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2 Vincent B. Bado and André Bationo

Abstract

The soils of sub-Saharan Africa are characterized by their poverty in nutrients along with
low clay and organic carbon content and low exchange capacity. There is high pressure
on land resources with the quick growth of population and demand for food.
Maintaining the fertility of cultivated soils and land resources is a challenge. Since the
paradigm of “external input” in the 1960s and 1970s, to the latest concept of integrated
soil fertility management, most of the approaches remain crop oriented or livestock ori-
ented with less attention to local communities (LC), which are at the heart of land
resource management. This chapter suggests a new integrated and holistic approach
involving LC for land resources management, including cultivated soils and rangelands.
A global framework is proposed for development of management options of land
resources with LC. It is a dynamic process of participative management of lands as pro-
viders of services for the entire community.

1. INTRODUCTION

In the context of food insecurity, rural poverty, and climate change in
sub-Saharan Africa (SSA), the protection and sustainable management of soil
and land resources are of paramount importance (Dewitte et al., 2013;
Gisladottir and Stocking, 2005; Palm et al., 2007, 2010; Vlek et al.,
2008). The African heads of state in 2001 declared that improved agricultural
performance is a prerequisite of economic development, thereby highlight-
ing the need for agriculture-led development in reducing hunger and pov-
erty, generating economic growth, and reducing the burden of food imports
(Bekunda et al., 2010). However, the importance of soil and land resources
and the multitude of environmental services they provide are not widely
appreciated by society (Dewitte et al., 2013). Rural communities, policy
makers, land managers, and other keys actors and beneficiaries are inade-
quately engaged in management strategies of these important resources
(Bouma et al., 2012; Dewitte et al., 2013; Hartemink and McBratney,
2008). Soil degradation in its diverse form is a persistent problem throughout
Africa. The degradation of land resources is a major development issue and is
often ignored because the observed impacts are gradual (Dewitte etal., 2013;
Gisladottir and Stocking, 2005; Vlek et al., 2008).

The soils of SSA are poor in nutrients with low organic carbon (OC),
clay contents, and exchange capacity (EC). It is estimated that more than
70% of African soils are inadequately fertile or depredated by agricultural
practices, human, and animal pressure (Bationo et al., 2006). Many technol-
ogies and concepts have been developed over the years to improve soil
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fertility. More experiences have been made, mainly for cultivated soils. The
paradigm of “external input” of the 1960s and 1970s focusing on fertilizers
associated with improved cereal germplasm has certainly boosted agricultural
production in Asia and Latin America in the form of the first “Green Rev-
olution.” However, the paradigm of external inputs did not start a “Green
Revolution” in Africa, primarily because of high fertilizer costs (Smaling,
1993). The low external input sustainable agriculture (LEISA) approach of
the 1990s considered the importance of organic resources, while the concept
of integrated nutrient management (INM) combined organic and mineral
fertilizers (Vanlauwe, 2004). These approaches have been more successful
as farmers are able to afford mineral fertilizers.

The mid-1980s to the mid-1990s saw a shift in paradigm toward the
combined use of organic and mineral inputs accompanied by a shift in
approaches. This shift was driven by the “participatory” movement, which
emphasized on involving various stakeholders in the process of research and
development.

Considering that farmers’ decision-making process is not merely driven
by soil and climate but by a large set of factors cutting across the biophysical,
socioeconomic, and political domain, the integrated natural resource man-
agement (INRM) approach was developed (Izac, 2000). The integrated soil
fertility management (ISFM) approach was later developed with a focus on
appropriate management of soil resources (Vanlauwe, 2004).

However, an important dilemma of sustainable soil fertility management
is the growing demand for lands with rapid growth of population. Over-
grazing of pasturelands and failure of smallholder farmers to apply fertilizers
on cultivated soils, results in over exportation of nutrients. At the same time,
soil erosion increases with the declining biomass and grass cover, resulting in
soil fertility loss, land degradation, and desertification (FAO, 1991).

Biomass reduction and growth of annual and unpalatable species are the
main indicators of aridification and pasture degradation through overgrazing
in arid and semiarid regions (Holechek et al., 1999; Kiage, 2013; Mwendera
et al., 1997; Penning De Vries and Djiteye, 1982; Savadogo et al., 2008).
Poor soil quality, declining soil fertility with cropping activities, overgrazing
and erosion, exhaustion of lands resources, increasing demand of food are
the root causes of land degradation and deforestation (Kiage, 2013).

In general, rangelands are open areas for communal and unrestricted graz-
ing which degrades vegetation and soils (Milchunas and Lauenroth, 1993;
Teague and Barnes, 2017), declines productivity, and reduces the resilience
of the ecosystem (Frank et al., 1998; Peterson et al., 1998). Sustainable



4 Vincent B. Bado and André Bationo

management of rangelands will become increasingly important as the climate
changes, yet rangeland dynamics are still a challenge to dryland ecologists.
Breaking this vicious cycle for sustainable management of both cultivated
soils and rangelands requires global, holistic, and integrated approaches.

Efficient management of soil fertility and land should be innovative and
integrate individual fields of farmers and the farming systems at the commu-
nity level.

The big challenge is to manage both cultivated soils and land resources
under human and animal pressure in a global approach.

Increasing demand for food and land and incapacity of farmers to afford
new technologies results in land degradation, deforestation, and desertifica-
tion. Few approaches have really tackled this vicious cycle.

In the context of rapid demographic changes, few approaches have
explored alternative farming systems along with the dynamic aspects of farm-
ing systems (Giller et al., 2011), availability and constraints for access to tech-
nologies, the social, institutional, and political environment.

This chapter reviews the main constraints of soils in SSA and the con-
cepts and paradigms of soil fertility management over the last 50 years.
The chapter discusses an alternative participatory approach to develop smart
strategies and options for land resources management. This approach has a
global vision which includes local communities (LC) as main actors and
beneficiaries.

