calcium will decrease by 21% and pH by 4% after
50 vears of continuous cultivation in farmers' fields.

Rains in West Africa frequently occurs in short and intense storms
and pose special problems in term of soll conservation (Kowal and
Kassam 1978). Charreau {1974} reported on rainfall intensities between
27 to 62 mm h'. In Northern Nigeria, Kowal (1970} reported rainfall
intensities over 250 mm h'' for a short period. Hoogmoed reported a
pick intensity of 300 mm h- in Niono, Mali and a pick of 386 mm h"' for
Niamey, Niger (Hoomoed 1986). Land degradation due to water erosion
is more severe in the Sudanian zone than in the Sahelian zone. On the
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bare, weakly crusted surface of the sandy Sahelian soil, infiltration rate
of up to 100 mun ! have been reported (ICRISAT 1985). For the Alfiscls
with indurate crust, infiltration rates of 10.8 mm h' in Central Burkina
Faso have been reported. As a result of the high rainfall intenstties and
low infiltration rates, runoff and soil loss are common in the region. The
data in Table 8.4 indicate runoff and soil loss will depend on soil types
and erodibility, land form and management system (Lal 1980}, Whereas
Sefa in Senegal with a slope of 1.2% on a bare soll a total runoff of
39.5% was recorded resulting in soil loss of 21 t ha! Yr!, in Burkina
Faso with a slope of 1.20% only 7.5% of runoff was recorded with soil
loss of 6.4 t yr! on pear] millet field.

Table 8.3. %age of soil fertility over 50 years infarmers' fields under continuous cultivation
in the savanna zones of Nigeria

Zong Exchangeable cations

Ca Mg K pH
Sudan 21 320 25.0 4.0
MNorthern Guinea 18.6 26.8 330 3.8
Southem Guinea 48.0 50.86 50.0 10.0

Source: Adapted from Balasubramanian ef i (1984).

Table 8.4. Runoff and soil loss data for selected Jocations in west Africa

GCountry Location Mean annuval Slope  Treatments Runoft  Soil Inss
rainfall (mmy % annual  ({ons
% hat yaar'y
Benirs Boukembe 875 37 Milst conventional  11.7 1
Miger Allokoto 452 3 Village 16.3 4
Nigeria Samary 1062 0.3 Sorghum, cotton 25.2 3
thadan 1147 15 Bare soil 41.9 229
Bura soil 135 A0
Maize-maize 2.6 Q
Maize-cowpea 1.7 4
Senegal Selfa 1300 1.2 Cowpea-maize 33.5 21
1241 1.2 Bare soil 28 69
1413 1.2 Grourddaut 341 83
Burkina Faso Qugadougou 850 05 Serghum 4.6 e
Bare soil 2.32 0.6
R Crop 26 o1
Chte d ivoire  Bouake 1200 0.3 Forest 183 18.3
Abidjan 2100 74 Bare goil 8.0 108.2
Malii Niono 1.3 Bare soil 250 NA
Niger Sadoig 580 Milet 1.5 NA
Mitlet 0.2 NA
Sierra Leone  Mebai 2000 Bare soil 1 NA
Sierra Leone  Mabai 2000 Unfortilized maize B MA

Source: Baliono of al. (1988}
Na=not available
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Management of Nitrogen, Phosphorus and Organic
Matter

Nitrogen

For many years, several sclentists in the Sudaneo-Sahelian zones initiated
research o

(i} Assess the performance of the different sources of N fertilizers
{if} To assess the efficiency of different methods of N placement

{iii) To calculate 15N balances in order to determine N uptake and losses
and

iv) To determine effictency of N under different management systems
and the effect of the different soil and agro climatic factors on the
performance of N fertilizers {(Mughogho et al. (1988}, Bationo of al.
{1989}, Christianson and Vlek {1991), Ganry et al (1973}, Gigou et
al {1984).

Soil N is derived from air and dust, biological N fixation, organic
sources, and fertilizers, About 98% of the soll N is stabilized in the
organic matler. Thus the total nitrogen in the soil and the amount of
nitrogen released for plant nutrients uptake will depend on organic
matter content.

Efficiency of N Fertilizers as Affected by N Sources,
Methods of Placement and Time of Application

Christianson and Viek (1991) used data from long-term experiment from
the Sudano-Sahelian Zone to develop response function to N by pearl
millet and sorghum and found that the optimum rate is 50 kg N/ha for
sorghum and 30 kg N/ha for pearl millet. At these N rates the returns
were 20 kg grain per kg N for sorghum and 9 kg grain per kg N for pearl
millet.

The use of 15N in order to caleulate N balances and to determine
fertilizers N uptake and losses provide an important tool for nitrogen
management. Results with 15N research in early years are reported in
Mughogho et al. from which the following conclusion can be made.

+ Apparent uptake of fertilizer N exceeds measured uptake using 15N.

«  Uptake of 15N labelled fertilizer and apparent recovery of unlabelled
N decreases with increasing rates of application.

» Loss of 15N labelled fertilizer to the atmosphere and recovery of 15N
in the soil increases with increasing rates of fertilizer application.

« Estimated losses of N are high regardless of N sources.
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The urea and calctum ammordum riftrate (CAN) are the most common
sources of N in the region. Trlals were undertaken to evaluate these two
sources of nitrogen with basal or split application, banded, broadcast

or applied point placed as urea supergranule (USG}) or CAN point placed.

156N was applied in microplot in order to construct N balances and to
determine N uptake and losses from the different sources of N, methods
of application and timing of application.

From the data in table 8.5, 8.6 and 8.7 the following conclusion can
be made:

(i) Fertilizer N recovery by plant was very low, averaging 25 - 30% over
all years,
{ii) There is a higher loss of N with the point placement of urea (USG) (>

50%) and the mechanism of N loss is believed to have been ammonia
volatilization.

{ili) For all years ioéses of N from CAN were less than from urea because
one-half of the N in CAN is in the non-volatile nitrate form.

{iv) Although CAN has a lower N content than urea, it is aftractive as an
N source because of its low potential for N loss via volatilization.
and s point placement will improve its spatial availability. The data
in Figure 8.2 clearly indicaies that CAN point placed outperformed
urea peint placed or broadcast and 15Y similar trials indicate fhat
15" uptake by plants was almost three times higher from CAN than
that of urea appled in the same manner.

Tabie 8.5, Recovery of 155 in the millet plant and soil at harvest, Sadore, Niger 1982

Treatrment Grain yield® N recovery (%)

{kg ha} Grain Plantt Soil Loss
Check 590 - - - -
CAN split band a70 20.8 388 382 25.0
Urea split band 1.070 18.0 310 373 3.7
Urea split broadeast 1.070 17.6 3.3 41.8 277
Urea basal broadeast 1.040 189 267 418 31.7
USGE basal a60 16.2 27.5 393 332
LUSG gplit 1.070 14.3 285 33.2 40.3
LSD {0.01) 167 46 8.0 80 9.8

* Average yisid for 2l N rates for each source
¥ Sum of grain and stover 18"

GAN: Calcium ammonium ritrate

L8G: Urea super granule

Source: Christianson &f gl 1990

U S VR
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Takde 8.6, Yield and recovery of "N in the millet plant and soli at harvest (1983-85), Sadore,

Niger
Year Treatment Grain yigld®  Stover yield N recovary (%)
kg ha'') kg ha) Graln Plant Soit loss
1983 {hack 660 - . - - "
CAM split band 940 13.0 288 34.2 37.0
Urea split band  1.040 9.8 228 382 28.0
LJSG spiit 920 8.0 220 253 52.7
LED Lo 140 1.8 3z 34 22
1884 Check 480 1.57C - - - -
CAaNsplitband 480 1.850 9.9 36.8 I 26.1
Urea spiit band 470 1.930 55 200 401 309
USG split 480 1.780 8.1 216 248 53.6
LSO {8.01} 30 220 1.8 as 42 44
1885 Chack 900 2315 - " -
CAN gplitband  1.320 2510 - -
Urea split band  1.225 3.020 - - -
USG split 1.350 3.000 - -
LS50 {0.05} 175 386 e -
i was not used In 1685
* Average vield for all N rates for each souice
b Sum of grain and stover 15N
CAN: Calcium ammaonium nitrats
USG: Urea super granulg
Source: Christianson et al 1990
Table 8.7. Racovery 15N fertilizer by millet applied at Sadore, Niger, 1885
N source Application method N Recovery
Grain Stover Soil Total
%o
CAN Point incorperated 213 168 300 68.1
CAN Broadeast incorporated 10.9 10.8 428 84.7
Urea Paint incorporated 5.0 6.5 22.0 335
Urea Broadcast incarporated 8.9 8.8 332 489
Urea Point surface 53 8.6 18.0 31.8
SE 1.2 2.0 1.9 2.4

CAN: Calcium ammonidim nitrate

Source: Christianson and Viek, 1991
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Figure 8.2. Effects of urea and calcium amoniurm nitrate application on grain yietd, Goberl,
Niget
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Efficiency of N Fertilizers as Affected by Soil and Crop
Management and Rainfali

Mughogho et al. {1986) found significant relationships between crop
vields and N recovery. N losses averaged 20% in the humid and sub-
himid zenes with maize and were significantly less than the average
loss of 40% found over all (reatments in the Sudano-Sahelian zone.

