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Chapter 1

Introduction





Introduction

1.1 Problem statement

ln Sub-Saharan Africa (SSA), smallholder farmers experience low yields, increasing costs of production and

growing uncertainty about being able to produce the food needed by their families (Van der Pol, 1991,

Stoorvogel and Smaling, 1998; Drechsel et al., 2001). Major factors contributing to such uncertainty and

low productivity are: soil degradation, dry spells, erratic availability of inputs, inefficient use of soil and

water resources and high costs for soil fertility improvement. Loss of soil fertility is prevalent throughout

Sub-Saharan Africa and is cited by many authors (Pieri, 1989; IFPRI, 2002; Bationo et al., 2006; IFDC/TSBF,

2009) as the main constraint facing agricultural development in the region. During the past decade, the

increase in fertilizer use has been slow (DeGraaff et al., 2011) due to high world market fertilizer prices,

limited access to credit and volatile agricultural product prices. This further aggravates the decline in soil

fertility, endangers crop yield and contributes to the enduring poverty of the farming population. It has

increasingly being recognized that there is no way out of the poverty cycle for farmers in SSA unless strong

emphasis IS placed on reversing nutrient depletion, mitigating the effect of drought spells and erosion,

increasing the use efficiency of nutrients and water (both rainfall and irrigation) and adaptation to

production of improved crop varieties (IFDC/TSBF, 2009).

ln the past, the effects of long-rotation bush fallows served to maintain the balance between damage

to vulnerable soils resulting from the tillage phase of various agricultural systems and restoration of soil

architecture and replenishment of plant nutrients in the root zone. However, current "arable" agriculture is

normally based on repetitive soil tillage as the main operation for seed bed preparation which has the

down side of, among other things, there being no chance to develop a protective, erosion-resistant organic

mulch cover. Soil tillage has been associated with increased fertility, due to the mineralization of soil

nutrients as a consequence of the tillage. This process however leads over time to a reduction of soil

organic matter and collapse of the soil structure (African Conservation Tillage Network, 2008). Tillage also

reduces soil fauna diversity and density (Diaz Cosin et al., 1994; Kooyman and Onck, 1997). This is especially

true in agro-ecosystems with earthworms which play a key role in aerating the soil and incorporating

organic matter into deeper soil horizons (Lee, 1998; Diaz Cosin et al., 1994; Binet et al., 1997; Heimbach,

1997; Chan, 2001; Wu and Tiessen, 2002; Ouédraogo et al., 2006). The combination of increasingly

frequent inversion tillage, a failure to apply nutrients at sufficiently high levels to prevent "mining", and low

levels of biomass restitution to the soil results in a progressive degradation of soil structure and fertility

(Ouattara et al., 1997 and 1998) of vulnerable soils in Sub-Saharan Africa.

The structural, biochemical and hydrological degradation of the soils, from repeated tillage, results in

the formation of surface crusts and the compaction of deeper soil layers (Gupta et al., 1989). Lacking an

organic soil cover, the deteriorated soil surface is more susceptible to increased water losses through

runoff and consequently increased soil and wind erosion (Stroosnijder, 2009). This process is most dramatic

under tropical c1imatic situations, Iike those in Burkina Faso, because of high temperatures and high

intensity rains. Once the fertile surface soils have been eroded, compacted, sub-soils inhibit water

infiltration (particularly in the rainy season), leading to both rill- and gully erosion.

Such degradation is the consequence of both mechanical damage to the soil (compaction and

pulverization) and an associated decline in its organic matter content and biodiversity, especially when crop

residues are not retained (Fall and Faye, 1999; Breman and Bationo, 1999; Stroosnijder and Van Rheenen,

2001). The result is a breakdown of soil aggregates and a reduction in pore size and distribution within the

soils, impeding the soil's ability to function as an effective media for plant growth (Jastrow et al., 1998; Bird

et al., 2007; Ouattara et al., 2009 et 2010). This in turn has led to lower yields, an increase in the production

cost/yield ratio, hence in reduced profitability of farming.
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Appropriate land preparation practices together with crop rotation can prevent this deterioration, 1055 of

organic matter and degradation. A living and stable sail structure is essential to enhance water infiltration

that prevents sail erosion. One "key" to a sustainable future is to move towards more ecologically friendly

farming systems that are more effective in harnessing nature and optimizing external input use in order to

achieve and maintain higher levels of productivity and sustainable resource management (Erenstein, 2003).

Critical to this is an increase in the quantities of organic matter on and in the sail which provide the surface­

protection, energy and nutrients required by soil-inhabiting flora and fauna that constitute the "Iife" of a

sail. These organisms play a vital role in maintaining a soil's porosity, enhancing its moisture holding

capacity and extending the availability of nutrients to crops (Fall and Faye, 1999). Soil organic matter not

only provides nutrients, but also plays a crucial role in the stabilization of sail structure and essential sail

biochemical and hydrological processes (Oades and Walters, 1991; Six et al., 2004).

Conservation Agriculture (CA) is an approach to farming with considerable potential for addressing

sustainability in agriculture and is, therefore, worthy of consideration (Lahmar and Triomphe, 2008). CA has

been practiced for more than three decades in different locations (FAO 2008a, b). Its practices are used as

alternative management systems which are expected to lead to more sustainable land use and increased

sequestration of atmospheric carbon into agricultural soils (Pulleman et al., 2005,). CA refers to the

implementation of three simultaneous princip/es (Giller et al., 2009): (i) minimum soil disturbance, (ii)

adequate sail coyer at critical periods of the growing cycle, and (iii) diversified crop rotations. However,

apart from a few recent articles, it appears that CA has escaped critical analysis (Giller et al., 2009). At the

same time the ski Ils, resources and tools to efficiently adopt conservation agriculture, which may be more

sustainable, are widely lacking (Van Keulen and Breman, 1990; Smaling, 1995; Sanchez et al., 1997). The

more critical publications (Bolliger et al., 2006; Bolliger, 2007; Gowing and Palmer, 2008) identify pertinent

issues that have yet to be answered, such as: (a) Which principles of CA, and under which conditions,

actually contribute to the effects sought?; (b) What are the trade-offs of implementing CA?; (c) Does CA

address a need identified by the farmer or one mainly identified by scientists and policymakers?; and (d) Do

the preconditions for adoption of CA by smallholder farmers exist in SSA? These questions make it c1ear

that studying CA practices and related components is still relevant.

ln addition to the questions already identified, review of the existing information reveals further

problematic aspects of CA, including: (i) seeing CA as an 'holistic' package, which will only work when a

number of agronomie management practices are applied simultaneously which makes it hard to assess the

effects of individual CA practices; (ii) yield reduction in the short term, the extent of which is not c1ear; (iii)

CA is unlikely to result in significant net savings in total labour requirements, and may increase the labour

burden for women; (iv) there is insufficient evidence to conclude whether or not more fertilizer is needed

with CA in smallholder farming, which will depend on the qua lity and quantity of the mulch applied in each

case; (v) while there is little doubt that CA can substantially reduce erosion, the benefits will be reaped

mainly in the long-term with little short-term benefit for farmers; and (vi) enhancement of biological

activity in the sail as a result of CA may not always be beneficial, and can in fact result in effects detrimental

to crop production. This leads to the conclusion that it cannot be automatically assumed that CA will bring

benefits to the farming system and rural livelihood as a who le simply because some benefits have been

shown in plot scale trials.

A farming system consists of many interacting components and is subject to a range of bio-physical,

socio-economic as weil as cultural constraints. A technology can only be considered a successful

'innovation' that is likely to spread spontaneously wh en it is or can be fully embedded within the local

social, economic and cultural context (Leeuwis, 2004; Knowler and Bradshaw, 2007). There is an urgent

need for critical assessment of the ecological and socio-economic conditions under which CA is best suited

for smallholder farming in SSA and improved understanding of the whole system. Given the CA principles it

is likely that CA will have tremendous impact on sail fauna. Indeed the minimum tillage and the addition of
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organic/mineral fertilizer is already known to increase soil fauna diversity and density (Kooyman and Onck,

1987, Black et al., 1997). But to what degree the soil fauna will interact with management options and

whether or not that wililead to efficient water and nutrient use by plants is not weil known.