2. STATUS OF SOIL FERTILITY AND CONSTRAINTS

The African continent is covered by highly diverse soils with diverse
physical, chemical, and agronomic characteristics. The soil patterns in the
five major agroecological zones are determined by differences in age, parent
material, physiography, and present and past climatic conditions. Bationo
et al. (2006) summarized the main characteristics and constraints of the soils
in SSA (Table 1); which are mainly: the poverty of parent material in nutrients
and OC, low clay contents, and EC. Around 40% of African soils have low
nutrient capital reserves, 25% have aluminum toxicity, 18% have high leaching
potential, and 9% have high P-fixation capacity (Yanggen et al., 1998). The
most important part of the soils in SSA (56%) are characterized as “acid infertile
soils” (Oxisols and Ultisols in USDA Soil Taxonomy), 16% as “very infertile
sandy soils” (Psamments), 12% as “poorly drained soils” (Aquepts), and 12% as
“moderately fertile and well-drained soils” (Alfisols, Vertisols, Mollisols,
Andepts, Tropepts, and Fluvents) (Brady, 1990).



Table 1 Soil Types, Extent and Constraints, in Sub-Saharan Africa

Soil Type

Percentage
Total Land (%)

Main Constraints

Main Countries Covered

Andosol Nitosols

3.8

Fertile (volcanic ash), high P-fixation, Mn
toxicity, medium water, and nutrient
retention

Rift valley (Ethiopia, Kenya, Tanzania,
and Zaire)

Vertisols 3.2 Heavy soils, medium mineral reserves, Sudan, Ethiopia, South Africa, and Lesotho
erodibility, and flooding
Ferrasols Acrisols 16.2 Low nutrient content, weathered, Al and Mn  DRC, Angola, Zambia, Rwanda, Burundi,
toxicity, high P-fixation, low nutrient and Uganda, Sudan, Central African Republic,
water retention, and susceptible to erosion Cameroon, Liberia, Sierra Leone,
Madagascar, and Sub-humid zone of West
Africa
Fluvisols, Gleysols 4.3 Poor to moderate drainage West, Central, and southern Africa
Histosols
Ferric Plintic Luvisols 5.8 Low nutrient content Western and southern Africa
Regosols, Arenosols 18.7 Mainly quartz, low water, and nutrient West Africa/Sahel, Sudan, Botswana, Angola
Podzols holding capacity, wind erosion, and poor soils and DRC, and North Africa
with nutrient leaching
Lithosols, Xerosols 40.3 Shallow soils subject to drought presence of ~ North African countries, South Africa,
Yermosols, Solonchaks, salt Namibia, Somalia, and Sahel
Solonetz miscellaneous
land units
Inland water bodies 0.9 Flood zones

Source: Bationo, A., Hartemink, A., Lungu, O., Naimi, M., Okoth, P., Smaling, E., Thiombiano, L., 2006. African soils: their productivity and profitability of fertilizer use.
Background paper prepared for the African Fertilizer Summit. June 913, 2006. Abuja, Nigeria, pp. 25.
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Uncultivated soils have natural fertility determined by soil-forming fac-
tors such as parent material, climate, and hydrology. For soils under natural
vegetation, there is a virtual equilibrium, but as soon as the land is altered
through clearing of natural vegetation, this equilibrium is broken. Under
the hot climate of SSA, soil organic carbon (SOC) decreases quickly as a
result of high soil temperatures and fauna activity particularly termites. The
low soil clay content leads to decrease in EC, nutrient availability, and
acidification. The removal of soil nutrients without replacement by fertil-
izer or recycling of crop residues (CRs) leads to quick decline in soil
fertility (Bado et al., 1997; Bationo et al., 2007; Bostick et al., 2007; Pichot
et al., 1981; Smaling, 1995; Woomer et al., 1994).

3. LAND DEGRADATION

Land degradation is defined by FAO (2000) as the loss of production
capacity of land in terms of loss of soil fertility, soil biodiversity, and degra-
dation of natural resources. Land degradation is caused by soil water erosion
(46%), wind erosion (36%), loss of nutrients (9%), physical deterioration
(4%), and salinization (3%). Overgrazing (49%) followed by agricultural
activities (24%), deforestation (14%), and overexploitation of vegetative
cover (13%) are the primary causes of land degradation in rural areas
(Dunstan et al., 2004). Land degradation is the most serious threat to food
production, food security, and natural resource conservation in Africa, par-
ticularly for the poor and vulnerable population of the drylands (UNDP/
GEF, 2004). About 73% of the African drylands are degraded and 51% are
severely degraded (Dregne and Chou, 1992). At least 485 million Africans
are affected by land degradation which is a widespread problem that affects
soils, landscapes, and human welfare (Thiombiano, 2000). The main causes
of land degradation are: human population growth, poor soil management,
deforestation, insecurity in land tenure, variation of climatic conditions,
and intrinsic characteristics of fragile soils in diverse agroecological zones
of SSA (Bationo et al., 2006).

3.1 Cropping Activities

The UNDP estimated that $42 billion in income and 6 million ha of pro-
ductive land are lost every year due to land degradation (UNDP/GEF,
2004). According to the FAO, between 2000 and 2005, the net loss of forests
in Africa exceeds 4 million ha/year due to conversion of forestlands to agri-
culture (Bationo et al., 2006). Yield losses due to land degradation in Africa
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range from 2% decline over several decades to a catastrophic level of 50%
(Scherr, 1999). The combined eftect of cropping activities and soil erosion
lead to soil fertility depletion estimated at an average of 660kg N'ha™', 75kg
P ha™', and 450kg K ha™' from about 200 million ha of cultivated land in
37 African countries during the last 30 years (Bationo et al., 2006; Sanchez
etal., 1997). Stoorvogel et al. (1993) estimated annual net depletion of nutri-
ents in excess of 30kg N and 20kg K per ha of arable land per year in
Ethiopia, Kenya, Malawi, Nigeria, Rwanda, and Zimbabwe. It is estimated
that since the 1950s, Africa has lost about 20% of its soil productivity due to
degradation (Dregne, 1990).