In the Sahelian zone, Bationo and Viek {1998} reported N use
efficiencies of 148 in plots without lime and phosphorus whereas this
amount increased to 28% when P and lime were applied.

Rotation of cereals with legumes could be a way to increase N use
efficiency. Bationo and Vick 1998 reported a N use efficiency of 20% in
the continuous cultivation of pear] millet but its value increased to 28%
when pear] millet was rotated with cowpea.

Bationo et al {1989) found a strong effect between planting density

o e g SR T M o = ampmriir oy
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and response to N fertilizer. Christianson et al {1990} developed a model
on the effect of rainfall on N use for pearl millet production in the Sahel
and found that the response to N was affected by rainfall over a 45 days
yield-sensitive period which coincides with the culms elongation and
anthesis growth stages for millet [Figure 8.3).

Figure 8.3. Grain and slover yields affected by N rate and midseason rainfall
Sadors, Niger, 1982 to 1885
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Phosphorus Sources and Management

Among soil fertility factors, P deficiency is a major constraint to crop
production in the Sudano-Sahelian zone. For many years, research
has been undertaken to assess the extent of soil phosphorus deficiency,
to estimate phosphorus requirement of major crops. and to evaluate
the agronomic potential of various phosphate rock (PR) from local
deposits {Goldsworthy, 1967; Pichot and Roche, 1872; Thibout et al.
1980; Bationo et al. 1987; Bationo ef al. 1980; Hauck, 1966: Jones,
1973; Juoe and Fox, 1977, Kang and Osiname, 1979; Boyer, 1954
Nalos et al 1974; Juo and Kang, 1978: Mokwunye, 1979; Truong et
al. 1978)

About 832 of the soils in sub-Saharan Africa are short of this critical
nutrient element and without the use of P, other inputs and technologies
are not effective. However, sub-Sahara Africa use 1.6 kg F/ha! of
cultivated land as compared to 7.9 and 14.9 kg/ha respectively for Latin
America and Asia respectively. It is now accepted that the replenishment
of sotl capital phosphorus is not only a crop production issue, but an
environmental issue and P application is essential for the conservation
of the natural resource base.,

Availahility and total P levels of soil are very low in the SSZWA as
compared to the other soils in West Africa {Bache and Rogers, [970;
Mokwunye, 1974; Jones and Wild, 1875; Juo and Fox, 1977}. For
the sandy Sahelian soils total F values can be as low as 40 mg P kg
" and the value of available P less than 2 mg P kg''. In a study of the
fertility status of selected pear! millet producing soils of West Africa,
Manu ez al. 1991 found that the amount of total P in thess soils
ranged from 25 to 340mg kg’ with a mean of 109mg kg The low
content of hoth total and available P parameters may be related to
several factors including
{i} Parent materials, which are mainly composed of eolian sards, contain

low mineral reserves and lack primary minerals necessary for

nutrient recharge.

{if} A high proportion of total P in these soils is often in occluded form
and s not available io crop (Charreau, 1974).

(iii) Low level of organic matfer and the removal of crop residue from
fields. Organic matter has a favourable effect on P dynamics of the
soil; in addition te P release by mineralization, the competition of
organic ligands for Fe and Al oxides surface can result in a decrease
of P fixation of applied and native P,

The P sorption characteristics of different soil types has been
investigated and compared to the soils of the more humid regions,
indicating that the soils of the SSZWA have very low capacity to fix
P (Sanchez and Uehara, 1980; Udo and Ogunwale, 1972; Fox and
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Kamprah, 1870; Juo and Fox, 1977; Syers et al. 1971}. For pearl
millet producing soils, Manu et al. 1991 fitted the sorption data to
Langmuir equation (Langmuir 1918] and P sorption maximum was
determined using the method of Fox and Kamprath {1970). From
these representative sites in the S8udano-Sahelian zone the values
of maximum P sorbed ranged from 27 mg kg’ to 253 mg kg'' with
a mean of 94 mg kg

P deficiency is a major constraint to crop production and response
to it is substantial enly when both moisture and phosphorus are not
limiting. Field trials were established to determine the relative importance
of N, P and K fertilizers. The data in Table 8.9 indicates that from 1982
to 1986 the average control plot gave 190 kg grain ha'*. The sole addition
of 30 kg P208ha’t without N fertilizers increased the average yield to
714 kg ha'. The addition of only 60 kg N/ha did not increase the yield
significantly over the control as the average gram yield obtained was
283 kg ha''. Those data clearly indicate that P is the most limiting factor
in those sandy Sahelian soils and there is no significant response to N
without correcting first for P deficiency. When P is applied the response
to N can be substantial and with the application of 120 kg N ha' a
pearly millet grain yield of 1173 kg ha'' was obtained as compared to
714 kg ha' when only P fertilizers were applied, For all the years the
addition of K did not increase significantly the yield of both grain and
total dry matter of pearl millet,

Table 8.8, Effect of N, P, and K on pearl millet grain and total dry matter (kg/ha) at
Sadoré and Gebery (Niger)

Treatments 1982 1983 1984 1585 1968
Sadoré Sadoré Gobery Sadoré Sadoré Sadord

Grain TDM  Grain Grain  Grain TDM  Grain  Grain TDM

NOROKG 217 1588 146 264 173 1280 180 18¢ 1300
NOP30KIG 843 2865 608 964 713 2286 440 710 2300
N3GP30K30 Mg 38%7 B 1211 892 30A 720 893G 300¢
NGOP3OK30 11585 3278 758 1224 838 W89 900 880 3200
NSOP3I0K30 1244 3731 980 1323 859 3423 1320 900 3400
N120P30K30 1147 4184 1069 1364 1050 3283 1400 1000 3300
NECPOKI0 274 2372 @2 366 27% 1434 290 230 1500
NEOP15K30 816 2639 614 100 918 3089 710 920 3100
NBOP45K30 $135 3719 1073 1568 991 3481 1200 880 3500
NECP3IOKE 1010 3213 808 1281 €23 3377 820 910 3400

S.E. 107 34 120 232 140 320 162 250 400
CV{%). 24 22 26 30 24 22 28 32 25

N.B. Nutrient applied are N, P205 and K20 kg/ha
TDM= Total dey matter
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The use of alternative locally available phosphate rock

Despite the fact that deficiency of P is acute on the soils of West Africa,
very little P fertilizers is used by local farmers, partially because of the
high cost of the imported fertilizers. The use of locally available
phosphate rock indigenous in the region could be an alternative to
use of high cost imported P fertilizers. The effectiveness of phosphate
rack {PR} depends on its chemical and mineralogical composition
(Khasawneh and Doll, 1978, Lehr and McClellan, 1972, Chien and
Hammond, 1978, The most important feature of the empirical formula
of francolite is the ability of carbonate ions to substitute for phosphate
in the apatite latice. Smith and Lehr (1966) concluded from their studies
that the level of isomorphic substitution of carbonate for phosphate
within the latice of the apatite crystal influences the solubility of the
apatite in the rock and therefore controls the amount of P that s
released when PR is applied to soil. The most reactive PR are those
having a molar PO4/C03 ratio less than 5. West African PR’s are not
very reactive. Chien {1977) found that the solubility of PR in neuiral
ammonium citrate (NAC) was directly related to the level of carbonate
substitution. Diamond (1979 proposed a classification of phosphate
rock for direct application based on citrate solubility as >5.4% high;
3.2-4.5% medium and <2.7% low. Based on this classification only
Tilemsi PR has a medium reactivity.

Ernvironmental conditions, crop types, and management practices
control the P supply and hence the effectiveness of a given PR in a given
crop management environment, (Mokwunye, 1995). The ability of the
soil to provide H+, soil with low P and Ca, seil mioisture, the acidification
of the rhizosphere, plants with high root density and high Ca uptake
play an important role in P availability from PR {Kasawneh and Doll,
1978; Chien, 1977; Molkwunye, 1995; Hammond et al. 1986; Kirk and
Nye, 1986: Hedley et al. 1982; Sale and Mokwunye. 1993; Féhse et al
1988,

Bationo et al. (1987) have shown that direct application of PR
indigenous to the region may be an economical alternative to the use of
more expensive imported water-soluble P fertilizers for certain crops
and soils. Bationo et al 1987 while evaluating Parc-W and Tahoua PR
indigenous to Niger found that PR is only 48% as effective as single
superphosphate {85P), whereas the effectiveness of the more reactive
Tahoua rock was as high as 769 of SSP. Further siudies by Bationoe et
al. (1980) showed that Tahoua PR is suitable for direct application, but
Parc-W bas less potential for direct application. The data from a Jong-
term benchmark experiment show that SSP outperformed the other
sources and its superiority to sulphur-free Triple Superphosphate (TSP)
indicates that with continuous cultivation, sulphur deficiency develops.
For both pearl millet grain and total dry matter vields, the relative
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agronomic effectiveness was almost similar for TSP as compared to the
partially acidulated Parc W phosphate rock (PAPR) with 50% acidulation
{(PAPRS(Q) indicating that partial acidification of Parc-W PR can
significantly increase its effectiveness (Bationo et al. 1996].