This thesis is based on the following starting hypotheses: (a) enhanced fauna activity due to certain

properly managed CA practices, i.e., rotation, organic/mineral input of nutrients, will sustain processes

leading to increased structural stability, porosity, infiltration rate and water retention capacity of soil; (b)

Increased soil structural stability, porosity, infiltration rate and water retention capacity lowers

evaporation, percolation and runoff losses, thereby increasing plant available water and (c) an increase in

plant available water leads to a higher net primary production thereby increasing water and nitrogen use

efficiency. To test these hypotheses, we used three long-term experiments at Saria Research Station in

Burkina Faso where one or more of the CA principles was in practice. This provided the opportunity to

address key questions concerning individual or combined CA components, specifically crop rotation,

residue management (organic amendments) and soil tillage.

1.2 Research approach and questions

Effects from CA can only be expected after 10 years of application (FAO, 2011). There are no sites available

in Burkina where the effects of using the full CA programme for more than 10 years can be tested. But

there are a number of long-term experiments in Saria where certain components of CA have been in use

and can be evaluated. These components are crop rotation, residue management (organic amendments)

and soil tillage and are called conservation soil management practices (CSMP) hereafter. We make use of

existing field experiments from which we selected only those treatments where we could study the effects

of long term use of different CSMP. Details of experiments and treatment selection are described in 1.4.

The research questions are:

1. What are the effects of long-term conservation soil management practices (CSMP) on selected soil

properties?

2. What are the relations between soil macro fauna and soil properties under long-term CSMP in

Saria, Burkina Faso?

3. What are the effects of long-term CSMP on rainwater and nitrogen use efficiencies and Sorghum

prod uction?

1.3 The study area

Burkina Faso is located in the heart of West Africa and covers an area of 274 000 km 2 (Figure 1.1) with a

total population of 12 million. Nutrient depletion and water and wind erosion are the main factors in soil

degradation in the country (Bronick and Lai, 2005; Breman, 1997; Breman and Bationo, 1999; Stroosnijder

and Van Rheenen, 2001). Nutrient deficiency, especially nitrogen and phosphorous, is a major factor

Iimiting crop production (Penning de Vries, 1982; Bationo and Mukwunye, 1991). Our study was conducted

at the Saria agricultural research station. Saria is situated at 12° 17.0' N and 02° 09.5' W in the Sudanian

(Savannah) agro-ecological zone of Burkina Faso (Figure 1.1).The long-term (1978-2005) average

precipitation in the Saria region is 780 mm. The years during which we did our experiments (2006-2008)

were about average. Table 1.1 shows monthly precipitation for Saria. Annual precipitation was 780 mm

with 69 rain days in 2006, 735 mm in 56 days in 2007 and 855 in 75 days in 2008. July, August and

September are the wettest months and, together, form the rainy season. A high number of events are < 5

mm, 46%, 34% and 43% in 2006, 2007 and 2008 respectively. However, these events represent only 6, 4

and 9% of the total amount of precipitation and are insignificant for cropping. Showers >20 mm form the

most important precipitation representing 64% of the total amount in 2006, 57% in 2007 and 60% in 2008.
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Boulkiemdé province

Figure 1.1. Location of the major agro-ecoJogicaJ zones of Burkina Faso with the Saria experimentaJ station (After

Guil/obez, 1996).

Table 1.1. Monthly precipitation in 2006, 2007 and 2008, in Saria, Burkina Faso.

Julian 2006 2007 2008
days Amount Events Amount Events Amount Events

January 31 0 0 0 0 0 0
February 59 0 0 0 0 0 0
March 90 0 0 0 0 4.5 2
April 120 2.5 3 37.7 5 6 1

May 151 20.2 4 7 3 99 7
June 181 78.4 12 63.6 8 69.6 11

July 212 210.6 15 157.1 11 203.5 14
August 243 248.4 18 310.8 16 256.8 15
5eptember 273 175.6 13 158.4 13 124.4 16

October 304 43.9 4 0 0 91 9

November 334 0 0 0 0 0 0
December 365 0 0 0 0 0 0

Total 780 69 735 56 855 75

Ail crop husbandry activities take place in the single short rainy season (Figure 1.2). The cropping period

from sowing to harvesting in Saria was 125 days in 2006 (7 July to 11 November), 119 days in 2007 (14 July

to 11 November) and 122 days in 2008 (4 July to 4 November). Precipitation in the cropping season was

660, 594 and 676 mm in 2006, 2007 and 2008 respectively accounting for about 80% of the annual

precipitation. The major soil type of Saria isLixisol (WRB, 2006). This soil is characterized by low native soil

fertility, low water holding capacity and soil surface crusting that does not allow water to easily infiltrate

into the soil (Zougmoré, 2003). This explains why various conservation soil management technologies are

widely use by farmers in the central plateau of Burkina Faso (where Saria is also located) to improve their

soil in expectation of a better crop yield.
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1.4 Experimental design

Three different existing trials were used to address the research questions.

5ARIA 1: The effect of rotation and organic/mineral input on 50rghum yield and sail fertility

This trial was established in 1960 and consists of a split plot design, with six main treatments: Tl- Control

without any fertilizer, T2 - Low minerai fertilizer rate (100 kg ha-l NPK + 50 kg ha l urea) + sorghum straw

restitution, 13 - low minerai fertilizer rate + biannual farmyard manure input of 5 Mg ha'l, T4 - Low minerai

fertilizer rate, T5 - High minerai fertilizer rate (100 kg ha l of NPK + 100 kg ha-l urea + 50 kg ha-lof KCI) + 40

Mg ha-lof manure every 2 years, and T6 - High minerai fertilizer rate. The three sub-treatments are

(continuous sorghum, sorghum-cotton (Gossypium hirsutum) rotation and sorghum-cowpea (Vigna

unguiculata) rotation). Figure 1.3 presents more details of the field layout. Ali treatments were tractor

ploughed to a depth of about 20 cm. Individual plot size is 6 x 8 m. In this thesis this trial will be referred to

as SARIA 1.

5ARIA Il: The effect of four types of organic amendments on 50rghum yield

This trial was implemented in 1980 with the objective of comparing the effects of several organic

amendments +/- N application on crop yield. Four types of organic amendment (sorghum straw, aerobic

compost, anaerobic compost, and farmyard manure at annual rates of 10 Mg hall with and without urea

input (23 kg N ha-l) were tested in a factorial design. Figure 1.4 presents more details of the field layout.

SARIA Il consists of six blocks or replicates. Each block contains ten treatments. Tl- Control- N, 12- Control

+ N, 13- Straw - N, T4- Straw + N, T5- Manure - N,T6- Manure + N, Tl- Compost - N, T8- Compost + N, T9­

Compost anaerobic - N, and TlO- Compost anaerobic + N. Ali treatments were tractor ploughed to a depth

of about 20 cm. Individual plot size is 5 x 4.8 m . In this thesis this trial will be referred as SARIA II.

5ARIA III: The effect of tillage on sail fertility

This trial was implemented in 1990. It studies, in a randomized block design, the combined effects of tillage

and farmyard manure input on soil physical and chemical properties (Figure 1.5). It consists of three blocks

or replicates. Each block contains four annual treatments (Tl- hand hoeing, T2- hand hoeing + farmyard

manure (10 Mg ha-\ 13- oxen ploughing, T4- oxen ploughing + farmyard manure (10 Mg ha-\ Treatments

received an annual input of 100 kg ha l NPK + 50 kg ha-l urea. Animal ploughing depth is 15 cm and hand

hoeing depth is 5 cm. Individual plot size is 5 x 15 m. In this thesis this trial will be referred as SARIA III.

For our research work we focused on a limited number of treatments within the above described trials:

• In SARIA 1(Figure 1.3), the main treatment (Iow minerai fertilizer rate + biannual farmyard manure

input of 5 Mg ha-l) combined with the three crop rotation systems.

• In SARIA Il (Figure 1.4) the following six treatments: control plus or minus urea, manure plus or

minus urea, sorghum straw (incorporated) plus or minus urea.