3.2 Grazing Activities

Rangelands cover more of Earth’s land surface than any other type of land
and as a2 common resource; they are mainly used for animal breeding. The
traditional livestock breeding was mainly based on feed sourced from com-
munal rangelands. However, the carrying capacities of communal rangelands
are drastically decreasing due to human and animal population growth and
the increasing demand for animal products. The decrease of communal
rangelands is estimated at 15% over the past 30 years (Ayantunde et al.,
2007). In response, pastoralists are creating new ways to manage rangelands
through conservancies and community-based institutions on state, common,
and private land. In Ethiopia, drought, aridity, and rangeland degradation
have increased over time due to environmental degradation and mis-
management of rangeland resources. Traditional coping mechanisms are fail-
ing due to increasing environmental and rangeland degradation and lack of
national policies to address these issues. Land resources available for farming
are now fully used in several African countries. There is growing concern
about the capability of land to feed the future projected population. As most
African rangelands are now stocked at or above grazing capacity, Holechek
et al. (1999) suggested maintaining “migration corridors,” providing legal
rights to historic grazing lands, and providing support services along migra-
tion corridors such as: watering points, markets, schools, and health as strat-
egies to sustain pastoralism. Feed shortage (both quantity and quality),
particularly in the dry season is a major constraint in achieving higher benefits
from livestock production. Along with a decrease of feed sourced from
communal rangelands, traditional approaches largely based on rangelands
for livestock production can no longer sustain the production systems.
The contribution of CRs to livestock nutrition has significantly increased,
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accounting for up to 50% of ruminant diets in the dryland areas (Ayantunde
et al.,, 2007). Teagu and Barnes (2017) suggested that future research can
provide better understanding of how grazing management can improve
socioecological resilience in grazing ecosystems, while avoiding unintended
consequences of possible management options, by involving realistic scale
and context, partnering with innovative land managers on real operations,
applying adaptive treatments, and combining field studies with modeling
approaches.

4. MANAGING SOIL FERTILITY, TECHNOLOGIES,
AND CONCEPTS

The development of technologies and concepts of land resources
management have targeted the improvement of the production capacity
of cultivated soils. Most of the time, the management strategies of rangeland
are focused on measures of seasonal and special organization of communal
grazing areas. The paradigm of “external input” of the 1960s has led the
development of technologies to improve the productivity of cultivated soils.
The types, techniques, and doses of mineral on organic fertilizers guided the
development of recommendations to improve soil fertility. Organic and
mineral fertilizers, agromineral resources such as rock phosphates, dolomite
have been used as sources of nutrients. The agronomic efficiency of nutrients
from each source depends not only on the soil type, biophysical and climatic
factors but also on the management strategies and the social, economical, and
environmental realities of farmers.

4.1 Mineral Fertilizers

As nutrient deficiencies, particularly nitrogen (N) and phosphorous
(P) are the main constraints of soils in SSA, the beneficial impact of fertilizer
applications on soil fertility and yield improvement are widely demonstrated
(Bado etal., 2010; Bationo et al., 2003; Formoso, 1999; Giko and Smithson,
2003; Pichot et al., 1981; Pieri, 1989). For example, pear]l millet yield could
be increased by 376% by adding 13kg P ha™'. The combined application of
N and P increases pear]l millet yield by 600% on the degraded soils of West
Africa Sahel (Bationo et al., 2006).

However, the efficiency of fertilizer nutrients varies with soil types and
ecologies. For instance, while N deficiency is the most limiting factor than
P in the humid forest zones (Sahrawat, 2004), P deficiency is more important
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in the savannah zones, the savanna-forest transition zones, and the arid and
semiarid zones (Bationo et al., 2006).

In general, farmers are knowledgeable about the positive impact of min-
eral fertilizers on improving soil fertility. Nevertheless, there are factors
influencing farmer’s attitude that go beyond their control, for example,
the availability of fertilizer in local markets (Enyong et al., 1999).

The applications of mineral fertilizers are limited mainly because of their
high cost, land tenure, inefficient distribution systems, poor policies on agri-
cultural production, and marketing support (Zapata and Roy, 2004).

However, data from many long-term experiments in upland soils reveal
yield declines over time as a consequence of decreasing SOC, soil acidifica-
tion, and decreasing nutrient use efficiency (Bado et al., 1997; Bationo,
2008; Bationo and Mokwunye, 1991; Pichot et al., 1981; Pieri, 1989).

In many cases, liming is frequently required to neutralize soil acidity
induced by the continuous application of mineral fertilizer (Fig. 1) (Bado
et al., 1997; Bationo et al., 2012). As an alternative to mineral fertilizer, the
combined application of mineral fertilizers and organic amendments are more
effective options for sustainable management of soil fertility. This is accom-
plished by delaying the decline of SOC (Bado et al., 1997; Bationo, 2008;
Bationo and Mokwunye, 1991; Pichot et al., 1981). Based on the important

4000
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1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993

Control —a— Manure —<« Years Manure_Min fert.

Fig. 1 Effect of long-term application of organic manure (5tonha™" every 2 years), min-
eral fertilizer (74 N; 20 P; 14 K kgha™"); combined application of manure and mineral
fertilizer and lime application (on all the treatments) in year 1992 on maize grain yields
(Bado et al., 1997).
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role of OC on soil fertility, the paradigm of LEISA was developed during the
1990s. The INM approach was developed later aiming to integrate nutrients
management from both organic and mineral fertilizers (Vanlauwe, 2004).

4.2 Organic Fertilizers

The application of the LEISA and INM approaches pointed out the impor-
tance of organic resources and at the same time, the problem of availability,
quality, accessibility, and affordability. Organic manure (or fertilizer) is a
broad term that comprises: manure prepared from cattle dung, excreta of
other animals, CRs, and rural and urban composts. Organic fertilizers have
traditionally been the source of nutrient and an important factor for chem-
ical, physical, and biological properties of soils.