In trials conducted in the different agro-ecological zones of Niger it
was found that Tahoua PR outperformed Kodjari PR (from Burkina Faso]
{Figure 8.4). The results are in agreement with the fact that the molar
PO4/CO3 ratic s 23 Tor Kodjari PR and 4.9 for Tahoua PR, and Tahoua
PR has also a higher solubility in NAC.

Figure 8.4. Efiects of different sources and rates of phosporus on pear! millet grain vield
i agroacalogical zones of Niger, 1998 rainy season a} Gaya b) Gober ¢} Sadore
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Bationo et al (1997} found that Tilemsi PR can resuli in net returns
and value/cost ratios similar to recommended cotton or cereal complex
imported fertilizers. There is ample evidence that indicates that market
differences exist between species and genotype for P uptake (Fohse et
al, 1988: Caradus, 1980; Nielsen and Schijorring, 1983, Spencer et al
1980). Bationo {unpublished data) found that the PUE among nine pearl
millet varieties varied from 25 k¢ grainkg 'P for variety ICMVIS 85333
to 77 kg grainkg 'P for Haini-Kirei cultivar.

The data on Table 8.10 clearly shows that hill placement of small
quantities of P fertilizers will have a higher phosphorus use efficiency
{PUE] as compared to the broadcasting of 13 kg Pha' as recommended
by the extension services. Whereas in 1995 the PUE was 47 kg millet/
kg /P with the broadcasting of 13 kg'P ha, avalue of 111 kg millset/kg/P
was obtained with the hill placement of 3 kg Pha with the seed at sowing
time. In on-farm researchers managed {rials in the Sahelian zone, it was
found that the efficiency of PR from Kodjari or Tahoua can be improved
with the hill placement of 4 kg P'ha. Whereas the PUE of Kodjari PR
applied alone was 14 kg millet/kg/P it increased to 31 kg millet/kg/P
when additional P was hill placed at seedling time as 15-15-15 for pearl
millet grain vield (Bationo, unpublished data).

In long-term soil management irials, application of N, crop resklue
and ridging and rotation of pearl millet with cowpea were evaluated to
determine their effect ont PUE. The results show that soil productivity
of the sandy seils can dramatically increase with the adoption of
improved crop and soil management technologies, whereas the absolute
control recorded 33 kg ha’ of pear]l millet grain, 1829 kg ha' was
obtained when P, N and crop residue was applied to the ridged and
fallowed leguminous cowpea upon the previous season. Results for
the grain vield indicate that PUE increases from 48 kg millet/kg/P
with oniy P application to 133 when P is applied in combinatinn with
N, crop residue and the crop is planted on ridge in a rotation system
{Table 8.11).

Organic Matter Management

Maintaining soi! organic matter is a key to sustainable land use
management. Organic matter acts as source and sink for plant
nutrients. Other important benefits resulting from the maintenance
of organic matter is low-input agro-systems include retention and
storage of nutrients, increasing buffering capacity in low activity clay
soils, and increasing water holding capacity. Nye and Greenland (1960)



Table 8.10. Effect of phosphorus placement on peari millet total dry matier (TDM), grain yield, and phosphorus uge sfficiency (PUE), Niger,

1995-199€ cropping seasons

1885 1996

TOM Grain TOM Grain
Treatments Yiedd PUE Yield PUE Yield PUE Yigid PUE
{Kg/ha™) {kg ha''}) {kg ha™) (kg ha') (kg ha''}
] 16851 532 2413 641
13 {broadcast) 4012 159 1138 47 4884 180 1240 48
3 (HPy 357 402 864 111 3216 268 848 58
5 {HP} 3341 278 937 1 3847 287 938 71
7 (HP) 34458 221 1018 £9 4041 233 1074 &2
13 {broadcast) + 3 (HP) 4830 180 1382 53 5314 181 1279 40
13 {broadeast) + 5 (HP} 4713 153 1425 53 5180 154 1295 36
13 (broadcast) + 7 (HP) 4381 122 1287 38 4685 114 3 35
SE 314 g2 425 ) a9

HP Hill placed, TOM : Total dry matier; PUE = kg yieldtkg P

Source: Muelhing-Versan ef al 1937
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Tabie 8.11. Effect of mineral fenilizars, crap residue {CR) and crop rotation on pear! millel vield wasts {kg/ha) and phosphorus use efficiency
{PUE} Sadore, Niger, 1958 rainy season,

Treatment Without CH, withowt N Withowt CR, with N With CR, without N With CR, with N
TDM Grain TDOM Grain TDM Grain TOM Grain
Yield PUE Yield PUE Yield PUE Yield PUE Yield PUE Yield PUE Yld PUE Yield PUE

Control 889 33 2037 58 8945 61 1471 98
13 kg P/ha 2704 140 633 46 4339 177 1030 Y5 4404 185 728 81 240 4594 1212 86
13 kg P/ha +

tidge 2675 137 448 32 4057 158 648 68 3685 210 785 56 4530 235 1148 81
13 kg Ptha +

rotation 5308 340 1255 94 6204 327 1441 108 5382 338 1475 109 6124 358 1675 124
13 kg Pfha +

ridge +

retation 5223 333 1391 104 5818 281 881 17 8248 404 1702 126 7551 468 1829 133
SE 447 407 407 407 407 407 407 407

CR Crap Residue; N Nitrogen; TDM Total Dry Matter; PUE (kg grain‘kgP);
TOM= Total try matter

BS) pUBT SIJEUEISNG 0} juBialieuew A4 1oS
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estimated that the annual increase in nitrogen under forest fallow
was 30 kg N ha in the soil and 60 kg N ha! in the vegetation, For the
savanna ecosystems, the annual increase was 10 kg N ha'! in the soil
and 25 kg N ha'! in leaves and vegetation. Bationo et al. 1985 reported
that continuous cultivation in the Sahelian zone has led to drastic
reduction in organic matter and a subsequent sofl acidification. Bationo
and Mokwunye (1991]) reported that in the Sudano-Sahelian zone, the
effective cation exchange capacity (ECEC) is more related to organic
matter than (o clay, indicating that a decrease in organic matter will
decrease the ECEC and subsequently the nutrient holding capacity of
these soils. In a study to quantify the effects of changes in organic
carbon on cation exchange capacity (CEC) De Ridder and Van Keulen
{1990) found that a difference of 1 g kg! in organic carbon resulis ina
difference of 4.3 mol kg'. In many cropping sysiems few If any
agricultural residues are returned to the soil. This leads to decline soil
organic matter, which frequently results in lower crop yields or soil
productivity,

The concentration of organic carbon in the top soil Is reported to
average 12 mg kg for the forest zone, 7 mg kg'! for the Guinean zone, 4
mg kg in the Sudanian zone and 2 mg kg' for the Sahelian zone
{Windmeijer and Andriesse, 1993}, The soils of the Sudano-Sahelian
zone are inherently low in organic carbon. This is due to the low root
growth of crops and natural vegetation but also the rapid turnover rates
of organic materials with high soil temperature and microfauna,
particularly termites. In a survey of millet producing soils, Manu et al
{1991} found an average soil Corg content of 7.6 g kg' with a range from
0.8 to 29.4 g kg''. The data also showed that these Corg contents were
highly correlated with total N (R = 0.97) which indicates that in the
nredominant agro-pastoral systems without the application of mineral
N fertilizers, N nutrition of crops largely depend on the mainienance of
sall Corg levels,

The importance of soil textural {elay and silt) properties for the Corg
content of s0il was siressed repeatedly as clay is an important componeny
in the stabilization of organic molecules and mino-organisms [Amato
and Ladd, 1992; Greenland and Nye, 1959; Feller et al. 1992). Thus
Feller et al. (1992} reported that independently of climatic variations
such as precipitation, temperature, and duration of the dry seasons
Corg increased between 600 and 3000 mm annual rainfall with the clay
and silt contents of low activity clay soils. Therefore small variations in
topsoil texture at the field or watershed level could have large effects on
Corg.
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Effect of Soil Management Practices on Organic Carbon
Contents

There is much evidence for rapid decline of Corg levels with continuous
cultivation of crops in the $SZWA (Bationo et al. 1995]. For the sandy
soils, average annual losses in Corg often expressed by the K value
{calculated as the %of organic carbon loss per year), may be as higher
as 4.7%. whereas for the sandy loam soils. reported losses seem much
lower, with an average of 2% [Pieri, 1989, Table 8.12). The data in Table
8.12 also clearly indicated that soil erosion can increase Corg losses
from 2 to 6.3% and management practices such as crop rotation,

following soil tillage, application of mineral fertilizers and mulching will
have a significant effect on annual losses of Corg. The K-value in cotton
cereal rotations were 2.8%, lower than in continmuous cotion system. At
Nigra-du-Rip in Senegal, soil tilage Increased annual Corg losses from
3.8 to 5.2% and annual Corg losses declined from 5.2% without NPK to
3.9% with NPK application.

