Chapter 1 NY
Soil Organic Carbon and Proper Fertilizer <:ic
Recommendation

Andre Bationo and J.O. Fening

Abstract Soil carbon in the form of organic matter is a key component of the soil
ecosystem structure. In most parts of West Africa agro-ecosystems (except the
forest zone), the soils are inherently low in SOC content due to low organic matter
additions, and accelerated degradation. The rapid turnover rates of organic material
1s as a result of high soil temperatures and fauna activity particularly termites. The
SOC levels rapidly decline with continuous cultivation. For the sandy soils, average
annual losses may be as high as 4.7% whereas with sandy loam soils, losses are
lower, with an average of 2.0%. To maintain food production for a rapidly growing
population, application of mineral fertilizers and the effective recycling of organic
amendments such as crop residues and manures are essential especially in the
smallholder farming systems that rely predominantly on organic residues to main-
tain soil fertility. The efficiency of fertilizer use is likely to be high where the
organic matter content of the soil is also high. In unhealthy or depleted soils, crops
use fertilizer supplied nutrients inefficiently. Where soils are highly degraded, crops
hardly respond to fertilizer applications. When SOM levels are restored, fertilizer
can help maintain the revolving fund of nutrients in the soil by increasing crop
yields and, consequently, the amount of residues returned to the soil. Crop yields
can be increased by 20-70kgha~' for wheat, 10-50kgha~' for rice, and 30—
300kg ha™' for maize with every 1 Mgha™' increase in soil organic carbon pool in
the root zone. There 1s need to increase crop biomass at farm level and future
research should therefore focus on improvement of nutrient use efficiency in order
to increase crop biomass.
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1.1 Introduction

Soil carbon in the form of organic matter is a key component of the soil ecosystem
structure. The soil carbon content is an important contributing factor in the various
flows and transformations of matter, energy and biodiversity - the essential soil
functions that provide ecosystem services and life-sustaining benefits from soil.
These goods and services include food production, water storage and filtration,
carbon storage, nutrient supply to plants, habitat and biodiversity.

The natural soil carbon density is influenced by the balance between inputs
(plant residues) and losses, mainly microbial decomposition and associated miner-
alization. This amount will vary with factors such as the specific land use under-
going change, soil type and texture, soil depth, bulk density, management and
climate. Because of its superficial setting, small bulk density and organic constitu-
tion, soil organic carbon (SOC) 1s highly susceptible to water and wind erosion and
chemical and physical degradation (Sombroek et al. 1993). The major drivers of
SOC loss include demand for fuel, overgrazing, arable agriculture and other
overexploitation of vegetation. The resulting depletion of the global SOC pool is
estimated at 40-100 Pg.

Across the world, soil organic carbon (SOC) 1s decreasing due to changes 1n land
use such as the conversion of natural systems to food or bioenergy production
systems. The losses of SOC have impacted crop productivity and other ecosystem
services adversely. In the past 25 years, one-quarter of the global land area has
suffered a decline in productivity and in the ability to provide ecosystem services
because of soil carbon losses (Bai et al. 2008). The situation 1S made worse in the
tropical soils, which are considered as more risky because cropping is synonymous to
nutrient removal in the already impoverished soils with insufficiently replenishment.
There 1s considerable concern that, if SOM concentrations in soils are allowed to
decrease too much, then the productive capacity of agriculture will be compromised.
Soils exhibit different behaviour and as such we would expect to have different SOC
levels. However, there is a general consensus among the scientists that a 2% soil
carbon (3.5% SOM) as a critical level for soils below which potentially serious
decline in soil quality will occur (Loveland and Webb 2003).

One of the grand challenges for society is to manage soil carbon stocks to
optimize the mix of five essential services - provisioning of food, water and energy;
maintaining biodiversity; and regulating climate. Scientific research has helped to
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develop an understanding of the general SOC dynamics and characteristics; the
influence of soil management on SOC; and management practices that can restore
SOC and reduce or stop carbon losses from terrestrial ecosystems. As the uptake of
these practices has been very limited, it i1s necessary to identify and overcome
barriers to the adoption of practices that enhance SOC. Actions should focus on
multiple ecosystem services to optimize efforts and the benefits of SOC.