4.2.1 Bare Fallow

The bare fallows with trees, shrubs, and herbaceous plants have been the
traditional system of OC for restoring soil fertility. The maintenance or
restoration of soil fertility was based on a relatively long fallow period
(1015 years) followed by a short cropping period (3—5 years) as a way of
rebuilding SOC status (Beets, 1990; Guillemin, 1956). For example, the tra-
ditional slash and burn system with natural fallow vegetation are still the
main agricultural practice in the humid forest zones of West and Central
Africa. Land is continuously cultivated for long time with exportation of
CRs without any or few nutrient inputs. Some research efforts have been
invested on the improvement of the traditional fallow system. Experiments
on fallows date back to the 1930s with the “corridor system” in Congo
(DRC), based on the principles of shifting cultivation (Eckholm, 1976).
Studies show that both the type and the age of the fallow greatly influence
soil fertility at the end of the fallow period. In a long-term experiment, Bado
(2002) and Bado et al. (2012) reported that 1-year bare fallow in rotation
with sorghum maintained better level of SOC status, increased N uptake
by 120% and grain yield of the succeeding crop by 57% compared to the
monocropping of sorghum. Although the use of more frequent fallows is
necessary for sustainable management of soil fertility, more fallows means
reduction in land area under crop production for a fast growing population
with high demand for food and high pressing on land resources.

4.2.2 CRs
CRs as mulch play an important role on soil fertility by protecting the soil
against erosion while simultaneously providing OC and nutrients.
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Bationo and Buerkert (2001) reported that applications of 4000kgha ™"
of CR and fertilizer in a cropping system maintained the same SOC as an
adjacent fallow plot, while plots without CR applications had rapid SOC
loses. The agronomic efficiency of CR can be improved trough composting.

For example, composting of CR with local phosphate rock (PR) can con-
tribute to solubilize P from PR by organic acids thus producing a compost of
better quality (Bado, 1985; Lompo, 1983). In general, composting or direct
applications of CRs enhance P availability (Sahrawat, 2004), K nutrition,
protects young seedlings against soil coverage during sand storms, increases
water availability, reduces soil surface resistance by 65%, and topsoil tem-
perature by over 4°C (Buerkert and Stern, 1995). These effects are stronger
especially in the Sahelian zone, but weaker in other areas with lower tem-
peratures, higher rainfall, and heavier soils. In general, organic amendments
can contribute to reducing the soil’s capacity to fix P thereby increasing
P availability for uptake and hence higher P use efficiency (Buresh et al.,
1997; Sahrawat, 2004). However, impacts of residue applications on SOC
may be less significant in the more humid agroecological zones (Bationo
and Buerkert, 2001).

As a source of input for improving soil fertility, CR is facing many com-
pletions at farmer’s levels for livestock feed, fuel, or building material (Pieri,
1989), which reduces their availability for field applications. As source of
energy, building material and animal feed, it was estimated that 50%—79%
of stover are annually removed from fields in Niger and Nigeria (Powell
and Unger, 1998).

4.2.3 Farmyard Manure

Manure from cattle, sheep, poultry, and compost (farm yard manure—
FYM) are the main traditional sources of fertilizer for smallholder farmers
in SSA. The quality of manure varies with types of animals and feeds, col-
lection, and storage methods. As source of both mineral and organic fertil-
izer, FYM of different domestic animals is an important organic input in
African agroecosystems. While remaining the main source of nutrients in
the smallholder farming systems, the yield potential production of crops,
particularly of the improved germplasm cannot be achieved with the FYMs
alone. In most of the cases using manure is part of an internal flow of nutri-
ents within the farm and does not add nutrients from outside the farm. Fur-
thermore, the quantities available are inadequate to meet nutrient demand
on large areas.
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Owing to weak integration of agriculture and livestock associated with
high biomass demand for food and livestock feeding, CRs, and FYM alone
cannot ensure sustainable management of soil fertility.

4.3 Local Agromineral Resources

SSA has high potential of agromineral resources as opportunities to improve
soil fertility. Most important sources are PR depositions and primary raw
material for producing P fertilizers. Under certain soil and climate condi-
tions, the direct application of local PRs is agronomically and economically
sound alternative to the more expensive imported P-fertilizers (Baanante,
1998; Chien et al., 1990; Zapata et al., 1986). Moreover, PRs are sources
of several nutrients other than Phosphorus. Calcium (Ca) and Magnesium
(Mg) deficiencies are chemical and nutritional constraints on crop growth
on acid soils (Zapata and Roy, 2004). Extensive research on the agronomic
potential and actual effectiveness of PR as sources of P have been conducted
in almost all countries (Chien, 1995; Chien and Friesen, 1992; Chien and
Hammond, 1978; Chien and Menon, 1995b; Chien et al., 1987), including
the partially acidulated PR products as well as their economic assessment
(Baanante, 1998; Baanante and Hellums, 1998; Chien and Menon, 1995a;
Henao and Baanante, 1999). In 1994, the World Bank launched the initiative,
Development of National Strategies for Soil Fertility R ecapitalization in SSA
that aimed to utilize the available PR resources as capital investment to replen-
ish soil P status (Baanante, 1998; Buresh et al., 1997). The underutilization of
local agromineral resources such as PRs is part of the paradoxes of African agri-
culture. While Africa ranks first with 28.5% of the world’s production of PR,
yet it has the lowest phosphate consumption with 2.8% of the world’s con-
sumption (FAO, 1999). While the soils of SSA remain extremely poor in P,
the high resources of PR are not adequately exploited to improve agricultural
production (Baudet et al., 1986).