• In SARIA III (Figure 1.5), two treatments: animal ploughing + manure and hand hoeing + manure.

• The long term fallow dominated by Andropogon gayanus and many herbaceous species, situated

between and around the experiments, served as the natural condition (control).

8
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Figure 1.3. Experimental design of Saria l, Burkina Faso, since 1960. Main treatments: Tl- Control without any

fertilizer, T2- Law mineraI fertilizer rate (100 kg ha' NPK + 50 kg ha-' urea) + sorghum straw restitution, n- Low

mineraI fertilizer rate + 5 Mg ha-' of manure every 2 years, T4- Law mineraI fertilizer rate, T5- High mineraI fertilizer

rate (100 kg ha-' of NPK + 100 kg ha' urea + 50 kg ha-' of KCI) + 40 Mg ha' of manure every 2 years. T6- High mineraI

fertilizer rate. The treatment in bold in combination with rotation was the one used for sampling and measuring of

crop pattern, and hydrological components.
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Figure 1.4. Experimental design ofSaria Il, Burkina Faso, since 19BO. Main treatments: Tl- Control- N, T2- Control + N,

T3- Straw - N, T4- Strow + N, T5- Manure - N, T6- Manure + N, T7- Compost - N, TB-Compost + N, T9- Compost

anaerobic - N, no- Compost anaerobic + N. Treatments in bold are those used for sampling and measuring of crop

patterns and hydrological components.

N----......-"""'"

..
BloeU i...~---.........L_-.-_-.-_...J._. _ .Jrfl~~m~~!:t/)~L~"~!li~ji~~, m

1Sm

Figure 1.5. Experimental design of Saria III, Burkina Faso (since 1990). Main treatments: Tl- Animal plough + Manure,

T2- Animal plaugh - Manure, T3- Hand hoeing + Manure, T4- Hand hoeing - Manure. Treatments in bold are those

which were used for sampling and measuring crop patterns and hydrological components.

1.5 Data collection

Sampling for laboratory analysis of ail selected treatments was done in a systematic way as presented in

Figure 1.6. Two types of soil samples were taken. Monolith sampling was done from 0-30 cm to assess the

fauna and the aggregates stability; and pit sampling was done from 0 cm till 120 cm to capture soil physical

and chemical properties such as texture, bulk density, pF, and organic carbon and nitrogen content. Similar

sampling was done in the fallow.

Daily precipitation was measured with both a manual and an automatic gauge during the years 2006­

2008. Runoff was measured from 1m2 runoff plots after each shower during the three rainy seasons. Soil

water content in the top layer of 0-10 cm was measured with a surface TDR probe, and in the 15 to 65 cm

layer with the help of a depth water gauge. Measurements were done for three consecutive days after an

amount of precipitation> 10 mm. Thereafter measurements were done every other day until the next rain.
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These measurements were done in 2007 and 2008. For the determination of soil water and runoff we used

a sampling scheme as shown in Figure 1.7.

Leaf area index (LAI) of the sorghum crop was measured weekly throughout the growing season on

individual leaves of ail plants in a randomly selected 1 m2 area. The process was applied during the three

consecutive years of 2006,2007 and 2008 and polygonal relations were established between LAI and weeks

after sowing. Dry matter was collected at the end of the cropping season and plant analysis allowed the

determination of the nitrogen uptake.

Monoliths

Border area

0
Plot 0 ....

.'~

l2Sl:l Samples

!
1 Pit ri

Surface sampling

Figure 1.6. Location of pit and monolith samples in the experimental plots in Saria, Burkina Faso.

r";;~~~'~~':;';';""''''''''''''''''''''''?'l:41------- Field

Access tube (120 cm depth)

Connection tube

~.... .. ~ 200 liter barrel to collect runofI
L .J 4-----------

Figure 1.7. Field design for measurement ofsail water and runoff in Saria, Burkina Faso during 2006-2008.
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1.6 Thesis outline

This thesis consists of the six chapters following this introductory chapter. The effects of three soil

conservation management practices on soil properties are presented in Chapter 2. Chapter 3 addresses the

effect of the same practices on macro-fauna in terms of abundance and diversity, and Chapter 4 discusses

soil aggregation in relation to soil macro-fauna. Analysis of the field water balance is the topic of Chapter 5,

and effects on biomass and nitrogen use efficiency are presented in Chapter 6. Finally, in Chapter 7, a

synthesis is presented of ail findings with respect to the 'chain' of effect from soil management practices to

soil system dynamics (conservation soil management practice - soil fauna - soil aggregation - soil

properties - water and nutrient use efficiency), and concludes with some recommendations regarding the

applicability of CSMP for smallholder farms in Burkina Faso in their efforts to increase food security through

conservation soil management.
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Chapter 2

Effects of conservation soil management on soil properties in Saria,

Burkina Faso, West Africa

To be re-submitted to Geoderma as:

Zida, Z., Stroosnijder, L., and Ouattara, B. (2010). Effects of conservation soil management on soil

properties in Saria, Burkina Faso, West Africa.





Effects of conservation soil management on soil properties

in Saria, Burkina Faso, West Africa

Abstract

Sustainable soil management aims at the win-win situation where the soil quality is conserved and

improved. Out of many possible sail management practices we analysed crop rotation (CR), mulch

application 1MA) and minimized sail tillage (MT). These are the components of the popular 'Conservation

Agriculture' paradigm. Long-term field trials in Saria, Burkina Faso allowed us to measure the effects of

these three management practices individually. We measured physical properties such as texture,

aggregation, water holding capacity and surface crust. We also determined chemical (NPK) and biological

properties, i.e. rooting depth and the presence of sail fauna. We compared the obtained values with

correspondi'lg values of fallow land that we consider as our control plot. Results show unexpected small

differences between treatments. Due to the long-term permanent cultivation most properties show a

deterioratio'l if compared with the fallow control.

2.1 Introduction

Soil is our major natural resource. It provides a variety of important environmental services to mankind.

The value of these services depends on the qua lity of the sail. The latter is not unambiguous because what

is considered good or bad depends on the type of service considered. What is a good qua lity for food

production for instance might be a bad quality for road construction.

Soil is a very complex system with semi-permanent and transient properties (Rao et al., 1998,

Chievenge et al., 2007). Texture is an example of a semi-permanent property. Transient properties vary

over different time scales. Soil porosity will vary after tillage over the year while soil carbon content may

decrease at a rate of only 2% of its stock per year (Pieri, 1989).

Many different sail properties can be distinguished and categorized as physical, chemical or

biological properties. The complexity of the soil system is due to the fact that many of these properties are

not independent of each other. Soil structure, for instance, is related to texture, carbon content and many

other properties.

Since mankind started sedentary agriculture it has tried to influence sail properties to its benefit. This

has always been more difficult than thought (Breman, 1997) because many sail properties are linked to (if

not in equilibrium with) the local geology (parent material) and c1imate. Soil carbon, for instance, is strongly

linked to rai'lfall and temperature and that is why Chernozems in Russia have a high C-content and soils in

drylands a low C-content.

Soil properties will change, for better or worse, as the result of changes in land use (Allmaras et al.,

1982). Whe'l soils are under permanent (mono) culture it is a common belief that a number of soil

properties will deteriorate, Hartemink (1997). However, thresholds of changing properties for the various

environmemal services are not weil known veto The complexity of the sail system, i.e. the interrelationship

between many properties often cause a chain of reactions (Wu and Tiessen, 2002; Ouédraogo et al., 2006).

When sail carbon decreases, for instance, sail aggregation almost always decreases as weil which causes

more sail crusting which affects the infiltration capacity (Pierson and Mulla, 1990, Jastrow et al., 1998, Bird

et al., 2007). Fragile soils like those in drylands with inherent low 'natural' soil properties are especially

vulnerable for such chain reactions.
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The aim of soil management is to stop soil degradation or even improve soil properties. Sustainable soil

management tries to create a new equilibrium state of soil properties while soil improvement aims at

improving selected soil properties. Both types of soil management are difficult and time consuming. The

difficulty is due to the above referred complexity, both the dependency of the local geology and c1imate

and the interrelated character of most soil properties.