Table §.12. Annual ipss rates of soif organic carbon measured at selected research
stations in the SSWA

Place and Dominant cubtural Obsarvations Clay + Annual loss rates
Source sLUccession Sift {253 of soil organic
©-02m}  cabon abon (k)
Number of icf%)
years of
measyrement
Burkina Faso With tillage
Saria, Sorghum monoculture  Without fertiliser 12 10 15
INERA-IRAT  Sorghumn monaculture  Low fertiizser 12 10 1.8
Sorghum monoculture  High fertiliser 12 10 28
Sorghum monoculture  Crop residues 12 10 2.2
CFJA, Cotion-cereals Eroded 18 18 6.3
INERA-IRCT watarshed
Senagat With tilage
Bambaey, Miltet-groundnut Without fertiliser 3 5 7.0
I1SHA- IRA"I“ Millet-groundnut With ferfiliser 3 5 4.3
Millet-groundnut Fertilisar + straw 3 5 6.0
Bambey, Millst monocutiure with PK fertiliser 4 3 4.6
{SHA-IRAT + filfage
Mioro-du-Rip.  Cereal-leguminous FOTO H 17 38
IRAT-ISHA Cereal Iegummous FoT2 1 17 52
Ceraal-leguminous FaT¢ 1t 17 32
Cereal-leguminous FaT2 iR 17 38
Cersal-leguminous F1T1 1 17 4.7
Chad With tilage,
high fertility soit
Bebediia, Cofton monacuiture 1 20 2.8
IRCTIRA Cotton - cercals 20 24
+ 2 years faliow 20 1.2
+ 4 years lallow 26 05

FQ = no fertifiser, F1 = 200 kg ha of NPK ferdiliser, F2 = 400 kg ha" of NPK fediliser +
Taiba phosphate rock, T0 = manual tillage, T1 = light tillage, T2 = heavy tillage.
Bource: Pieri, 1989
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Effects of Crop Residues and Manure on Soil Productivity

The Sahelian zone

In long-term crop residue and management trials, Bationo and Buerkert
2001 reported for the Sahelian zone a very significant effect between
crop residue and mingral fertilizer (Figure 8.5). From the time this
experiment started {(since 1984), Bationoe et al. (1983] reported that the
grain yield declined to 160 kg ha™? in unmulched and unfertilized plots,
However, grain vield could be increased {o 770 kg hat with a mulch of
2 t crop residue per hectare and 1030 kg ha' with 13 kgPplus 30 kg N
ha’, The combination of crop residue and mineral fertilizers resulted in
grain vield of 1840 kg ha'. The applications of 4 t of crop residue per
hectare maintained soil organic carbon at the same level as that in an
adjacent fallow field in the top soil but continuous cultivation without
mulching resulted in drastic reduction of Corg [Figure 8.6). In the
Sudanian zone, all available reports show a much smaller or even
niegative effect of crop residue use as soil amendment {Bationo et al
1895; Sedoge, 1993). In the Sahelian zone the application of crop residue
increased soil pH. and exchangeable bases and decreased the capacity
of the soil to fix P.

On the nutrient poor West African soil. manure, the second farm-
available soil amendment can substantially enhance crop yields. For
Niger, Mclntire et al {1992} reported grain yield increased between 15
and 86 kg for millet and between 14 and 27 kg for groundnut per ton of
applied manure. Similar manure effects have been reporied from other
Sahelian countries. However, given the large variation in the nutrient
concentration of the manure fypes applied comparisons between results
from different experiments should be reporied with caution. Powell et
al. {1998) reported a very significant effect of manure and urine
application on pear] miilet inx the Sahelian zone.

In the SSZWA crop residues use as surface mulch can play an
important role in the maintenance of Corg levels and productivity of the
prevailing acid soils through the recycling of mineral nutrients, increase
in fertilizer use efficiency and a decrease in soil erosion effect. However,
organic material available for surface mulching are scarce given the low
overall production levels of biomass and their multiple competitive use
as fodder, construction material and cooking fuel (Lamers and Feil, 1993).
The crop residue quantities found on-farm at the beginning of the rainy
season ranged from 0 to 500 kg ha!. Mcintire and Fussel (1986] reported
that on farmers’ fields in the Sahel average grain yields were 236 kg ha
! and mean crop residue yields barely reached 1300 kg ha’'. Baidu-
Forson {1995) reported on availability of 250 kg ha'! of crop residue at
the onset of the rains. Powell et al. {1987} showed that 50% of the
disappearance rates of millet stover could be attributed to livestock

grazing,
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Figure 8.5, Effect of different management practices on peari millet total dry matter yieid
over years, Sadore, Niger
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Animal manure has a similar role as residue mulching for the
maintenance of seil productivity but depending on rangeland
productivity. it will require between 10 to 40 ha of dry season grazing
land and 3 to 10 ha of rangeland of wet season grazing to maintain
yields one one hectare of cropland {Fernandez-Rivera et al. 1995}, The
poetential of manure to maintain soil Corg and sustain crop production
is thus limited by the number of andinals available and the size and
quality of the rangeland,
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Figure 8.6. Effect of different management practices on sofl organic content, Sadore,
rainy season 1997,
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At the farm level, the maintenance of Corg levels in the soils of the
region will largely depend on an increase in C fixation by plants. Given
the strong limitation of plant growth by the low availability of mineral
nutrients, a yield-effective application of mineral fertilizers is crucial. It
would not only allow large increase in erop production and the amount of
by-products but alse to improve soil coverage by forage grass and weeds.
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Relationships Between Cropping Systems and Fertility
Management

The most common cropping system involves growing several crops in
association as mixtures or intercrop. This practice provides the farmers
with several options for returns from land and labor, often increases
efficiency with scarce resources, and reduces dependence upon a single
crop that is susceptible to environment and economic fluctuations.
Steiner (1984) reported that traditional intercropping systems cover 75%
of the cultivated land in the SSZWA. The principal reasons for farmers
to intercrop are flexibility, profit and resource maximization, risk
minimization, soil conservation and maintenance, weed control and
rutritional advantages Swinton et al. 1974; Fusel and Serafini, 1985).

Cowpea (Vigna unguiculata (L] Walp) and groundnut {Arachis
hypogea L.) are two of the predominant grain legumes in the SSZWA.
Groundnut occupies 2.7 million hectares of arable land and cowpea 6
million hectares. The two legumes are important components of the
mixed cropping systems of the resource-poor farmers. The most
important cereals are sorghum and pear] millet and the two legumes
are often intercropped with these cereals, While considerable information
is available on fertilizer requirements for sole cropping of various crops,
little is known on fertilizer requirement in intercropping.

In the mixed cropping systemns, legume yields are very low due to
low soil fertility, low planting densities and pest and decrease
{Ntare, 1989; Reddy et al 1992}, The yield of cowpea grain varies
between B0 and 300 kg ha' in farmers fields in marked contrast to
yield over 2000 kg ha'! obtainable on research station and by large
scale commercial enterprises in pure cropping. Rotation of cereals with
legumes has been extensively studied in recent years, The use of
rotational systemns invelving legumes for harvesting nitrogen fixation
is gaining immportance throughout the region beeause of economic and
sustainability considerations, The beneficial effect of legumes on
succeeding crops is normally exclusively attributed to the increased
soil N fertility as a resulf of N-fixation. The amount of N2 fixed by
leguminous crops can be guite high but some workers have
demonstrated also that legumes can deplete soil nitrogen (Rupela and

.Saxena, 1987, Blumenthal ef al 1982; Tanaka el al. 1983]. Most data
reported on the quantity of N fixed by the legume crops in the 88ZWA
concerned the above ground part of the legume and very little is known
on the N fixed by roots where much of the legume bio-mass is returned
to the soil as green manure a positive N balance is to be expected.
However, this may not be true for grain legumes and fodder. Where
the bulk of above legume material is removed from the system.
Nevertheless, many other positive effects of grain legumes such as the
improvement of soil biological and physical properties and the ability



278 A Baticno et al

of some legumes bounded P by roots exudates (Gardner et al. 1991:
Arthara and Okwaki, 1989},

Other advantages of erop rotations include sofl conservation (Stoop
and Staveren, 1981), organic matter restoration (Spurgeon and Grimson,
1965) and pest and disease control (Sunnadurai, 1473).

Inn the mixed crop-livestock systemns of the SSZWA, increasing legume
component in the farming systems is important in order ta increase the
availability of fodder as source of livestock feed while increasing soil
fertility.

Intercropping

Fussel and Serafini {1985) reported yield advantages from 10-100% in
millet cowpea systems. Yield stability has been proposed as a major
advantage of intercropping (Wiley, 1979a, 1979b; Willey e al. 1985:
Steiner, 1984) as farmers want to rely on management practices that
increase yields, when this is possible, while improving the stability of
the production in bath good and poor rainfall years. Baker {1980} has
compared relative stability of intercropping and cropping using stability
analysis of Finlay and Wilkinson {1963} and found that in the groundnut
or cereal systems in Narthern Nigeria, intercropping systems were found
to be more stable. Ntare (1889) reported yield advantages of 20-70%
depending on the different combinations of pearl millet and cowpea
cultivars. Although traditional intercropping cover over 75% of the
culivated area in the SSZWA, there is a scarcity of information on the
efficiency of fertilizers under these systems, The number of days before
planting the second crop will depend on the importance of the next
rains after the first cereal crops have been planted. With a basal
application of P fertilizers the cereal growth is rapid and can suppress
completely the second crop if its planting occurs after three weeks after
the cereal crops have been sown. In contrast if the legume crops is
planted early it will compete more with the cereal crop for light, water
and nutrients and can significantly reduce the yield of the cereal crop.