4.4 Nitrogen-Fixing Legumes

The cropping systems of small farmers comprised many nitrogen-fixing
legume crops, which are usually cultivated in rotation or intercropping
with cereals or other crops. The traditional intercropping systems cover over
50%—-90% of the cultivated area in the semiarid tropics. Mixed cropping is a
strategy to maximize farmer’s profits and minimize risk, alleviate seasonal
labor peaks and stabilize incomes (Abalu, 1976). Nitrogen-fixing legume
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helps improving soil fertility through biological nitrogen fixation (BNF)
(Bado et al., 2006; Bagayoko et al., 2000; Bationo and Ntare, 2000;
Chalk, 1998). Nitrogen-fixing legumes contribute to soil fertility improve-
ment as a consequence of N supplied by legumes through BNF (Bado et al.,
2006, 2012; Bagayoko et al., 2000; Bationo and Ntare, 2000; Chalk, 1998;
Peoples and Crasswell, 1992; Peoples and Herridge, 1990). Moreover, the
fodder and residues of legumes constitute an important source of animal
feed. Although all the above legume biomass are used to feed livestock
and not returned to the soil, the rest of the fallen senescent leaves and under-
ground parts are source of organic matter of good quality that improve soil
mineral N, fertilizer N use efficiency, increase not only the yields of
succeeding cereal but also its nitrogen use efficiency (Bationo and Vlek,
1998). Bado et al. (2006, 2011) showed that groundnut and cowpea can
increase soil mineral N by 36%—52% and the yields of succeeding sorghum
by 50%—-300% (Fig. 2). Many fast growing leguminous species such as
mucuna (Mucuna pruriens), soya beans (Glycine max), Lablab purpureus,
Crotolaria ochroleuca, and various species of the Phaseolus family can be
especially useful as green manures and cover crops. The groundcover
offered by these green manures greatly reduces soil erosion (Gachene
et al., 2000).

The important role of legume on improving soil fertility is not the sole
criteria that determine the decision of farmers to adopt a specific legume in
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Fig. 2 Effect of sorghum rotation with groundnut (groundnut—sorghum) and cow-
pea (cowpea—sorghum) on sorghum total dry matter yields compared to the continu-
ous cropping of sorghum (sorghum—sorghum) during 4 years in Burkia Faso (Bado
et al, 2011).
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their systems. Farmers more easily adopt dual-purpose legumes that provide
both food and good quality fodder.

The improvement of soil fertility and yields (grain for food and/or mar-
ket, fodder for animals and/or soil fertility), market opportunities (cash
crops), and breakdown of diseases are some of the criteria that determine
farmer’s decision to adopt specific types of legumes.

5. PARADIGMS OF INTEGRATED MANAGEMENT
OF SOIL FERTILITY

Difterent approaches have been developed with sometimes, contra-
dictory discussions on appropriate options for sustainable management of
soil fertility. The concepts of soil fertility management evolved from exter-
nal inputs approaches focusing on supplying nutrients to crops; to more
integrated management of both soil and external nutrients in cropping
systems.

5.1 External Inputs

During the 1960s and 1970s, agricultural research and development
agenda worldwide on improving soil fertility was driven by a paradigm
of “external input.” The quantity, quality, and appropriate use of external
inputs, be it fertilizers, lime, or irrigation water, was believed to alleviate
constraints to crop production (Vanlauwe, 2004). The associated effects of
this paradigm of external inputs with the use of improved cereal germ-
plasm, boosted agricultural production in Asia and Latin America through
the first “Green Revolution” of the world. Organic resources were con-
sidered less essential. However, the paradigm of external inputs of the
“Green Revolution” strategy in SSA resulted only in minor achievements
because of a variety of reasons. Some of them were related to the cost of
external inputs (mainly fertilizers), coupled with the abolition of the fer-
tilizer subsidies imposed by structural adjustment programs in SSA
(Smaling, 1993).

5.2 Low External Inputs Sustainable Agriculture (LEISA)

The paradigm of external inputs led to environmental degradation resulting
from massive and injudicious applications of fertilizers and pesticides in Asia
and Latin-America between the mid-1980 and early-1990s. This context
and finding created a renewed interest of agricultural research and develop-
ment in organic resources in the early 1980s. The balance shifted from
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mineral inputs to the paradigm of LEISA where organic resources were
believed to enable sustainable agricultural production (Vanlauwe, 2004).
From the experiences of the socioeconomic constraints and the complexity
of the cropping systems of small farmers, the approaches of soil fertility man-
agement shifted from simple nutrient addition to more integrated approaches
that aim to tackle the socioeconomic constraints and the complexity of the
cropping systems of small farmers.

5.3 Integrated Nutrient Management (INM)

After several years of investment in research activities evaluating the poten-
tial of LEISA technologies, such as alley cropping or live-mulch systems,
constraints were identified at the technical (e.g., lack of sufficient organic
resources) and the socioeconomic levels (e.g., labor-intensive technologies)
(Vanlauwe, 2004).

Recognizing the need for mineral and organic inputs to sustain crop pro-
duction, this paradigm paved way to the INM approach. The need for both
organic and mineral inputs was advocated because (i) both resources fulfill
different functions to maintain plant growth, (ii) under most small-scale
farming conditions, neither of them is available or affordable in sufficient
quantities, and (iii) several hypotheses could be formulated leading to added
benefits when applying both inputs in combination (Vanlauwe, 2004). The
INM approach is perceived as the judicious manipulation of nutrient inputs,
outputs, and internal flows to achieve productive and sustainable agricultural
systems. It can be defined as a systematic, planned approach to manage soil
fertility, at small and large scale in the context of farm and ecosystem as a
whole. This management approach involves the best possible combination
of available nutrient management practices, in the context of biophysical
resources, economic feasibility, and social acceptability. The INM often
comprises multidisciplinary teams of agronomists, soil scientists, livestock
specialists, sociologists, anthropologists, and economists working together,
thus optimizing all aspects of nutrient cycling.

5.4 Integrated Natural Resources Management (INMR)

From the mid-1980s to the mid-1990s, the shift in paradigm toward the use
of organic and mineral inputs was accompanied by a shift toward participa-
tory development. This was mainly driven by the “participatory movement”
and included various stakeholders in the research and development process.
One of the important lessons learnt from the participatory approach was that
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farmers’ decision was not merely driven by soil and climate but by a large set
of factors cutting across the biophysical, socioeconomic, and political
domain. The INRM research approach was thus formulated which aimed
at developing interventions that factor in the earlier aspects (Izac, 2000).
The INRM approach focused on natural resource management. However,
the socioeconomic realities of poor farmers that result in high pressure on
natural resources were less consider.