Scientific literature provide controversial results due to strongly varying local conditions and the

inter-linkage of the many soil processes involved (Ma pa, 1995; Franzluebbers, 2002; Arriagaand Lowery

2003; Taboada-Castro et al., 2006). Long-term management effects on soil properties are critically

important to sustain agricultural production. There can be both adverse and beneficial effects. Adverse

effects involve truncation of soil profiles by soil erosion or soil organic matter reduction with or without soil

erosion. There may also be beneficial soil effects, such as those provided from large amounts of crop

residue associated with fertilization (Allmaras et al., 1982). Among the approaches with considerable

potential of solving some of the environmental problems Conservation Agriculture (CA) is one of the most

interesting ones (FAO, 2008a, b). CA refers to the implementation of three simultaneous principles: (i)

minimum soil disturbance, (ii) adequate soil cover at critical periods of the growing cycle, and (iii)

diversified crop rotations.

Our research is not aimed at the validation or falsification of the CA paradigm. Instead we use the

opportunity of a series of long-term experiments in the savannah zone of Burkina Faso to study the partial

effects of certain CA related components. We studied differences in a number of soil properties and

processes under selected long-term conservation soil management practices. These properties are: (1) Soil

texture, (2) Soil carbon and nitrogen content, (3) Soil aggregation, (4) Soil surface crusting, (5) Soil bulk

density, and (6) Soil biota. Rooting depth (7), Maximum available water (8) and Runoff (9) were also

considered since they are intimately related to the above soil properties. In Table 2.1 we summarize for

each property the process we expect to lead to conservation and the indicator that we measured. In

section 2.2 we will explain why we have chosen these properties, what their interrelations are and more in

detail what hypothesis we have for the effect that soil management has. Section 2.3 describes the methods

used and section 2.4 we present and discuss our results. Finally we conclude in section 2.5.

Table 2.1. Hypothesis of measurable results of conservation soil management.

Property Component Conservation process Indicator

Physical Texture Less runoff & erosion Finer soil texture in top soil

Chemical Carbon & nitrogen Increased C& N input Increase in C-content

Physical Aggregation Increased fauna activity More & stronger aggregates

Physical Surface crusting Higher C & aggregation Less surface crusting

Physical Bulk density Better aggregation Lower bulk density

Biological Macro fauna More C input, less disturbance Increased fauna abundance & diversity

Other Rooting depth Less compaction Deeper rooting

Other Available water Increased rooting depth Higher available water

Other Runoff Increased infiltration capacity Less runoff
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2.2 How soil properties are related to soil management

2.2.1 Texture

The first (semi-permanent) sail property is texture. Sail texture is characterized by the distribution of

elementary sail particles over various size classes. A number of sail properties are influenced by texture

including: drainage, water holding capacity, aeration, susceptibility ta erosion, organic matter content,

cation exchange capacity, pH buffering capacity, sail strength, etc. Sail texture determines for instance the

rate at which water drains through a saturated sail; water moves more freely through sandy soils than it

does through c1ayey soils (Aina and Periaswamy, 1985; Tester, 1990). Once field capacity is reached, sail

texture also influences how much water is available ta the plant; clay soils have a greater water holding

capacity than sandy soils. In addition, weil drained soils typically have good sail aeration meaning that the

sail contains air, which is conducive ta healthy raot growth, and thus ta a healthy crop. Soils also differ in

their susceptibility ta erosion (erodibility) based on texture; a sail with a high percentage of silt and clay

particles has a greater erodibility than a sandy sail under the same conditions.

Differences in sail texture also impacts organic matter levels (N'Dayegamiye and Angers, 1990;

Tester, 1990); organic matter breaks down faster in sandy soils than in fine-textured soils, given similar

environmental conditions (Gregorich et al., 1994), tillage (Angers et al., 1993, Angers et al., 1995), and sail

fertility management, because of a higher amount of oxygen available for decomposition in the light­

textured sa'ldy soils.

Different sail management may lead ta different runoff and erosion (Le Bissonais et al., 1995). If that

occurs over a long period as could have been the case in our long-term experiments, then differences in top

sail texture can be expected because erosion is often selective, i.e. fine particles erode faster than coarse

particles. This may trigger a chain of reactions as explained above.

2.2.2 Sail carbon and nitrogen content

A second important property is the carbon (and nitrogen) content of the sail. Organic carbon plays a central

raie in the Inherent sail fertility through mineralization of sail organic matter which occurs in tropical areas

like Burkina Faso at about 2% of the carbon stock per year (Pieri, 1989), and in the sail structure. Sail

structure in turn affects a number of integrated properties such as the water holding capacity of the sail,

the infiltration rate (and its counter, the runoff rate). The sail carbon content is difficult ta influence since

sail biota plays a strong regulation raie. Sail biota needs bath ( and N sa that the sail (-content is Iinked ta

the sail N-content. Sail biota is more or less active till certain equilibrium is reached which is assumed ta

occur at a (IN ratio of about 15. When a sail has a (IN ratio> 15 it means that there is an excess of (and a

shortage (for biological activity) of N. This disequilibrium limits further mineralization (i.e. biota activity) of

organic matter. When, alternatively, the (IN ratio is < 15 there is a (relative) excess of N. This implies that if

( is applied, for instance in the form of mulch this quickly stimulates sail biota which will be active till the

excess N is consumed. This causes competition with growing plants also in need of N. The above implies

that a sail (-content can only improve with the simultaneous improvement of its N-content. By only

applying mulch (without N from an organic or inorganic source) it will be impossible ta improve the (­

content of a sail. That is why we will compare (see the materials & methods section) the long-term effect of

bath manure or straw + additional N and manure or straw without additional N.

2.2.3 Sail aggregation

Sail aggregation, surface crusting and bulk density together form the sail structure. Sail structure can be

compared with a house where the brick out of which the house is structured is the texture. Sail aggregation

is the result of aggregate formation and stabilization (Allison, 1968). Aggregates are primarily formed by

physical processes while biological and chemical processes are mainly responsible for their stabilization
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(Lynch and Bragg, 1985). The stability of aggregates against soil disturbance (tillage, trampling by cattle,

raindrop impact, etc.) influences several aspects of a soil's physical behaviour, particularly its permeability

and susceptibility to erosion (Bronick and Lai, 2005). Aggregate breakdown depends on many factors, and

the processes involved are 50 numerous and complex that there is currently no generally agreed procedure

for measuring this property and its relation to crusting and erosion (Hairsine and Hook, 1995). Emerson and

Greenland (1990), who reviewed soil aggregate formation and stabilization, defined two processes of

aggregate breakdown: slaking and dispersion. Other authors, more concerned with field observations,

consider raindrop impact to be the main cause of structural degradation at the soil surface,

2.2.4 Sail surface crusting

Poor crop emergence and establishment is a widespread problem in structurally unstable soils of arid and

semi-arid regions of the world (Sinclair, 1985; Tisdall, 1996; Townend et al., 1996). According to Carter

(1987) and Batey and Davies (1971), soils with a predominance of silt and fine sand fractions are prone to

crusting and generation of runoff because their aggregates disintegrate (slake) easily when exposed to the

impact of rain drops. Similarly, Greenland (1971) found that, for the Australian red brown earths, a soil with

a silt content of more than 10% and a ratio of fine sand to coarse sand of more than 3 are subject to

slaking. The ratio of fine sand to silt in the soil (Lixisol) used for this study was higher than 3. This makes the

soil a good candidate for slaking and surface crusting as was observed on ail treatments in this study.

Burning crop residues may also lead to structural deterioration (Stoof et al., 2010). Crusting and sealing are

forms of land degradation associated with poor aggregation and structural instability which causes the

surface macrostructure of a soil to collapse during wetting and hardening (Rapp et al., 2000; Baumhardt et

al.,2004).