Helay and sequential cropping

I the Sudanian zone with longer growing season and higher rainfall
there is greater opportunity than in the Sahelian zone to manipulate
the systems with appropriate genotypes and management systems. Field
trials have been condueted to examine the performance of the cultivars
under relay and sequential systems. They revealed the potential of these
alternative systems over {raditional sole or mixed cropping {ICRISAT,
1984 and 1987}
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In Mali, by introducing short season sorghum cultivars in relay
cropping with other short duration cowpea and groundnut cultivars,
substantial yields of legumes and sorghum were obtained as compared
to traditional systems (IER, 1990; Sogodogo and Shetty, 1891}

In the Sahelian zone Sivakumar {1986) analysed the data of the
onset and ending of the rains and the length of the growing period. He
found that an early onset of the rains offers the probability of a longer
growing period while delayed onset results in a considerable short term
growing season. The above analysis suggests that even for the Sahelian
zone, cropping management factors using relay cropping can increase
soil productivity with an early onset of the rains.

Crop Rotation

Despite the recognised need to apply chemical fertilizers for high yields,
the use of fertilizers in West Africa is Iimited by lack of capital, inefficient
distribution systems, poor enabling policies and other sopio-economic
factors. Cheaper means of improving soll fertility and productivity are
therefore necessary.

Cereals and legumes rotation effects on cereals yields have been
reported by several scientists (Bationo et al 1898, Klaij and Ntare, 1985,
Stoop and Van Staven, 1981). Bationo and Viek, 1998 data at Tara in
the Sudanian zone clearly indicates that at all levels of N application
the yield of pearl millet after cowpea outperformed the yield of millet in
the continuous millet cultivation.

15N has been used {o quantify the amounts of N fixed by cowpea and
groundmut under different soil fertility levels. The N derived from the air
{NDFA] varies from 65 to 88% for cowpea whereas the values varied from
20 to 75% for groundnut. In the complete treatment where all nutrients
were applied cowpea stover fixed up to 89 kg N ha' whereas for same
treatment groundnut fixed only 40 kg N ha'' in this Sahelian environment
{Bationo and Viek 1998}. In order to determine 15N recovery from different
cropping systems, labelled nitrogen fertilizers were applied to microplots
of pearl millet grown continucusly, in rotation with cowpea, in rotation
with groundnui, intercropped with cowpea, and intercropped with
groundnut. The data indicates that nitrogen use efficiency increased from
20% in continuous pearl millet cultivation to 28% when pear] millet was
rotated with cowpea {(Bationo and Viek, 1998). The same authors reported
that in the Sudanian zone nitrogen derived from the soil increased from
39 kg N ha in continuous pearl millet cultivation to 82 kg N/ha when
pearl millet was rotated with groundnut. Those data clearly indicate that
although all the above ground blomass of the legume will be used to feed
livestock and not returned {o the soil. rotation will increase not only the
yields of succeeding cereal crop but also its nitrogen use efficiency.



280 A Bationo af af

Bayayoko et al. {2000) in studies of cereals legumes effects on cereal
growth in the Sudano-Sahelian zone of West Africa reported that the
rotation effect although significant in most of the cases varied with sites
and years. At Sadore as an example, the millet rotated with cowpea
yielded 1904 kg/ha whereas the continuous millet cultivation yielded
1557 k¢ ha'. Bayoyoko et al. 2000 reported higher levels of mineral N
and native arbuscular mychorrhizae infection in the rofation systems
as compared to the continuous cereal cultivation.

The different cropping systems have a significant effect on the soil
organic carbon. The soil organic carbon levels was 0.22% in the
continuous systems whereas it is increased to 0.27% in the rotation
systems. As a result of this soil pH was higher in the rotation systems
as compared to.the continuous monocculture (Bationo, unpublished
dlata).

Farmers Evaluation of Soil Fertility Restoration
Technologies

A review of the state of the art of the agronomic research in soil
fertility management showed that on-station research has developed
a considerable amount of promising results but very few of these
technologies have reached the small farmers. It is recognized that
most of these technologies developed on-station, are not always built
on indigenous practices, local socio-economic realities, farmers
priorities and perceptions. Most often no account has been taken of
enabling policy environment and indigenous knowledge. Therefore
on-farm research should involve farmers, researchers, extension
agents, non-governmental agencles at the design, implementation
and evaluation stages, In this way, the technologies generated have
a betier chance of adoption by the land users. Promising technologies
were identified to be tested on-farm under farmers managed trials
knowing that a particular farm management practice is often less
effective in the hand of the farmer, than it is on-station. There is
need for experimental farm input packages to be tested under farmer's
conditions to allow the scientists to observe the transfer of
technologies to the farmers field and to determine associated
management practices to be adopted by farmers in order to ensure
good economic returns.
The objectives of on-farm research activities is:

(i} To assess farmers’ perception of the different technologies proposed

(i} To identify the farmers' management practices affecting the good
performance of the different technologies

{iti] To evaluate the profitability of the different technologies fested
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(iv} To identify the constraints to technology adoption and means to
alleviate them and
(v} To assess the impact of technology adoption.

Effects of Soil Fertility Restoration Technologies on Land
Productivity From Farmers Managed Trials in the SSZWA

In the Sahelian zone of Gobery in Western Niger. 20 farmers evaluated
P and N fertilizers including partially acidulated phosphate rock {PAPR]
from parc-W. The data in Table 8.13 indicate a strongly response to P
with yield increase of 181% over control with the application of Nand I,
No significant difference was found between PAPR and SSP, nor was
difference between broadcasting and hill placement of nitrogen, However,
crop response to fertilizer use was strongly affected by the cropping
density chosen by individual farmers (Bationo et al. 1892). Averaged
over all fertilized treatments and all years, when farmers planted at less
than 3500 pockets per hectare, vield was very low and no response was
found to fertilizer use. However, each 1500 pocket ha'’ increases about
200 kg grain/ha.

Table 8.13. Millet grain yields by treatment (mean of 3 years}, Goberi, Niger

Treatment Yield
{kg ha"")
Control 261
S5P oniy 586
B8P 4 N hill placed 700
SS&F + N broadeast 751
PAPR + N brcadcast 762
L8o, 84

Scurce: Bationo et al, 1992

Bationo funpublished data) reported the agro-economic evaiuation
of farmers managed trials on the evaluation of water soluble fertilizers,
phoesphate rock and rotation of cereals with legumes. The net grains,
over three years, resulting from partial budgeting analysis show that
farmers could make net financial gains with only the application of P
fertilizer. The use of N in addition to P significantly improved net graios,
Water soluble single superphosphate generated higher net gains than
Tahoua phosphate rock. As a result of the higher cowpea price and is
beneficial effect on the improvement of soil fertility, the rotation systems
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Involving cowpea were more profitable than continucus pearl millet
cultivation.

Bationo et al. 1957 reported the economic evaluation data of Tilemsi
phosphate rock by farmers in three agro-ecological zones of Mali. The
agro-ecological zones were; Tafla with an average rainfall of 600 mm,
Sougoumba with 800 mm rainfall and Tinfounga with 1200 mm rainfall.
The cropping systems used were rotation of pear! millet with groundnut
in Tafla, sorghum with cotton in Sougoumba and maize with cotton in
Tinfounga. The data indicate that the different sources of fertilizers have
a significant effect on crop vields and there was no difference between
Tilemsi phasphate rock and the recommended imported water soluble
iertilizers. However, the economic analysis of the data indicale that at
some sites the imported recommended water soluble P fertilizers are
more profitable than the use of Tilemsi phosphate rock.

Bationo et al. 1998 undertook an agro-economic evaluation of a set
of soil fertility restoration technologies and concluded that hili placement
of small guantities of P fertilizers at planting time had higher returns
than broadeasting 13 kg P/ha.

From 1988 te 2000 farmers-managed trials in the Sahelian zone at
Karabedjl (~550 mm of rainfall per year} and in the Sudanian zone at
Gaya (~800 mm of rainfall per vear), over an average of about 2800 field
plots showed the agronomic potential of fertilizers [Table 8.14). The hill
placement of 4 kg P/ha almost doubled crop vield, Integrated use of hill
placement of water soluble fertilizers in addition to Tahoua phosphate
rock broadcast and soll amendment with crop residue application as
muleh gave the highest crop yield (Figure 8.7). The returns over variable
cost of fertitizers presented clearly demanstrate the economic importance
of soil fertility restoration in the SSZWA.

Table B.14. Mean millst yield (kg ha '} as affected by ferilizer, phosphate rock and crop
residue in Sudano-Sahslian zone, Niger, 1998.2000

“Treatment Karabedji Gaya
Farmer practice (FP) 210 505
P hill placement (HP) 470 990
HP + Phosphate rock {PR) 580 1150
HP+PR+Crop residue 835 1320

*Hilt placed (HP): P applied at 4 kg ha'* as 1575676,

Phasphate rock (PR): P broadgast and incorporated at 13 kg ha' as Tahoua PR
Crop residue (CR): miilet stover applied as mulch at 2t ha”

Average rainfail; 600 mm and 800 in Karabedji and Gaya
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Figure 8.17. Relationship betwesn environmental index and treatment yield of pearl
millet in different agro-ecological zones of Niger
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New Research Opportunities in the SSZWA

New strategies for integrated nutrient management

In the past, integrated nutrient management concentrated mainly
on the utilization of available organic and inorganic sources of plant
nutrients in a judicious and efficient way. Integrated nutrient
management is recently perceived much more broadly as the judicious
manipulation of all s0il natrient inputs and outputs and internal
flows.