5.5 Integrated Soil Fertility Management (ISFM)

With experiences gained from different approaches and changes in the over-
all social, economic, and political environment, the paradigms underlying
soil fertility management research and development efforts have undergone
substantial change during the last 3 decades (1980-2010). The ISFM para-
digm was developed to include an integral part of the INRM approach with
a focus on appropriate management of natural resources, farmers’ capacities
to afford technologies, and the complexity of cropping systems in line with
local policies (cost, availability, and affordability of fertilizer and credit). The
ISEM aims at adapting locally to soil fertility management practices of
farmers to optimize agronomic efficiency of mineral fertilizers and organic
inputs and to increase the productivity of cropping systems (Bationo and
Waswa, 2011). The ISFM is defined as a set of soil fertility management
practices of fertilizer, organic inputs, and improved germplasm. Combined
with the knowledge of how to adapt practices to local conditions, the ISFM
aims to maximize agronomic use efficiency of the applied nutrients and
improve crop productivity (Vanlauwe et al., 2010). The ISEM recognizes
the important role of social, cultural, and economic processes regulating soil
fertility management strategies. This approach is broader than the INM
approach as it recognizes the need of an appropriate physical and chemical
environment for plants to grow optimally, besides a sufficient and timely
supply of available nutrients (Vanlauwe, 2004). This paradigm is closely
related to the wider concepts of INRM, thereby representing a significant
step beyond the earlier narrower concept and approach of nutrient replen-
ishment/recapitalization to enhance soil fertility (Sanchez et al., 1997). The
approach integrates the roles of soil and water conservation; land preparation
and tillage; organic and inorganic nutrient sources; nutrient adding and sav-
ing practices; pests and diseases; livestock; rotation and intercropping; mul-
tipurpose role of legumes; and integrating the different research methods and
knowledge systems.
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5.6 Management of Soil Fertility in Lowlands

Inland valleys constitute over 38% of the total wetlands in SSA (Africa Rice
Center (WARDA), 2008). Lowland soils have specific characteristics that
lead agronomic efficiency of nutrients and development of technologies
and management strategies.

5.6.1 Characteristics of Lowlands

In contrast to the poor upland soils, the inland valley soils offer better con-
ditions for crop production as they have higher OC and clay contents, a bet-
ter EC and water retention capacity (Bado et al., 2010). Lowlands retain
more water from rain or irrigation, resulting in a seasonal submergence,
depletion of soil oxygen, and proliferation of anaerobic microorganisms.
Therefore, the decomposition of organic residues is slower than in aerated
upland soils, favoring the maintenance or accumulation of OC (Bronson
etal., 1997; Cassman et al., 1995; Sahrawat, 2004; Witt et al., 2000). The dry-
ing period leads to aerobic conditions which favor faster decomposition of
SOC. Frequent cycling between drying and wetting stimulate microbial
activity (Sahrawat, 2004; Sahrawat et al., 2003). The decomposition or
destruction of organic materials is reduced, and the humification of organic
matter is decreased under flooded conditions. Consequently, the overall
organic matter decomposition rates are slower in submerged soils than aerobic
soils, resulting in net accumulation of organic matter (Mirasol et al., 2008; Olk
et al., 1996; Powlson and Olk, 2000; Zhang and He, 2004). Owing to the
high content and slow decomposition of SOC, soil fertility can be maintained
for many years of cropping without the application of organic inputs (Bado
et al., 2010; Mirasol et al., 2008; Olk et al., 1996; Powlson and Olk, 2000;
Zhang and He, 2004). The soils of inland valleys present a high potential
for agricultural production. In contrast with upland soils where phosphorous
is the most limiting nutrient, nitrogen (N) is the main factor of rice produc-
tion (Bado et al., 2008; Haefele et al., 2004, 2013). However, crop yields
are generally limited by various biophysical constraints and poor crop manage-
ment practices such as water control and iron (Fe) toxicity (Becker and Asch,
2005; Becker and Johnson, 2001; Touré et al., 2009). The high amounts of
Fe>" after flooding and the excessive Fe”" uptake caused by an increased root
permeability and enhanced microbial iron reduction in the rhizosphere lead
to Fe>" toxicity, nutritional imbalances due to low availability of P, K, Zn,
Ca, or Mg (Prade et al., 1986), and reduction in the uptake of N and
P (Diatta and Sahrawat, 2005; Yoshida, 1981). Zinc deficiency is frequently
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observed in lowland soils, associated with high pH, high organic matter
content, and high availability of P, Si, and Mg/Ca ratio (Ponnamperuma
and Deturck, 1993).

5.6.2 Main Achievements

The availability of water, relatively better fertility compared to upland soils,
and the high solar radiation of SSA enables high potential of biomass pro-
duction in lowlands. Traditionally, lowlands constitute an important source
of grazing for livestock, particularly in the arid and semiarid zones during the
dry season. Owing to better soil fertility, the soils of lowlands have high
production potential for crops such as rice. An appropriate management
of inputs and crop calendars are the most important factors of productivity.
For example, rice can yield up to 12tha™"' of grain in the lowlands of
Senegal River Valley (Dingkuhn and Sow, 1997; Haefele et al., 2004;
Wopereis-Pura et al., 2002). In contrast with upland, the application of min-
eral fertilizer alone (without organic amendment) can maintain soil fertility
for many years in lowlands (Bado et al., 2010) (Fig. 3). The International
Rice Research Institute IRRI) and AfricaRice (former WARDA) have

10.0 4
9.0 1
8.0 1
7.0 4
6.0
5.0 4
4.0
3.0 1
2.0 1
1.0
0.0

Yields (mg ha™")