1.2 Soil Organic Carbon Management

Deficiency of SOM is widespread 1n tropical soils and particularly those under the
influence of arid, semiarid and sub-humid climates due to the controlling influence
of climatic factors on primary productivity and biomass decomposition. Since
sustainability 1s not possible without equalizing the nutrient removals and addi-
tions, productivity declines steadily without application of fertilizers. In temperate
regions, crop residues are routinely incorporated into the soil, but the practice of
returning residues to the soil is practically non-existent in tropical regions. Thus, in
the tropics, low organic matter additions as well as accelerated degradation and loss
due to year round prevalence of biologically active temperature and moisture
regimes leads to rapid reductions in SOM levels and consequently, reduced soil
health due to the absence of the beneficial effects of the organic matter.

In general, the SOM content of tropical soils, when brought under cultivation,
can fall to as low as about 30% of the original value of the uncultivated indigenous
state, but most reports indicate about a 60% reduction after 10 years of cultivation.
Katyal et al. (2001) documented such changes with arable cropping from long-term
field experiments. In a virgin soil, SOM remained stable for 10 years after fertilizer
application, but subsequently fell to about 40% of the initial value during the next
3 years. However, when manures and fertilizer were applied, the SOM level was
stable for 25 years, thus illustrating the value of integrated use of organic and
inorganic nutrient sources in stabilizing and maintaining SOM in cropping systems
and ensuring sustainability regardless of the cropping system.

The quantity of organic carbon in soil and the quantity and type of organic inputs
have profound impacts on the dynamics of nutrients. Soil organic matter itself
represents a large reservoir of nutrients that are released gradually through the
action of soil fauna and microorganisms: this is especially important for the supply
of N, P and S to plants, whether agricultural crops or natural vegetation. Organic
matter also modifies the behaviour and availability of nutrients through a range of
mechanisms including increasing the cation exchange capacity of soil, thus leading
to greater retention of positively charged nutrient 1ons such as Ca, Mg, K, Fe, Zn
and many micronutrients.

In West Africa as the rest of the continent, removal of crop residues from the
fields, coupled with a lower rate of macronutrient application compared to losses,
has contributed to negative nutrient balances (Stoorvogel and Smaling 1990). For
nitrogen as an example, whereas 4.4 million tons are lost per year, only 0.8 million
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tons are applied (Bationo et al. 2004) (Fig. 1.1). Additionally, low and erratic
rainfall, high ambient soil and air temperatures, inherent poor soil fertility, low
water holding capacities and degraded soil structure lead to low crop productivity in
this environment. Consequently, the present farming systems are not sustainable
(Bationo and Buerkert 2001).

Transforming agriculture in West Africa agro-ecosystems and expanding its
production capacity are prerequisites for alleviating rural poverty, household food
deficits and environmental exploitation (Bationo et al. 2004).

Reversing the declining trend in agricultural productivity and preserving the
environment for present and future generations in West Africa must begin with soil
fertility restoration and maintenance (Bationo et al. 1996). Soil fertility 1s closely
linked to soil organic matter, whose status depends on biomass input and manage-
ment, mineralization, leaching and erosion (Roose and Barthes 2001; Nandwa 2001).
It is well recognized that soil organic matter increases structure stability, resistance to
rainfall impact, rate of infiltration and faunal activities (Roose and Barthes 2001).
Optimum management of the soil resource for provision of goods and services
requires the optimum management of organic resources, mineral inputs and the soil
organic carbon (SOC) pool (Vanlauwe 2004). The importance of SOC has increased
interest and research on its build up in the soil-plant system with current emphasis on
conservation tillage. SOC can play an important role and its maintenance is an
effective mechanism to combat land degradation and increase future food production.
The SOM components such as humic molecules and polysaccharides increased
aggregate stability by binding mineral particles into aggregates and reduced their
susceptibility to erosion by wind or water (Tisdall and Oades 1982. In turn, formation
of stable aggregates enhances physical protection of SOM against microbial decom-
position (Six et al. 1998). Fertilizer additions also affect the chemical composition of
soil solution which can be responsible for dispersion/flocculation of clay particles and
thus, affects the soil aggregation stability (Haynes and Naidu 1998). Beneficial
effects of increasing SOM concentration on enhancing soil structural stability have
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been widely documented (Barzegar et al. 1997). Reduction in SOM can degrade soil
quality and fertility resulting in reduced agronomic productivity (Sharma and
Subehia 2003). The SOM lowered the soil bulk density (Bronick and Lal 2005)
and compaction (Dexter 1988), resulting in increased total porosity and water
infiltration rate (Ndiaye et al. 2007).