Future rescarch needs to adopt this new holistic approach to
integrated nutrient management. For a given cropping system or
watershed, this will require the establishment of the putrient
balances. Interventions to limif nutrient losses through erosion can
be in some cases as important as research on increasing the efficiency
of arganic and inorganic plant nutrients for a sustainable land use.
This new approach will enhance more carbon sequestration and
increase more bio-mass production on the farms for domestic use
and there will be more bio-man available for lvestock feeds and for
s0il mulching.

Integration of socio-economic and policy research with the technical
solution

In the past several technical selutions to the problem of land degradation
it the SSZWA have been researched and tested, and may have shown
the potential for addressing the probiem in some places. Unfortunately

S A WAR e e ket
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a review of the state of the art indicated that very few of these technologies
have been adopted by the resource peor farmers. Therefore, future
research should focus more on preblems driven by socio-economic
factors and enabling policy environment in order tn enhance farmers’
capacity to invest in soil fertility restoration. The adoption of the
participatory approach will be essential. In this way, the technologies
generated have a better charce of adoption by land users.

Combining rain water and nutrient management strategies to
increase crop production and prevent land degradation

In the SSZWA high inter-annual variability and erratic rainfall
distribution in space and time result in water-limiting conditions during
the cropping season.

In areas with inadequate rainfall or in runoff-susceptible land, water
conservation techniques and water harvesting techniques offer the
potential to secure agricultural preduction and reduce the financial
risks associated with the use of purchased fertilizers. Under the
conditions of adequate water supply, the addition of organic and
inorganic amendments is the single most effective means of increasing
water use efficiency. Future research needs to focus on enhancing
rainwater and nutrient use efficiencies and on capitalizing on their
synergies for increasing crop production and preventing soil degradation.

Increasing the legume component for a better integration of crop-
Hvestock production systems

The rotations of cereals with legumes have led to increased cereals
vield at many locations in the SSZWA. Factors such as mineral
nitrogen increase, enhancernent of Vesicular-Azbuscular Mycorrhizal
(VAM] for beiter P nutrition and a decrease in parasitic nematodes
have been identified as mechanisms accelerating the enhanced yield
of cereals in rotation with legumes. Most of the research attempt has
focused on the quantification of the above-ground N fixed by different
legumes cultivars, but very little is known on the below-ground N
fixed,

There is need to increase the legume component in the mixed
cropping systems for a better integration of crop-livestock. The increase
of legume component in the preseni cropping system will not only
improve the soil conditions for the succeeding cereal crop, but will provide
good quality livestock feed, and the manure produced will be of better
quality for soil amendment.

Exploiting genetic variation for nutrient use efficlency

Phosphorus is the most limiting plant nutrient for crop production in
the SSZWA and there is ampie evidence that indicates marked differences
between crop genotypes for P uptake. A better understanding of the
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factors affecting P upiake such as the ability of plants to (i) solubilize
soil P through acidification of the rhizosphere and the release of chelating
agents and phosphate enzymes, (ii] explore a large volume of soil, and
{#ii} absorb P from low P solution would help screening for the genotypes
the best appropriate for nutrient use efficiency,

Another important future research opportunity is the selection of
genotypes that can efficiently associate with Vesicular-Azbuscular
Mycorrhizal (VAM} for better utilization of P applied as indigenous
phosphate rock.

Use of decigion support systems modelling, and GIS for the
extrapolation of research findings

Farmers production systems vary with respect to rainfall, soil types
and socio-economic circumstances and therefore they are complex.
Dealing with such complexity only by empirical research will be expensive
and inefficient. Use of models and GIS will facilitate the transfer of
workable technologies to similar agro-ecological zones. The use of DSSAT,
APSIM and GIS will facilitate extrapolation of findings to other agro-
ecozones similar of the benchmark sites chosen for testing technologies
and will be cost effective.
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Introduction

The fore-going chapters have clearly shown the problems of soll fertility
in sub-Saharan Africa and the various technologies, which have been
developed and tested, in a wide range of environments to solve the
probiems of food insecurity. The low productivity of agriculture is strongly
related to the low qualify of the soil resource base {Part 1). Many of the
soils are characterized by inherent orinduced (see Fig. 9.1) deficiencies
of the major nutrients N, P and to some extent low levels of K, and
micronutrients. Low nutrient holding capacities, high acidity and low
organic matter are also constraints to soil productivity. There are
additional physical constraints, which include poor structure and low
water-holding capacities. The inherent constraints in some soils have
been exacerbated by over-exploitation. Perhaps more critically large areas
of soil of high production potential in sub-Saharan Africa have been
degraded due to confinuous cropping without the repiacement of
nutrients taken up in harvests. Stoorvogel and Smaling {1990} estimated
annual net depletion in excess of 30kg N and 20kg K per ha of arable
land in Ethiopia, Kenya, Malawi, Nigeria, Rwanda and Zimbabwe {see
Table 1.7, Part 1).
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Figure 9.1: Soms bicphysce-chemical and socio-economic factors contributing to low
soil tertility and poar productivity in Sub-Saharan Africa
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The problem of low suil fertility is driven by a wide range of socio-
economic factors, which diminish farmers’ capacity to invest in soil fertility
as well as the returns obtained from such investment where value cost
ratios are often less than 2. Resource depletion by soil mining thus
becomes an important part of the farmers’ income-generating strategy.

Macro-economic policies play a pivotal role in influencing the
accessibility. availability and the type of inputs a farmer can use.
Unfavorable exchange rates, poor producer prices, high inflation, poor
infrastructure and lack of markets all contribute to low fertilizer use by
tarmers. In many areas farmers are often almost entirely dependent on
organic inputs as a result. Organic input availability on its turn is
determined by negative nutrient halances and the downward spiral in
sofl fertility continues.

These multiple causes of scil fertility depletion are strongly inter-
related including the interaction between biophysical and socio economic
factors (Fig 9.1). A holistic approach is thus required to ameliorate the
soil fertility constraints. Though soil productivity is constrained when
biophysical conditions are limiting, socio-economic factors can act as
important modifiers to enhance potentlal effects even under conditions
of stress. Technical approaches alone are thus likely to be inadequate
in addressing the problems, which are driven by farmers’ circumstances
and production goals that may have more to do with meeting basic food
needs and other livelihood issues than with satisfying market demands.
H is common sense that no farmer wants to be poor hence they will
strive to ufilize available resources and technologies available unless
they are inappropriate.
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The central issue of improving agriculture in Africa is how to build
up and maintain soil fertility despite low incomes of farmers and the
increasing land and labor constraints they face. One lesson to be drawn
from this book is that soil fertility in Africa is more Hkely to be improved
sustainably through relatively small incremental gains that build on
what farmers are currently doing rather than on costly green revolution
technologies, This calls for an evolutionary process rather than a
revolition whose consequences may be less manageable and predictable.
In this chapter we analyze the different strategies presented in the
preceding papers in terms of how sustainable the current management
systems are. whether farmers are willing to invest in soil fertility, and
an how we can scale up from the plot io the landscape level and ensure
that network results are widely implemented.

Options for Soil Fertility Improvement

There are a number of choices open to small-holder farmers to address
the problem of declining soil fertility. The simplest but more costly is
through increased application of inorganic inputs. There is no doubt
that judicious application of inorganic inputs has been responsible
for large increases in crop yields in commercial agriculture throughout
Africa (Kenya and Zimbabwe for example} as well as the rest of the
world. However there has been no corresponding sustained large
increase in yield with use of inorganic fertilizer in the smallholder
sector. Throughout most of East and Southern Africa there have been
declines in crop yields following market liberalization and the removal
of subsidies that permit fertilizer use. Declines in vield can also be
attributed to low rates of application, lack of technical knowledge on
fertilizer use, and other underlying structural causes such as poor

producer prices, lack of credit support, withdrawal of marketing

infrastructure and input delivery systems that continue to be largely
unresponsive to smallholder needs.

Another approach is that which seeks to combine increased fertilizer
use with optimization of locally available resources by integrating
different farming system components [eg. crops and livestock) and by
minimizing the use of external inputs to create an efficlent nutrient
cycle. Such integrated approaches incorporating a number of technical
interventions are needed to improve soil productivity in Africa. Efficient
nutrient cycles in farming systems consists of using balanced
combinations of plant nutrients that are locally available or generated
on farm and moderate amounts of externally derived nutrients, usually

mineral fertilizers, to obtain optimum profitability and sustainability of
the system.
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The preceding chapiers have detailed various case studies and
technologies for improving soil fertility. Most of these technologies utilize
organic inputs of one kind or another, either in combination with
inorganic fertilizers, or without, Organic inputs do not just add nutrients
but also build-up seil organic matter. Improved soil organic matter can
increase nutrient availability and fertilizer use efficiency. The
improvement of the soil organic matter status and the prudent use of
mineral nutrient Inputs have been demonstrated as effective ways for
improving soil fertility in Africa in numerous trials {¢.g. Bekunda, Bationo
and Ssall, 1997). Synchronizing nutrient release from organic inpuls
with crop needs also increases nutrient use efficiency, and a high
potential exists for optimizing the release pattern by adding materials
of different quality (Myers et.al, 1994; Handayanto, Cadisch and Giller,
1997; Palm et al. 2001].