2000 2003 2006

Years

1991 1994 1997

—— Dry season  --4-- Wet season

Fig. 3 Influence of fertilizer applications on rice grain yields in the Senegal River Valley
during 36 continuous cropping seasons of rice (dry season and wet season) over 18 years
(1991-2008). Only mineral fertilizer was applied at 120 N, 26 P, 50 K (kg ha ™' of nutrient).
No yield decline was observed at P < 0.05 levels over the 18 years. Source: Adapted from
Bado, B.V., Aw, A., Ndiaye, M., 2010. Long-term effect of continuous cropping of irrigated
rice on soil and yield trends in the Sahel of West Africa. Nutr. Cycl. Agro Ecosys. 88 (1),
133—141. https://doi.org/10.1007/510705-010-9355-7.
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developed different concepts and methods to better manage fertilizer for
rice, which is one of the main crops of lowlands. The IRRI developed
the concept of site-specific nutrient management (SSNM) (Dobermann
et al., 2002; Dobermann and White, 1999; Saito et al., 2015; Witt et al.,
1999). The SSNM is the dynamic, field-specific management of nutrients
in a particular cropping season to optimize the supply and demand of nutri-
ents according to their differences in cycling through soil-plant systems
(Dobermann and White, 1999; Wang et al., 2001). A cloud-based
decision-support tool named nutrient manager for rice (NMR) was devel-
oped to deal with such specificity and provide farmers with field-specific
nutrient management recommendations (Fairhurst et al., 2007; Saito
et al., 2015). IRRI and AfricaRice worked together to develop NMR
(Haefele et al., 2004; Wopereis et al., 1999). AfricaRice has developed
the concept of integrated crop management (ICM) for rice (Kebbeh and
Miezan, 2003; Wopereis et al., 1999). The concept of ICM recognizes that
rice cultivation is a production system involving a wide range of compo-
nents from land preparation to harvest and postharvest. These factors inter-
actin an array of complex relationships and interdependencies that together
determine crop growth, yield, and profitability. Thus, rice productivity and
profitability can be boosted by integrated technologies adapted to the
production environment of small-scale farmers, combined with optimum
management of fertilizers, weed, varieties, seeds, and cultural calendar
(Haefele et al., 2000, 2002; Kebbeh and Miezan, 2003; Wopereis et al.,
1999). A change in the management of one factor can atfect the perfor-
mance of other factors and/or crop growth, yield, and profitability. The
concept of ICM is a participative approach, focused on integrated manage-
ment of resources, and inputs of farmers for increasing efficiency and
productivity. It seeks to develop integrated technologies at the farm level
(with the farmer as the ultimate integrator of management factors) to man-
age the cultivation of crops as a complete production system, taking into
account all factors that impact crop growth, yield, quality, and profitability
(Kebbeh and Miezan, 2003). AfricaRice has particularly used the ICM con-
cept to develop different management options of fertilizer (dose and time of
application) for cropping calendar of irrigated rice.

6. INTEGRATED MANAGEMENT OF LAND RESOURCES

At the individual farm level, many practices, technologies, and
management approaches have been developed, from simple fertilizer
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recommendations to the integrated management technologies, options,
and strategies. Significant progress was achieved during the last 30 years
with the integrated management approaches (INM, INRM, ISFM, and
ICM). However, farm-oriented technologies alone cannot prevent the
decline of soil fertility, land degradation, and the decrease in productivity
of the ecosystem due to high pressure on land resources. Similarly to
cultivated soils, many researchers have identified major constraints to
livestock productivity which are reducing rangelands, seasonal shortage
in feed supply, absence of livestock routes, and lack of watering points
(Ayantunde et al., 2007). For example, over 90 million smallholder
farmers keep livestock in West Africa, 80% of whom are in the mixed
crop-livestock/agro-pastoral systems (Herrero et al., 2014). Despite the
reality of the traditional crop-livestock systems, many researchs are
crop-oriented or livestock-oriented. The farm-oriented or livestock-
oriented technologies alone cannot face the increasing demand in lands
for crops and livestock (Adeel, 2003). Integrated crop and livestock sys-
tems and management of land resources with the rural communities allow
for more efficient use of natural resources and inputs through recycling
and increasing the overall output and efticiency of the system. During the
last 20 years, there have been suggestions for more holistic soil science
(Bridges and Catizzone, 1996), as part of a network society (Bouma,
2001), geared toward a soil care approach (Yaalon, 1996), or in closer
relation with society (Yaalon and Arnold, 2000). A holistic approach is
necessary for integrated management of soil fertility at farm level and also
the land resources (cultivated lands and rangelands and protected forests)
at the global community level.

6.1 The Concept

There is a need for a new concept of sustainable land resources management
at the community level rather than for cultivated lands or rangelands for live-
stock. It is necessary to perceive all the land resources exploited by the entire
community as the source of ecosystem services provider. To adapt our
research approaches to the complex realities, it is necessary to incorporate
an iterative approach involving stakeholders and LC (Giller et al., 2011).
Many successful experiences on natural resource management such as the
restoration of degraded lands are achieved with full participation of LC
(Blay et al., 2004). With full participation from LC as primary actors, it is
also necessary to involve local authorities and policy makers in the process
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of sustainable land resource management, which includes management of
cultivated soils, pastoral lands, protected forests, and water resources. The
proposed concept has three keys principles: (1) the management of land
resources must be considered in the context of ecosystem service provider
for the entire community; (ii) a decentralized and participative approach
must be utilized to ensure the involvement of the entire community, local
authorities, and stakeholders to identify the constraints, opportunities, and
management scenarios; and (iii) tools for implementation and evaluation
must be implemented for sustainable management of the process.

6.2 The Conceptual Framework

To bridge the gap between single-discipline, component research, and adap-
tive practices toward land resource management, a realistic approach at the
relevant scale, and context has to partner with environmentally conscious
farm managers (Provenza et al., 2013; Teagu and Barnes, 2017). The con-
ceptual framework aims at combining scientific and local knowledge and
expertise of stakeholders to identify suitable technologies or practices and
developing context-specific management strategies or scenarios of land
management. The main objective is to link researchers, development actors,
policy-makers, and LC in a participative and interactive process to set-up
global strategies. Tools such as stakeholder platforms (Bampton, 2003) could
be used to coordinate the contributions of key actors. A lead institution (LI)
can be identified within the keys actors to coordinate the stakeholder
platform on land management (SP-LM). To ensure sustainability, the
process should be led by LC through a local committee at various levels.
Therefore, the main tools of implementations are the stakeholder platform,
the committees of LC and the LI. This framework comprises three main
components: (A) development/adaptation of land management options
(LMO:s); (B) testing of LMOs; and (C) evaluation of LMOs as presented
in Fig. 4. The framework is built from the level of SP-LM to community
levels (region, commune, and village) in five steps.