2.2.5 Sail bulk density

Property 5, the soil bulk density (BD) reflects the compactness of the soil (Arvidsson 1998). For minerai soil

with a specifie minerai density of 2.6 Mg m'3 a bulk density > 1.5 Mg m'3 is an indication for a compacted

soil. The ratio of the bulk and particle density is a measure for the soil's porosity (Chancellor, 1994). At a BD

of 1.5 Mg m'3 t he porosity is about 42% for a minerai soil. This has implications for water movement and

water storage in the soil. Compacted soils have few macro pores, thus the infiltration rate will be limited

(Franzluebbers, 2002; Wall and Heiskanen, 2003; Celik, 2005). The latter will already cause runoff during

rain showers with low intensity. The maximum storage capacity of the soil for water (and air) is linked to its

porosity; hence the saturated moisture content is always < 42% in the above case.

2.2.6 Sail biota

Soil biota are an indicator for healthy soil. Agricultural management practices as weil as geographic

location, soil type and c1imate can ail influence soil fauna populations (Lee, 1985; Binet et al., 1997; Paoletti

et al., 1998; Chan, 2001). Earthworms and termites are most abundant and are called "ecosystem

engineers". Earthworms modify soil structure through burrowing and casting activities both of which can

have significant effects on the soil physical properties, namely aeration, infiltration and hydrology

(Marinissen, 1992; Sveistrup et al., 1997; Blanchart et al., 2004). Termites are one of the most important

biological agents reworking the soils (Lobry de Bruyn and Conacher, 1990; Logan et al., 1990; Mando,

1997). Termite diversity decreases under long term cultivation (Kooyman and Onck, 1987).

2.2.7 Rooting depth

Plants take up water and nutrients from the soil with their roots. Root density as weil as rooting depth is

important. When roots go deep into the soil they can take up more water and nutrients. In principle, each

crop has its own root architecture but the development of its root system can be hampered by compacted,
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too dry or too wet or unfertile soillayers. Rotation offers the possibility that one of the crops in the rotation

penetrates ,ts roots deeper than the other crop in the rotation. Usually the shallow rooting crop then

profits from the deeper rooting crop due to the liberation of nutrients from the decaying root systems and

due to vertical physical pathways. Year after year ploughing at the same depth may create a compacted soil

layer at the bottom of the ploughed layer, called the plough sole. This process speeds up when heavy

machines like a tractor are used. 5ince we are dealing with long-term trials where treatments have been

kept constant over many years there can be a considerable influence on root density and depth.

5ince roots characteristics change with crop husbandry, management practices and site conditions

(5chroth, 1999; Akinnifesi, 1995; van Noordwijk et al., 1991), it is essential to understand the rooting

patterns of sorghum under these long-term management practices. The premise was that the long-term

practices may have induced changes in the rooting patterns. 50, a study was undertaken to increase our

understanding of sorghum root development under rotation, organic amendment (+/-) N and tillage

practices.

2.2.8 Maximum available water

Water retention is affected by particle and pore size distribution (Arriaga and Lowery, 2003) and the

capacity of soil to retain water against gravity depends upon various characteristics such as soil texture

(Aina and Periaswamy, 1985), soil structure (Boix-Fayos et al., 2001) and organic matter content (Tisdall and

Oades, 1982; Elliott, 1986; Vereecken et al., 1989). Greater organic matter contents have been linked to

increased water retention capa city in soils (N'Dayegamiye and Angers, 1990; Tester, 1990; Droogers and

Bouma, 1996; Warren and Fonteno, 1993), especially at soil saturation and field capacity water contents.

This is believed to be caused by enhanced aggregate formation resulting from organic substances (Arriaga

and Lowery, 2003). The availability of water is hence a complex process implicating several properties of

the soil, wh,ch soil management can improve or not.

The maximum amount of stored water in the root zone, available for plant growth is a very

important soil characteristic. It determines the survivability of plants during a dry spell (i.e. periods of

consecutive days without effective rain). This Maximum Available Water (MAW in mm) in the rootable part

of the soil profile can be approximated according to equation [1] (5troosnijder, 1982).

MAW = RD • (FC - WP) [1]

Where:

RD is the rootable depth (mm),

WP is the wilting point, i.e. the moisture content if the water potential equals -1.6 MPa (pF 4.2) and

FC is the field capacity, Le. the moisture content that corresponds to a soil water potential of -10 kPa (pF

2.0).

ln a non-degraded soil with average physical properties the rootable depth can be 600 mm and (FC-WP) =

0.13. Hence MAW = 78 mm. With an actual evapotranspiration (ET) of 2.5 mm dol (E = 2 mm dol + T = 0.5

mm dol where E is soil evaporation and T is plant transpiration) this implies that the stock of water for a

crop as described above is sufficient for a dry spell of 31 days (about 4 weeks). Of course, this only holds if

the soil moisture was at field capacity at the start of the dry spell. In a degraded soil, the rootable depth is

ohen reduced because erosion has removed topsoil. Furthermore, the soil texture will have become

coarser due to selective removal of the finer particles and the structure will have degraded due to the

decrease of soil organic matter. In the above example this leads to a rootable depth of only 400 mm and an

FC-WP of o'lly 0.10. This implies that MAW is only 40 mm - sufficient for only 16 days or about 2 weeks!
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This change in the length of the dry spell that plants can endure is what farmers often mean in referring to

their 'drought' problem.

2.2.9 Runoff

Rain falling on the land may be intercepted by vegetation, run off the ground surface, or infiltrate into the

soil. This is reflected in the rainwater balance (Stroosnijder and Koné, 1982). It is assumed that runoff is lost

from the field, giving rise to the terms 'on-site' and 'off-site' water. Interception in dryland crops is marginal

and between 0 and 0.5 mm depending of the leaf area index which is low in semi-arid drylands because of

wide planting distances. Infiltration depends on the duration of a shower and the soil's infiltration capacity

(IR). The latter depends on soil type, soil quality, soil surface condition and moisture content. When soils

are dry, the IR is high; IR decreases with duration of wetting, levelling out at a constant rate ca lied the

terminal rate or final IR. This final IR value is high (> 50 mm hl) for sand and low « 10 mm h"l) for clay.

When soils are loosing soil organic matter due to land degradation, IR also decreases (Hoogmoed et al.,

2000). Sealing of the soil surface (due to land degradation) may strongly reduce IR (Stroosnijder and

Hoogmoed, 1984; Stroosnijder, 2009).

2.3 Materials and methods

2.3.1 Site and treatment description

The research was carried out at Saria (120 17.0' N, 020 09.5' W, Figure 1.1) in the savannah zone of Burkina

Faso, on three trial fields established in 1960, 1980 and 1990 respectively to investigate crop rotation (Saria

1), organic amendments (Saria Il) and tillage system (Saria III). The altitude of Saria is 300 m, the mean

annual rainfall is 800 mm, the average slope is 1.5% and the topsoil is sandy loam. The ratio of fine sand to

silt is higher than 3 which causes easy slaking and surface crusting in ail treatments (Batey and Davies 1971;

Greenland 1971; Carter 1987). The average bulk density of the topsoil is 1.7 Mg m"3, the pH is 5.3, the

exchangeable K content is about 46 mg kg"1, and the available P content is less than 15 mg kg"l (Ouattara

1994; Mando et al., 2005a, band cl. The soil type is Ferric Lixisol (FAO-UNESCO, 1994).

Ail measurements on treatments were done in 2- or 3-fold. In this paper we will often use average

values and add statistical information where relevant. The fallow bordering the trials was used as a control

for ail treatments. In Saria 1 we used the rotation treatments: Sorghum-sorghum, Sorghum-cotton

(Gossipiumhirsutum) and Sorghum-cowpea (Vignaunguiculata). Rotation occurred every two years which

implies that in 2006 and 2008 ail plots had sorghum while in 2007 there were plots with cotton and

cowpea. Individual plot size was 6 x 8 m. Ali treatments received an annual low minerai fertilizer rate (100

kg ha l of NPK (15-23-15) + 50 kg ha-l urea (46%) + farmyard manure at a dose of 5 Mg ha"l(C (22.5%), N

(1.27%), P (0.28%), C/N = 17.7, PIN = 0.22) every 2 years and were tractor-ploughed to a depth of 20 cm

every year. In Saria Il we used treatments with and without Sorghum straw incorporated in the topsoil (C

(42.5%), N (0.6%), P (0.08%) C/N = 70.8, PIN = 0.13) at an annual dose of 10 Mg ha"l and with and without

farmyard manure at annual rates of 10 Mg ha"l. Ali treatments received urea at a dose of 50 kg ha"l and

were tractor-ploughed to a depth of 20 cm every year with a plot size of 5 x 4.8 m. In Saria III we used the

treatments annual ploughing with oxen to a depth of 15 cm and hand hoeing to a depth of 5 cm. Ali

treatments received 10 Mg ha"l farmyard manure annually with a plot size of 5 x 15 m.