Various farm practices have been employed to build SOC stocks in West Africa.
Crop residue (CR) application as surface mulch can play an important role in the
maintenance of SOC levels and productivity through increasing recycling of min-
eral nutrients, increasing fertilizer use efficiency, and improving soil physical and
chemical properties and decreasing soil erosion. However, organic materials avail-
able for mulching are scarce due to low overall production levels of biomass in the
region as well as their competitive use as fodder, construction material and cooking
fuel (Lamers and Feil 1993). In a study to determine CR availability at farm level
Baidu-Forson (1995) reported that at Diantandou in Niger with a long-term annual
rainfall of 450 mm, an average of 1200 kg ha™' of millet stover was produced at the
end of the following year barely 250 kg ha™' remained for mulching. Powel and
Mohamed-Sallem (1987) showed that at least 50% of these large on-farm disap-
pearance rates of millet stover could be attributed to livestock grazing. Animal
manure has a similar role as residue mulching for the maintenance of soil produc-
tivity but it will require between 10 and 40 ha of dry season grazing and between
3 and 10 ha of rangeland of wet season grazing to maintain yields on 1 ha of
cropland (Fernandez-Rivera et al. 1995). The potential of manure to maintain SOC
levels and maintain crop production is thus limited by the number of animals and
the size and quality of the rangeland. The potential livestock transfer of nutrients in
West Africa is 2.5 kg N and 0.6 kg P ha~' of cropland (de Leeuw et al. 1995).

Scarcity of organic matter calls for alternative options to increase its availability
for improvement of SOC stock. Firstly, the application of mineral fertilizer i1s a
prerequisite for more crop residues at the farm level and the maintenance of soil
organic carbon in West African agro-ecosystems and therefore most research
should focus on the improvement of nutrient use efficiency in order to offer to the
smallholder farmers cost-effective mineral fertilizer recommendations. Secondly,
recent success stories on increasing crop production and SOC at the farm level is as
a result of the use of the dual purpose grain legumes having the ability to derive a
large proportion of their N from biological N fixation, a low N harvest and
substantial production of both grain and biomass. Legume residues can be used
for improvement of soil organic carbon through litter fall, or for feeding livestock
with the resultant manure being returned to the crop fields.

1.3 Soil Organic Carbon Status at Farm Level

SOC levels across fields on-farm show steep gradients resulting from long-term
site-specific soill management by the farmer (Fig. 1.1). According to Prudencio
(1993), SOC status of various fields within a farm in Burkina Faso showed great
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variations with those of home gardens (located near the homestead) having 11-22 g
kg™ soil (Table 1.1), village field (at intermediate distance) 5-10 g kg~ ' and bush
field (furthest) having only 2—-5 g kg~'. Usually, fields closer to homesteads are
supplied with more organic inputs as compared to distant fields. Manu et al. (1991)
found that SOC contents were highly correlated with total N (r = 0.97) indicating
that in the predominant agro-pastoral systems without application of mineral N, N
nutrition of crops largely depends on the maintenance of SOC levels.

Crop yields increased by 490 kg ha™' for maize wih every 1 Mg increase in SOC
pool in the 0—-15 cm depth under 100% NPK + FYM compared to 100% NPK
treatment (Fig. 1.2). Lal (2006), also reported that crop yields increased by
20-70 kg ha™' for wheat, 1050 kg ha™" for rice, and 30300 kg ha™' for maize
with every 1 Mg increase in SOC pool in the surface 15 cm layer.