The prospects for large inereases in productivity through use of
organic resources alone are however litnited by insufficient quantitics
and poor guality of the locally available resources (Palm et al 1997).
However we would argue though that organic matter management forms
the foundation for any sustainable increase in sofl productivity, Indeed,
as agreed above, a lot of farmers in Africa rely of necessity on organic
resources, and these provide a subsiantial subsidy to the cropping
systems. Therefore any strategies for soil fertility enhancement have to
build on the existing indigernous technical interventions and to improve
the management of nutrient flows within the farming systems.

The shift towards gieater reliance by farmers on locally available
organic resources means that research has to recognize these changes
ta achieve greater impact. The organic matier management practices
are often labor intensive though this has to be analyzed in relation to
the apportunity costs of alternative strategies and in the light of longer-
term gains, which may be realized. A significant component af the
benefits of such practices (e.g. increased SOM levels) may be deferred
for several seasons and are also difficult to relate directly to crop vield
changes [Swift, 1999). Detailed farm level economic analyses of different
types of organic matter management strategies still remain to be carried
out. Future research must also focus on establishing farmers’ valuation
criteria, as it is key to determining the pace of adoption of organic matter
management technoelogies.

Also, and in particular, it requires the provision of means to increase
the availability of plant biomass in agro-ecosystems. Leguimes can help
achieve increased productivity. However, under current mixed cropping
systems, the small quantities of legume residues produced are almost
invariably insufficient to meet crop N requirements. Hence organic
matter technologies that enhance supply of high quality residues are
required. Legume tree species have been introduced in the farming
systems as multipurpose trees in agroforestry systems such as alley
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cropping, relay planting, biomass transfer, improved fallows, fuelwood
and browse for livestock. Improved fallows with Sesbania seshan, green
manuring with Mucuna prurtens, for example have shown potential in
improving soil fertility in areas of high rainfall such as Eastern Zambia
(Chapter 4), but land constraints can Hmit the success of these
technologies. Green manure technologies are not viable where land
sizes are small as it involves taking land out of production.
Intercropping based on residue incorporation and increasing the
legume density in cropping systems is a more sustainable option for
soil fertility improvement where rainfall is not limiting {Kanyama-Phiri,
Snaap and Minae, 1998}, Above all, it is necessary to point out that
legumes only supply N and are therefore suitable to N limiting
situations. Where soils are overloaded with N, Liebig's law of the
minimum will likely manifest itself through other nutrients such as P
becoming lmiting {OIV, 1995). A holistic nutrient management
approach is therefore critical.

Replenishing soil P is often problematic as it has no biological origin
and can be fixed in soils with high sorption capacity rendering it less
available. There has been recent arguments and calls for use of large
one-off applications of reactive rock phosphates in areas where it is
readily available and less costly to transport. The cost effectiveness of
this approach is yet to be determined though proponents argue that
the African continent is in dire need of food hence there are grounds for
public interventions to intensify investments in the agricultural sector
(Sanchez, ef al., 1997).

A major focus of work in Southern Africa (Chapter 3 and 4] has
been on the integrated use of manure and inorganic fertilizers,
herbaceous legumes and leguminous shrubs. Other soill management
options that should be tested include intensification of grain legumes
in areas where they currently form a small component of the cropping
system, cover crops, conservation tillage and the use of other organic
resources with a potential to improve soil fertility. Screening of legumes
suited to the region should be top priority. The integrated use of organic
and inorganic nutrient sources should continue to be the main target
in all cases.

An important issue in the reseagrch component is addressing both
the within seazon and longer -term benefits. One of the most important
resulis from the manure work in Zimbabwe {s that benefit may be gained
from either residual or immediate nutrient gains, from the use of different
manure management practices (Figure 9.2). The higher yields in the
season of application from anaerobic {pit} compared to aerobic (heaped)
manure, which has larger residual effects, creates a range of options for
farmers depending on their production objectives. Providing such flexibie
sets of options to the farmer is a far more valuabie approach than being
prescriptive and aiming for monolithic technological fixes.



208 . HK Murwira

Figure 9.2 Effects of different manure storage and methods on maize yield
(J. Nzuma, Unpublished)
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A Framework for Soils’ Research

The magnitude of the problem of soifl fertility degradation in sub-Saharan
Africa has been well covered in present and past debates. A fundamental
and cautionary principle in response is to avoid any so-called solutions
Lased on low-input, low output systems that do not address poverty
alleviation {The World Bank Soil Fertility Initiative: Sanchez et al, 1997).
Mew initiatives have been drawn up that call on massive investments in
agricufture by local governments and international donors {The World
Bank Soil Fertility Inttiative; Sanchez et of, 1997). The injtiatives have
all noted the need for increased use of inerganic fertilizers and this is a
principle that can not be contradicted. Nooetheless, in the haste for
solutions, caution is required to avoid being top heavy and, prescriptive
in ways that do not recognize the percepiions and ambitions of local
cotmmnunities,

Extension in most of Africa has tended to be prescriptive and input-
driven focussing primarily on promoting use of hybrid maize and fertilizer
through blanket recommendations. There has been little success with
this approach over attempts to help farmers to adopt other nutrient
management practices. The result is that although farmers recognize
soil fertility as a primary constraint to production. they ofien consider
mineral fertilizers to be a substitute tor. rather than a complement to,
other land hnsbandry practices as the means of stabilizing and improving
soil productivity. This threatens the long-term sustainability of their
praduction systems.
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1t is clear from the preceding chapters that well validated technical
solutions for nutrient recapitalisation exist; even in the dry areas of the
Sudano-Sahelian zone {Chapter 8}, what are lacking are the appropriate
framework for their successful implementation. There is no single ‘ideal’
framework but a number of key elements can be identified which are
discussed in the following sections following. The approach, described
as integrated soil fertility management {ISFM), emphasizes context-
specific and adaptive responses that are tailored to meet the farmer’s
circumstances, constraints and opportunities. Farmers” decision-making
pracesses are central to this appreach including the development of
new skills, knowledge and partnerships between key stakeholders
{farmers, researchers, policy makers and the private sector).

Improving soil fertility management is only one of the various
pathways contributing to rural livelihoods. If this is the case then there
is very strong argument to pursue a strategy aimed broadly at promoting
sustainable rural livelihoods. The challenges and questions needing to
be addressed vary according to circumstances, but general principles
can be applied. These include analysis of trade-offs of different options
available that contribuie to the farmer's livelihood such as off-farm
versus on-farm income. Critical questions for assessment include what
are the impacts of soil nutrient depletion on livelthoods, where
substitutes for natural soil capital exist? Where can alfernative
livelihoods be secured? Where can soils be mined now and losses made
up later? Are farmers willing and able to make the necessary investments
which will depend on the expected returns in relation te the other options
available to them? It is obvious that the approaches advecated here
require a change in the mind set and call for action research and support
for networking between varicus institutions working on soil fertility and
livehhood issues at both the macro and micro level. Of the greatest
importance is a policy environimnent that ensures an enabling macro-
level support that facilitates and does not engender failure of local
initiatives. v

Social and Economic Criteria for Sustainable
Agricuiture

The sections above have emphasized the importance of providing choices
to farmers and empowering them to make decisions that will change
the way they manage resources available to them, Decisions on change
are likely to depend on perceptions of need. lack of other options, societal
influences, pressures and ability to invest and the perceived returns to
investments. The key components to successful interventions that will
aid the process of change go bevond direct interventions aimed at
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increasing soil nutrients. This means recognizing that long-term seil
fertility improvement requires an evolutionary process (section 9.1}, and
a participatory research and development focus which broadens the
appreoach away from a purely technical focus. This is no doubt a
knowledge intensive process. Empowering farmers through greater
understanding and application of principles is paramount and requires
us to understand the soctal and economic context in which investments
in soil fertility are constructed and the pathways along which the goal
of improved soil fertility management can be achieved at varying scales
of analysis.

intensification

With the exception of South Africa and commercial farmers in a few
countries such as Zimbabwe and Kenya, maost farmers in sub-Saharan
Africa use low input /low output technology with extremely small
applications of fertilizer (Chapter 1, Stoorvogel and Smaling, 1980} which
average 15kg nutrients/ha, and many countries much lower than that
against a world average of 87kg/ha. That means there is a lot of scope
for raising output by improving technology in relatively simple ways.
This could come about by more widely disseminating improved farming
practices already in use, and through greater efforts to identify technology
gaps that should be worked on as quickly as possible.

It is clear that the performance of the agricultural sector in Africa
has been poor relative to the increasing demand for food. It is often
noted that there are strong synergies and cansality chains linking rapid
population growth, degradation of the environmental resource base and
poor agricultural performance {Cleaver and Schreider, 1994}, What is
required therefore is to remove sub-Saharan Africa from this quagmire.
This requires not only an analysis of techrnical solutions but of how the
major pressures that have affected soil fertility management (population,
degradation etc; ¥ig. 9.1) have driven farmers to adopt current strategies.
Such an analysis will show whether strategies are leading to
diversification. intensification or extensification of agricultural activities
and land-use.