2.3.2 Soil texture

Texture was determined by the pipette method described by Dane and Topp (2002) for the 0-15 cm and 15­

30 cm soillayers sampled in three replicates. Six fractions were determined: C = Clay % « 21lm), FSi = Fine

Silt % (2-20Ilm), CSi = Coarse Silt % (20-50Ilm), FSa = Fine Sand% (50-250llm) and CSa = Coarse Sand % (250­

2000llm).
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2.3.3 Sail carbon and nitrogen content

Soil organic carbon and nitrogen content were determined in soil samples taken at the beginning of the

experiment. eight weeks after sowing. Soil samples were taken at 0.15 m Increment to a depth of 0.8 m,

using a cylinder auger (Eijkelkamp, the Netherlands; 2.5 cm inner diam., 15 cm long). Three soil samples

were taken per soil layer. Samples were finely grinded and 25 to 30 mg was sub-sampled for carbon and

nitrogen content determination using the stable isotope method (described by the Plant Science

Department of UC Davis, 2006). The pracess consists of measuring stable isotope ratios of carbon and

nitragen by continuous flow isotope ratio mass spectrometry after sam pie combustion to CO2 and N2 at

1000 C in an on-line elemental analyser. The gases were separated on a Carbo sieve G column before

introduction to the IRMS. Sam pie isotope ratios were compared to those of pure cylinder gases injected

directly into the IRMS before and after the sample peaks and provisional delta 15N (AIR) and delta BC

(PDB) values calculated. Provisional isotope values were adjusted to bring the mean values of working

standard samples distributed at intervals in each analytical run to the correct values of the working

standards. The working standards are a mixture of ammonium sulphate and sucrose with delta 15N v Air

1.33 per mil and delta BC v PDB -23.83; these are periodically calibrated against international isotope

standards. Total N and C are calculated from the integrated total beam energy of the sample in the mass

spectrometer compared to a calibration curve derived fram standard samples of known C & N content.

2.3.4 Sail aggregation

Five hundred grams of soil was sampled fram a monolith of 25 cm x 25 cm x 30 cm and dried at room

temperature. Thereafter, 80 grams were sub-sampled for aggregate fractionation. Sampled soil was

manually wet sieved, using the method described in Six et al. (2000). The method uses three large sieves

(dimension 200 mm, rim size 50 mm) with mesh sizes of 2000 !lm, 250 !lm, and 50 !lm. The process yielded

four aggregate fractions: large aggregates (LA =2-8 mm), small macro-aggregates (SA =2000 - 250 !lm),

micro-aggregates (MA = 50 - 250 !lm) and silt and e1ay (S+C = < 50 !lm) from two depths (0-15 cm and 15­

30 cm) from the monolith.

2.3.5 Sail surface crusting

The surface crusts were e1assified according a method proposed by Casenave and Valentin (1989) for the

arid and semi-arid areas of West Africa. Main types of crust were differentiated according to the number

and texture of microlayers (sandy or plasmic made of fine partieles). At the end or the cropping season the

outcropping microlayer was e1assified using a knife and a magnifying glass. Soil surface roughness Le.

irregularities of the ground ranging from 5 to 10 cm, either natural (case of the fallow) or human-induced,

account for the surface roughness, a factor which is likely to reduce runoff and increase surface water

storage was visually appreciated (Casenave and Valentin, 1992). Crust colour was determined using Munsell

Soil Colour charts (Munsell, 1975).

2.3.6 Sail bulk density

Soil samples for bulk density were collected from soil pits dug at the field edge. The bulk density was

measured in the laboratory on undisturbed core samples of 100 cm 3 (Chancellor, 1994). Soil porosity was

calculated using bulk density and partiele density according to equation [2].

Porasity (%) =[1- db/dp] * 100

Where:

db is bulk density

dp is partiele density; for the minerai Ferric Lixisol this latter value was taken as 2.6 Mg m-3
•

[2]
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2.3.7 Sail biota

Termite assessment used the monoliths of 25 cm x 25 cm x 30 cm and semi-quantitative transect sampling.

Earthworms were collected through monolith sampling only. Sampling was done approximately eight

weeks after sowing.

Monolith sampling was carried out according to the standard TSBF method (Anderson and Ingram,

1993; Swift and Bignell, 2001). One soil monolith was randomly sam pied in each plot (n=3). Each monolith

extracted soil was splitted into two depth layers (0-15 and 15-30 cm) samples. Termites and earthworms

were then collected by hand-sorting on plastic trays. Thereafter, the two depths identified organisms were

pooled together, to form one sample for each monolith.

Termites and earthworms were preserved in 75% alcohol. Earthworms were fixed in 4% formaldehyde and

ail organism were stored in sealed vials before being transported to the laboratory for taxonomie analysis,

enumeration and biomass determination. Biomass was calculated as the ratio dry weight divided by the

monolith surface (0.0625 m-2
).

2.3.8 Rooting depth

Root studies were undertaken following the procedures described by Vanlauwe et al. (2002). Trenches of

100 cm long, 50 cm wide and 80 cm deep, were dug eight weeks after planting sorghum. The trenches were

dug perpendicular to the ridges and two rows at 5 cm from the sorghum plant. A grid frame was fixed into

the profile wall covering two sorghum planting hills. At each treatment, replication was done within the

same trench hence will be referred to as pseudo-replicates (Vanlauwe et al., 2002). Roots were then

counted covering grid rows. The roots from the same row and depth locations from the two sides (Ieft and

right) of each tree row were averaged and were treated as a pseudo-replicate. At both sites depth 0 cm

corresponds to the top of the ridge. Counts of the intercepts of the roots with the vertical and horizontal

grid (40 x 80 cm divided in a 5 cm*5 cm grid) were made with the aid of the magnifying glass and a hand

tally counter. Counts were converted to length measurements using the following formula in equation [3]

(Makumba, 2003).

Root length (R) (cm) = 11/14 * number of intercepts (N) * grid size (cm).

The root length was then divided by 100 to obtain the root length density (cm dm-3
).

2.3.9 Maximum available water

Maximum available water (MAW) of the rooted zone was calculated according to equation [4].

[3]

MAW (mm) = [water content at pF2.0 (%vol) - water content at pF4.2 (%vol)] * rooting depth (mm). [4]

Since information was available of two layers, the rooting depth was split into a 0-15 cm and a > 15 cm part.

Values for pF2.0 and pF4.2 were determined on undisturbed samples in the laboratory using a pressure

chamber apparatus with ceramic plates, connected to an electrical compressor following the procedures

described by Mathieu and Pieltain (1998). After saturation, samples were subjected to pressures; 10-1500

kPa in a pressure chamber apparatus and 0-10 kPa using a sandbox and a hanging water column (Wang

and Benson 2004).

2.3.10 Runoff

Runoff was measured from 1m2 runoff plots (1.30 * 0.80 ml connected to 200-liter barrels buried in the

sail. Runoff from ail treatment plots was measured after each precipitation. Linear relations between

measured runoff and precipitation had significant correlation coefficients r2> 0.7 and were used to estimate
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runoff if data was missing - as was the case, for instance, during the early stage of sorghum development

(which generally occurs 3 to 10 days after planting (Vanderlip, 1993)), when the runoff plots had not yet

been installed. These relationships were also used to determine thresholds (ponding water) below which

no runoff will occur.