1.4 Fertilizer Use and Soil Organic Carbon Decline

Given the fundamental coupling of microbial C and N cycling, the dominant
occurrence of both elements in SOM, and the close correlation between soil C
and N mineralization, the practices that lead to loss of soil organic C also have
serious implications for the storage of N in soil. Considerable evidence from
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15 N-tracer investigations indicates that plant uptake i1s generally greater from
native soil N than from N applied via fertilizers (Stevens et al. 2005). Thus, native
soil N dictates the efficiency of applied fertilizer N as well as the quantity of N lost
from the soil-plant system. Loss of organic N decreases soil productivity and the
agronomic efficiency of fertilizer N and has been implicated in yield stagnation and
the decline of grain production (Mulvaney et al. 2009). A decrease in soil N supply
1s inherently detrimental to productivity. Crop yields may be sustained or even
increased by using improved varieties or due to higher fertilizer application rates
despite the lower incremental return per unit of N applied, but eventually, soil
degradation is likely to lead to a decline or stagnation in yield, an emerging concern
for input-intensive agriculture. On the basis of the results of 45 long-term experi-
ments ranging from 7 to 136 years in duration and mostly from temperate regions,
Glendining and Powlson (1995) showed that long-term applications of N fertilizer
increased total soil organic N as compared with treatments receiving no fertilizer N
at 84% of the sites studied. On the other hand, in long-term experiments located in
both temperate and tropical regions, continuous application of fertilizer N induced a
net loss of soil organic N at 92% of the sites examined and a loss of soil organic C at
74%o0f the sites (Khan et al. 2007; Mulvaney et al. 2009).

Application of mineral fertilizer alone can cause decline in soil organic carbon.
Pichot et al. (1981) reported from a ferruginous soil in Burkina Faso that with
mineral fertilizer application, 25-50% of the indigenous organic matter disappeared
during the first 2 years of cultivation. Bache and Heathcote, (1969), Mokwunye
(1981), and Pichot et al., (1981) observed that continuous cultivation using mineral
fertilizers increased nutrient leaching, lowered the base saturation and aggravated
soil acidification. Also exchangeable aluminium was increased and crop yield
declined. Application of organic material such as green manures, crop residues,
compost, or animal manure can counteract the negative effects of mineral fertilizers
(de Ridder and van Keulen 1990). This led Pier1 (1986) to conclude that soil fertility
in intensive arable farming in West Africa Semi-Arid Tropics (WASAT) can only
be maintained through efficient recycling of organic material in combination with
rotations of N2-fixing leguminous species and chemical fertilizers. In a long-term
crop residue management trial in Sadore”, Niger during the 1996 rainy season,
Bationo and Buerkert (2001) found that levels of SOC were 1.7 and 3.3 g kg~ 'soil
respectively, at 0.1 m for 2 ton ha™' and 4 ton ha™' of mulching with crop residue
applied compared to unmulched plot (Fig. 1.3).

1.5 Conclusion

Soil organic carbon undoubtedly plays a key role in maintaining soil fertility and
sustaining crop productivity in the soils in SSA. Given this importance, mainte-
nance of an adequate level should be a guiding principle in developing management
practices. However, just what constitutes an adequate level 1s likely to vary
according to soil type, environmental conditions and farming systems. There are
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numerous opportunities for improving soil carbon. Unfortunately the amount of
organics available at farm level for use in soil improvement is limited by their
alternatives uses as fuel, feed and fiber, and the labour required to collect and
process these materials. Within most smallholder communities, the demand for
animal manure is usually greater than its limited supply and in pastoral areas with
substantial livestock, free grazing poses difficulties in collecting and transporting
this important organic resource. These difficulties must not preclude the use of
organic materials as inputs to soil but rather require that they be utilized in more
labour efficient and cost effective ways. The use of inorganic fertilizer will remain
an important option for increasing crop productivity and hence amount of residues
available for the multiple uses among them soil improvement. The contribution of
the organic resources to soil organic carbon will vary with the accompanying
management and the quality of the resources. Integration of different qualities of
organics 1s needed if the production objective is to achieve both immediate soil
fertility and maintenance and crop improvement in the long term.
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