Farniers seek to maximise production per unit of land only when
land becomes scarce relative to labor, A series of coping strategies have
been developed to deal with this; most of themn based on some form of
niche management. This is probably now occurring in most parts of
sub-Saharan Africa. The weakness of the traditional coping strategies
however are often guantitatively insufficient and are not capable of
adjusting quickly enough to prevent the serious negative impact of rapid
population growth and increasing population pressure on soil fertility,
farm size, land tenure systems etc. Because agricultural technology
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adapted to these environments is inadequate, sustainable management
of soils is problematic (Cleaver and Schreider, 1994}, However, there
are reasons to believe that the future is not so bleak as shown by the
example of Machakos, Kenya where productivity has reportediy gone
up despite increasing population pressures (Tiffen, Moretimore, and
Gichuki, 1994).

Analyzing the socio-economic sysiem is critical in understanding
the drive towards intensification. Differences in soil fertility management
exist because of wealth differentiation between households. In cases
such as in North-Eastern Zimbabwe, an area dominated by infertile
sand soils {poor resource basej and where labor availability is high,
extensification seems a rational option {Carter and Murwira, 1995).
Farmers spend their labor cultivating more land even though returns
per unit of land are low, This is one way of safeguarding a minimum
level of productivity for their labor. However other farmers have
intensified land use by optimizing use of labor in soil improvement
through manuring, composting and limited use of inorganic fertilizers
on selected niches {Carter and Murwira, 1995}, In such cases the
important issues of concern for research are increasing nutrient use
efficiency and building soil productivity. Strengthening farmer knowledge
of soil processes is an important feature for encouraging improvements
in soil fertility management practices. This is unlikely to be successful
however unless researchers and extension officers gain an equally
informed understanding of the farmer’s knowledge system and
production goals.

increasing Adoption and Scaling up of Resuits

There is no doubt that sustainable improvement of soil fertility has so
far proved to be an intractable problem in Africa. Much has been and is
being done in sub-Saharan Africa to address issues of declining soil
fertility, but there is consensus that the results remain limited in relation
to the scale of the problems and that widely replicable and sustainable
approaches have yet to be identified. This situation is undikely to change
without integrated strategies that bring together technical and policy
solutions that can encourage behavioral changes amongst all the
stakeholders involved from farmers to deciston makers at both national
and global levels. Potential synergies can be exploited to address the
problem of soil fertility through combining technical solutions with new
approaches to farmer training and policy debate. The role that scientists
can and should play in such behavioral change is a critical issue.

The scaling up of sustainable solutions is essential if we are to get
the necessary wider impact with many farmers. The approaches detailed
in the case studies in the antecedent chapters so far have focussed on
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the plot level and on generating detailed understanding of processes at,
the micro level. As we aim for impact it becomes more important to look
at the people-level impact. which measures the effects of the research
output on the ultimate user, Scaling up requires us to look at impacis
at the individual farm. target group, national as well as regional levels
{Fig 9.3}

Figure 5.3. Relationship batwen decision-making (policy} and the management of natural
resources at a range of different scales {Modified from Swift, 1999)
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Dissemination of technology using participatory approaches is key
to scaling up from the plot to farm level and beyond, and it requires
that we investigate first what local communities know and have. This
provides a productive context for activities designed to help the
communities and for integration of indigenous knowledge into the
development process as an exchange of information from one community
to another, farmer group to ancther etc. The same process of knowledge
transfer can be used for disserninating improved technologies from
research. Participation of farmers and cormmunities is therefore useful
when scaling up and in promoting a wider and deeper ripple impact. It
is important to note however that not all indigenous practices remain
beneficial as pressures on agriculturally based livelihoods intensify. This
creates the risk of undermining the relevance of some carlier agricultural
practices [Murwira and Mukamuri, 1898}, Typical examples are
traditional shifting cultivation and slash and burn agriculture (Chapter
5 6and 7).

Significant gains have been made within TSBF-AfNet towards linking
process research with farmers’ knowledge and practice. The case study
of banana based maize systems in East Africa {Chapter 6} is one example
of gaining an understanding of farmers’ management practices and using
this to tmprove the capacity to develop reconunendations for change
that are relevant and realistic at the farm level. What is required is
translating knowledge gains into increases in productivity.

There appear to be two approaches to this, which may be termed
the mechanistic and humanistic. The mechanistic approach envisages
the defining of recommendation domains in terms of extrapolation
potential by combinations of biological, physical, social and econotnic
conditions. This is usually done by some type of modeling approach.,
The resulis from the many trials that have been conducted across the
varicus TSBF-AfFNet sites offer opportunities to use such approaches
and define these conditions, The outputs can then be included in decision
support systems, which can ultimately be developed to a more ‘expert
system’ level, Nonetheless recommendation domains are difficult {o
define when conditions are heterogeneous and complex and alternative
approaches are needed.

The second approach, which emerges from recent experiences in
Zimbabwe, is to utilize farmers’ experience as a guide to the
dissemination of technology. This can be developed by building on the
flexdbility that farmers have, focusing on the enhancemeni of the best
management practices that they currently employ. In other words we
should seek to develop and test, through participatory approaches, more
practical and flexible options that are suited to the varied socio-economic
arwl Biophysical conditions of farmers.

The challenges are great when scaling up, for example on-farm or
farmer based experimentation can be specific to the individual farmer's
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situation. On-site experimentation is also hard to replicate at a large
scale because of the unigueness of farmers’ complex, diverse and risk-
prone conditions.

Of greater significance in scaling up is development of the appropriate
institutional arrangements needed to ensure longer-term sustainahility
of the systems. There are several ways in which this can be done. The
first is to strengthen and build on existing civil society institutions at
the locai level such as farmer training institutions, farmers’
organizations, cooperatives and groups. The second approach requires
more networking and development of multiple agency strategles for
implementing integrated soil fertility management options, This involves
more effective utilization of new information technology dissemination
strategies such as websites, e-mail networks etc. Most often the problem
is of not being able to integrate the information that is already available
and of inking the appropriate people together.

At an intermediate level and perhaps more appropriate is to ask
ourselves whether the tools and methods commonly used to support
farmers’ research are sufficient to address and influence the broader
enabling conditions for wide scale adeption of technologies. Emphasis
should not saly be placed in developing farmer knowledge but in
equipping researchers with the skills and appreciation that scaiing up
has multiple dimensions and contexts-institutional, spatial, economic,
termporal and technological. There must always be a developmental
cotttext for scaling up. i.e. empowertnent and social change though it
has to be remembered that not all research will have this focus.

Scaling up requires us to take note of the trade-offs between adoption
of technical recommendations and the need for increased scientific
insight and technological application in different environments (Fig 9.3).
Clearly. a balance needs to be struck between the two as has been
demonstrated by the several case studies presented elsewhere in the
book.

Implications for Research and Policy

There are a great variety of factors beyond soll fertility degradation that
can hold back attainment of a higher level of productivity. Barriers to
intensification often start with an indisposed research system that needs
to be more innovative (Donovan, 1998]. To be successful, innovations
must reflect deep, intimate knowledge of the real conditions farmers
face including their risks; must start by using available inputs and
skills; must generate substantial surplus; must not be too demanding
of cash or credit; and must also address soil fertility issues in an holistic
fashion. Many farmers still find it hard to get inputs, as marketing
channels have not been developed well enough.
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There is need {o ¢create an environment to stimulate farmers to adopt
technologies leading to improved soil fertility. This can be achieved at
different levels of resolufion.

1. Research: making integrated soil fertility management strategies
more widely acceptable at both farm and decision making levels

<. Policy: Enabling macro-policies. Lack of incentives through low
producer prices means farmers may not be willing to invest in sofl
fertility. Also, while useful phosphate rock and lime deposits exist
in sub-Saharan Africa. their use has been hampered by high
production costs which are often associated with lack of
infrastructure, and other unfaverable policy interventions which
often decrease profitability of investments at the farm and industry
level. Another impediment to intensification is lack of access to credit,
which limits the procurement of agricultural inputs and general
investments in improved farming practices. With no effective credit
institutions in place, many farmers are too poor to make outlays or
investments that may take long to pay off,

An important lesson of the work in this book is the recognition of
the need to identify with farmers the constraints and opportunities for
maodifying and changing current practices. In the dialogue with farmers
little emphasis seerns to be placed on sustainability issues, Itis important
therefore, to generate tools that can be used by farmers for assessing
sustainability of options of using the different scarce resources for
maintaining soil fertility and improving crop yields. There is an urgent
need to link farmer practices and neceds with current scientific
information particularly on soil organic matter build-up and nutrient
dynamics. Participatory research that incorporates farmer knowledge
and itformation on testing, selecting and adapting soil management
strategics with researcher information on biological processes, resouree
quality and subsequent nutrient availability is an essential component
of this process.

Conclusions

The challenges raised in any survey of the current situation in Africa
with respect to soil fertility degradation are daunting but not
insurmountable. They require concerted efforts from all concerned,
researchers, extensionists, policy makers, farmers and other
stakeholders, to make things work and realize that the goal and
challenges are collective. The results presented in the different chapters
are testimony to the progress that has been made in soil biology and
fertility in Africa. However, further research should not be to justify our
disciplinary training but to show our willingness to coniribute to human
welfare in Africa and beyond.
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