6.2.1 State of the Art (Step 1)

The high demand for food and land involves many actors at the national
level and in many areas: agriculture, livestock, agro-pastoralism, environ-
ment, and natural resource management. Activities of these actors remain
isolated as at times, actors do not always know the activities and achieve-
ments of others. As a stated point, there is a need to have a synthetic review
and share the achievement of actors through literature reviews, meetings,
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Fig. 4 A framework for participative diagnostic and development of integrated strate-
gies, options, technologies, and practices for management of land resources from
village to commune, region, and country levels with LC. The process starts with the
review, identification of successful strategies, practices, and technologies of land
resources management at the country level (step 1); development of improved strate-
gies and land management options (LMOs) (step 2); implementation (LMOT1 for first test-
ing) at regional, commune, and village levels with LC (steps 3, 4, and 5); evaluation of the
performances from village to commune and region and refinement to generate new
improved management options and strategies (steps 3, 4, and 3).

and interactions among actors. An initial meeting of actors can be organized
with the following terms of references: (i) creating of the SP-LM,
(1) identification of a LI to coordinate the process, and (iii) terms of refer-
ences to help capitalize experiences of actors and achievements on land
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management. The LI will then coordinate the production of an initial report
on the status of land resources, constraints of management and stakeholder
involvement, policies, programs, successful experiences, failures, and inno-
vations. Baseline studies could be used to collect more information at the
community level including the perception and the proposed land manage-
ment strategies from communities.

6.2.2 Identification/Development of LMOs (Step 2)

Under the coordination of the LI, the SP-LM will analyze and validate the
initial report of the state of the art and achievements on land resources man-
agement. An inventory of technologies, practices, successful experiences, and
innovations should be made for better land resource management including
soil fertility (by farmers), rangelands, and protected forests (by the commu-
nity) to be validated by keys actors. The promising practices, technologies,
and successful management strategies will be selected for implementation
as first level of LMO1. Some could be refined or improved for
implementation.

6.2.3 Testing of LMOs (Steps 3—-4-5)

The implementation of selected options and successful management strate-
gies will be organized at the regional level. In general, the policy of decen-
tralization goes from region or districts to communes and villages. Each
region and commune can have a local development policy and plans of nat-
ural resource management. The LMOs will be implemented at regional
and commune levels in three steps (region, commune, and village). At
the regional level (step 3), the strategy of participative implementation of
LMOs will be explained to regional authorities through meetings, visits,
and focus group discussions. Some communes will be selected with the
regional authorities based on the regional policy and priorities (step 4). Sim-
ilarly, the same participative methodology will be used with communal
authorities to select village sites (step 5). The selected villages of the same
commune will organize their local committee of lands (LCL) at village level.
The LCLs of the same commune will organize a communal committee of
lands (CCL). Similarly, the CCLs of the region will organize the regional
committee of lands (RCL). The SP-LM will be the national body of lands
at the national level. The implementation of options (LMOs) and strategies
will be coordinated and supervised at village, communal, regional, and
national levels by the LCL, CCL, RCL, and SP-LM, respectively.
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6.2.4 Evaluation of LMOs (Steps 5-4-3)

The evaluation of the performances and weaknesses of LMOs will be made
from village (step 5), commune (step 4), and regional level (step 3). The sim-
ilar participative process is used with land management committees (LCL,
CCL, RCL, and SP-LM) at village, commune, region, and national levels.
Based on suggestions and recommendation from the communities, the
SP-LM analyzes and improves or refines the technologies, practices, and
management innovations (step 1) to improve the LMOs or develop new
LMO as second level of LMOs (LMO2). A workshop of the SP-LM includ-
ing other resource persons or institutions could contribute to analyze, refine,
or develop the new improved LMOs. Then, LMO?2 is logically an improved
version of LMO1 or new LMOs and strategies based on experience of field
implementation of LMO1. LC, communal, regional, and national author-
ities and stakeholders will use the same process as long as necessary in the
form of a participative and dynamic tool for sustainable and inclusive man-
agement of land resources.

Involving LC with the technical support from stakeholders is essential.
The engagement of farmers through their communities gives more oppor-
tunities for empowerment than those working individually (Dolinska and
Aquino, 2016). Using the concept of rural research center developed by
ICRAF, Takoutsing et al. (2014) pointed out how farming communities
can effectively participate in scaling-up agricultural practices when the pro-
cess involves farmers, extension workers, and researchers in a mutual benefit:
scientific results for researchers, better agricultural practices for extension
workers, and economic success and free choice for farmers. With training
support and sensitization on the need for sustainable management of land
resources, LC can successfully play a key role in implementing local
strategies.

7. CONCLUSION

Soil fertility depletion, land degradation, desertification, and defores-
tation are known to be the root causes of food insecurity, malnutrition, and
poverty in sub-Sahara Africa. This review highlighted the progress made by
the integrated management approaches (INM, INRM, ISFM, and ICM)
during the last 30 years. Considering the challenge of increasing demand
for land all over the world, thematic approaches like farm-oriented or
livestock-oriented technologies alone cannot face the decline of soil fertility,
land degradation, and deforestation. The proposed approach is a framework
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for action which involves LC as keys actors and beneficiaries of any strategy
of sustainable land management. By giving a strategic role to LC, the process
could stimulate their engagement with innovative actions.

This framework is a working strategy for integrated and sustainable man-
agement of land resources. This conceptual framework proposes a holistic
and participative approach that involves stakeholders and LC. It is also a
dynamic process giving space for continuous review to adjust strategies,
tools, and methods of intervention and management. Depending on the
context (number and profile of stakeholders, national policies, and engage-
ment of LC), the framework can serve as a guideline to develop a detailed
methodology of land resource management as an ecosystem services pro-
vider to the entire community.
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