2.3.11 5tatistical analysis

Statistical analysis to determine treatments effect was done separately for the individual trials. Primary

data was subject to an analysis of variance (ANOVA) using the 12'h edition Genstat software (GenStat,

2009). For the regression analysis, a couple of (x,y) was determined at treatment level; for instance where x

is the daily rain parameter and y runoff induced under one treatment. Each runoff value per treatment was

linked to an individual daily rain amount. Then, simple linear regression model was run between l'ach

couple of variables. Therefore, a relationship of the form y = a + /3x was developped under the General

Linear Model (GenStat, 2009). Regression results (F-probabilities and r-square (r2
)) values were then edited.

F-probabilities was considered to be significant at the p<0.05 level. Constants a and /3 (slope) were given by

the regressions. Regression parameters are discussed according to Palaniswamy and Palaniswamy, (2007).

2.4 Results and discussion

2.4.1 Sail texture

Table 2.2 gives particle size distributions and texturai classes of the 0-15 cm and the 15-30 cm layers.

Standard deviations are high. The topsoil of ail treatments is c1assified as Sandy loam. Rotation with cotton

or cowpea did not show different results compared to continuous sorghum. The same holds for + or - straw

and manure. Only the top soil in the fallow contains more fine particles than tillage by hand or with

animais. This mav be an indication of more erosion (bV water and/or wind) from the tilled plots than from

the permanent covered fallow plots. Another explanation can be that sedimentation of eroded material

from the tilled plots on the fallow land occurs.

Differences between the various experiments (Saria 1-111) are small enough to consider the soil

homogeneous. Texture of the 15-30 cm layer was different from the 0-15 lavers but there were no

differences between treatments. Average values are: C= 26±5.2, FSi = 7±1.1, CSi = 20±2.3, FSa = 24±2.9 and

CSa = 24±2.6. Texture classification is Loam to Clay loam.

Greenland (1971) found that, for the Australian red brown earths, a sail with a silt content of more

than 10% and a ratio of fine sand to coarse sand of more than 3 are subject to slaking. The ratio of fine sand

to silt in the soil used for this study was higher than 3. This makes the soil a good candidate for slaking and

surface crusting as was observed on ail treatments in this study.
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Table 2.2. Particle size distribution of the top (0-15 cm) and subsoil (15-30) of the Ferric Lixisol at Saria, Burkina

Faso. C =Clay % « 2IJ.m), FSi =Fine Silt %(2-20IJ.m), CSi =Coarse Silt %(20-S0IJ.m), FSa =Fine Sand %(SO-2S0IJ.m) and

CSa =Coarse Sand %(2S0-2000IJ.m). SO =standard deviation.

texturai

Treatment C 50 FSi 50 CSi SD F5a 50 Csa 50 c1ass

0-15 cm

Fallow 13.0 3.0 7.3 0.7 20.0 2.2 28.9 5.1 30.8 3.7 S loam

Sorghum-S 13.0 1.3 5.4 0.8 21.0 1.9 24.4 2.5 36.3 2.7 Sloam

S-cotton 11.0 1.3 4.0 0.8 24.4 1.9 29.0 2.5 32.0 2.7 510am

5-cowpea 12.0 1.3 4.3 0.8 21.4 1.9 25.5 2.5 37.0 2.7 510am

Control+N 10.0 1.1 7.3 2.1 22.0 1.8 31.4 1.4 29.2 1.9 Sloam

Control-N 8.0 1.1 5.5 2.1 27.0 1.8 32.1 1.4 27.3 1.9 510am

Manure+N 11.0 1.1 11.2 2.1 23.7 1.8 29.2 1.4 24.5 1.9 S loam

Manure-N 10.0 1.1 5.5 2.1 23.4 1.8 32.6 1.4 28.8 1.9 510am

Straw+N 9.0 1.1 7.3 2.1 22.3 1.8 33.3 1.4 28.3 1.9 510am

Straw-N 10.0 1.1 6.3 2.1 23.3 1.8 30.8 1.4 29.9 1.9 510am

Animal 7.0 3.0 6.0 0.7 24.4 2.2 392 5.1 23.4 3.7 510am

Hand 10.0 3.0 7.3 0.7 22.3 2.2 34.1 5.1 26.4 3.7 510am

Average 10 1.6 6 1.4 23 1.9 31 2.6 29 2.6

15-30 cm

Fallow 29.0 2.7 5.9 1.2 17.2 1.5 22.3 3.2 26.0 3.3 SC loam

Sorghum-S 30.5 5.0 5.4 0.4 17.5 2.1 17.9 3.7 29.6 1.8 SC loam

S-cotton 26.0 5.0 4.8 0.4 20.6 2.1 22.8 3.7 26.1 1.8 SC loam

S-cowpea 36.0 5.0 4.8 0.4 16.7 2.1 15.6 3.7 27.3 1.8 Cloam

Contro/+N 30.0 6.6 8.3 1.4 19.5 2.7 21.6 2.4 20.9 2.6 Cloam

Control-N 11.0 6.6 7.8 1.4 26.6 2.7 28.6 2.4 25.9 2.6 S/oam

Manure+N 25.0 6.6 10.2 1.4 20.5 2.7 24.0 2.4 20.4 2.6 Loam

Manure-N 20.0 6.6 5.7 1.4 21.9 2.7 26.7 2.4 25.8 26 S loam

Straw+N 27.0 6.6 8.4 1.4 19.2 2.7 24.7 2.4 20.9 2.6 SC loam

5traw-N 23.0 6.6 7.9 1.4 20.4 2.7 24.5 2.4 243 2.6 SC loam

Animal 23.0 2.7 8.3 1.2 19.8 1.5 28.6 3.2 20.1 3.3 SC loam

Hand 26.0 2.7 7.6 1.2 19.9 1.5 26.0 3.2 20.4 3.3 Loam

Average 26 5.2 7 1.1 20 2.3 24 2.9 24 2.6

2.4.2 Soil carbon and nitrogen content

Table 2.3 gives ( and N contents for the topsoil (0-15 cm) as weil as for the subsoil (15-30 cm). As expected

for a tropical sandy loam that has been cultivated continuously for a long time both ( and N are low and

organic carbon content was lower at 0-15 cm than at 15-30 cm. The average (IN ratio for the top soil is >15

indicating a relative N-shortage. For the subsoil this ratio is at its equilibrium value.
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The 5-cowpea is different from the other rotations; ( in the topsoil is lowest and ( in the subsoil is highest.

ln the straw treatment the role of N is remarkable. When no N is applied in combination with the straw (-N

treatment in Table 2.3) the straw immobilize ail available N 50 that the (IN ratio becomes significant above

the average. When N is applied in combination with the straw both (and N content do not differ significant

from other treatments. Manure causes higher ( and N both in the top and the subsoil while the (IN

remains normal. This illustrates that fertilizing with man ure is an intervention more 'in equilibrium' than

fertilizing wlth urea. There is no difference between hand hoeing and animal traction. In the fallow control

( and N content hardly differ from other treatments.

(umulative ( added to the soil in the rotations is 28 t ha,l over 50 years, in the input trials with

man ure it is 68 t ha,l and with straw 150 t ha,l over 30 years and in the tillage experiment 45 t ha,l over 20

years. We compared the added ( with the (-stock in the top 30 cm of soil. The latter can be calculated

using the (-values in Table 2.3 and the bulk density values of Table 2.5. When we take the straw treatment

into account there was no relation (n=l1) between (-input and the (-stock. If we leave straw out then

1 there is a weak relation (r2=0.37 n=9) and the increase in (-stock = 0.6* (-input.

50il with no organic inputs loose about 2% of their stock of ( (Pieri, 1989). In our control there is

about 105 t( ha,l in the topsoil after 30 years of no input. Estimating the (-stock at the start of the

experiment, when the fallow was c1eared 30 years ago, we find a (-stock of 175 t( ha,l. The average (-stock

in our rotations at present is about 160 t( halo 50, the organic input has not maintained the (-stock but

decreased it with (on average) 0.25% per year. Plots with straw input show a 0.85% decrease in (-stock per

year. With manure the reaction is typical. With N added the organic input is just sufficient to maintain the

(-stock at 175 t( halo Without N the same organic input causes the (-stock to decrease with 1.0% per year

over 30 years till a level of 135 t( ha,l. For the tillage experiments (5aria III), about 20 years after fallow, the

stock has decreased from 175 ti1l140, a decrease of about 1.4% per year.

Table 2.3. Carbon and nitrogen contents and CIN ratios of 0-15 and 15-30 cm lavers of different long-term

treatments at 5aria, Burkina Faso. 5D = standard deviation

0-15 cm depth 15-30 cm depth

Treatments C SD N SD C/N SD C SD N SD C/N SD

f
g kg! g kg 1 g kg,l g kg'!

• Fallow 33.1 5.7 1.76 0.32 19 4.0 31.4 1.5 2.32 0.19 14 4.0
J

J Sorghum-S 32.5 4.6 2.54 0.42 13 0.9 32.0 4.4 2.21 0.52 14 1.1

S-cotton 35.4 4.6 2.55 0.42 14 0.9 28.8 4.4 1.94 0.52 15 1.1

t S-cowpea 26.4 4.6 1.82 0.42 15 0.9 37.4 4.4 2.94 0.52 13 1.1

}

Control+N 17.3 6.6 1.03 0.51 17 0.4 23.8 3.3 1.82 0.27 13 0.4

Control-N 17.8 6.6 0.82 0.51 22 0.9 25.4 3.3 1.50 0,27 17 0.3

Manure+N 34.9 6.6 2.24 0.51 16 1.1 33.0 3.3 2.03 0.20 16 1.1

Manure-N 24.5 6.6 1.43 0.51 17 1.1 25.9 3.3 1.77 0.27 15 1.1

Straw+N 26.4 6.6 1.63 0.51 16 0.4 28.6 3.3 2.10 0.27 14 0.4

Straw-N 27.6 6.6 1.20 0.51 23 0.9 25.2 3.3 1.45 0.27 17 0.3

Animal 24.4 5.7 1.26 0.32 19 0.0 33.1 1.5 1.94 0.19 17 2.0

Hand 22.4 5.7 1.16 0.32 19 00 30.1 1.5 2.11 0.19 14 2.0

Average 27 59 1.6 0.4 17 1.0 30 3.1 2.0 0.3 15 1.2
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2.4.3 Sail aggregation

The dominant aggregate fraction is MA (50%) followed by the SA (34%) fraction (Figure 2.1). Rotations,

organic amendment and tillage reduce LA to less than 5% and total water stable macro aggregates (LA+SA)

to lower than 40%. A ranking of total water stable macro aggregates gives the following trend: fallow (44%)

> rotation (37%) > organic amendment (+/-) N (32%) > tillage (29%). Macro- and micro aggregates are like

communicating vessels, when MA is low, then MA will be high. This can be seen for tillage since the practice

shows a higher soil micro aggregation compared to other trials. A general ru le is that the highest the

disturbance, the lowest the stable macro aggregation component. In that respect, ail practices have a

negative effect on soil aggregation since their effect significantly reduced soil stable macro aggregate

compared to the grass fallow (Koutika et al., 1997). Differences between treatments, although sometimes

significant (see Figure 2.1) are small.

60
a

~ Rotation

lllI Organic (+/-) N

~1illage

o Fallow

50

a
40

?F- 30

20

10 a

0 ~
LA SA MA Silt+clay

Aggregates fractions

Figure 2.1. Comporison of sail oggregote fractions of Sorio triols, Burkina Faso. LA = large maco-aggregates (2-8 mm),

SA =small macro-aggregates (2000 - 250 /lm), MA =micro-aggregates (50 - 250 /lm) and S+C =silt and clay « 50

/lm).

2.4.4 Sail surface crusting

Table 2.4 gives main crust types on the various plots. Rotations led to a three layering structural crust (SB).

The first micro-layer is coarse sandy; the second a fine sandy micro-layer and the third a plasmic lamina

(Casenave and Valentin, 1989). The vesicular porosity of the upper layer was about 30%. About 5% of S­

sorghum and S-cotton soil surfaces were covered by termite cast while S-cowpea surface coverage has

reached 30%. This indicates a much higher soil biota activity due to the presence of cowpea. Identified

crust calour was pink (dry) and brown (moist) (MunseIl1975).

On organic amendment treatments, three crust types were identified: sn, ST2 and sn. The

structural crust type sn or drying crust with low vesicular porosity <5%, very fragile was identified on the

control plots (S2-1 and S2-2) and on manure+N. The type ST2 was on manure-N and the straw treatments.

Animal ploughing and hand hoeing were characterized by the same erosion or pavement crust (100%)

composed of two to three micro layers.
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Crust formation is highly correlated to runoff; therefore, different crust types may induce difference in

runoff. In general the order from highest to lowest runoff is: 5T2/5Tl, sn. 50, it can be expected that

organic amendments experience more runoff than rotations and tillage treatments although the presence

of surface roughness due to termite and/or earthworm casts may affect this general pattern. The fallow

surface was paved with worm casts with a minimum value of 20% therefore less runoff can be expected

under the fallow compared to ail disturbed plots.

Table 2.4. Characterization of sail surfaces and crusts identified in 2006, 2007 and 2008 in Saria, Burkina Faso

according ta the Casenave and Valentin (1989) classification.

1

Control

5aria 1

51-1

51-2

51-3

5aria Il

52-1

52-2

52-3

52-4

Treatments

Fallow

Ssorghum

Scotton

Scowpea

Control+N

C:ontrol-N

Manure+N

Manure-N

5traw+N

Characterization of soil surface and crust

Earthworms casts 20% to more with coarse

fragment about 40% with a plasmic crust; crust

513 + covered by termites cast.

A cultivated surface with a vesicular porosity over

30% (C3). Associated with a dominant structural

crust three microlayers (5T3). Termite cast

covering are identical to 5-cotton 5%.

A cultivated surface with a vesicular porosity of

between 5 and 30% (C2), some part was C3.

C3 with 513. 50% of the surface was covered by

termites casts.

C2 and Cl (vesicular porosity is less than 5%). The

surface was developed on layers of loose sands

(5T1). Drying crust very fragile with a single

microlayer including the remains of slaked

aggregates.

5ame type of crust as in 52-1. An erosion crust

was also identified with a vesicular porosity

between 5 and 30%.

80% of Cl and C3 with a structural crust 513 and

20% of type Cl with structural crust of 5T1.

100% of type C2 with a structural crust 5T2

C2 and C3. Associated with 5T2 5T3. 5% of the

Colour dry

7.5YR5/2and

7.5YR4/2

7.5YR7/4 and

7.5YR6/4

7.5YR6/4

7.5YR6/4 and

7.5YR7/4

7.5YR7/6 and

7.5YR7/3

7.5YR6/3

7.5YR6/3 and

7.5YR6/4

7.5YR6/3

7.5YR6/4

Colour moist

7.5YR4/3 and

7.5YR4/2

7.5YR5/4

7.5YR5/4

7.5YR5/4

7.5YR5/4

7.5YR5/4 and

7.5YR5/3

7.5YR5/2 and

7.5YR5/4

7.5YR5/3 and

7.5YR5/4

7.5YR5/3

52-5

52-6

5traw-N

surface was covered by some termites casts.

C2, with 512. 10% of the surface was covered by 7.5YR6/4

some termites casts.

7.5YR5/4

5aria III

53-1

53-2

Animal

ploughing

Hand hoeing

100% erosion crust with two microlayers (512)

30% erosion crust 5T2 and 70% 513

7.5YR6/3

7.5YR6/4

7.5YR5/4

7.5YR4/3 and

7.5YR5/3

and 7.5YR5/4 and

7.5YR4/2

2.4.5 Soil bulk density

ln general bulk density (BD) values are high indicating that soils are rather compacted, Table 2.5. Porosity

follows the same trend, i.e. is rather low, since it is calculated from BD. There is little difference between

the untilled fallow and the treatments with continuous tillage either by tractor (Saria I) or by hand or

animal (Saria III). For the tilled soils there is even a tendency for BOs in the topsoil to be higher than in the

subsoil. Apparently, the frequent tillage leads to compaction of the topsoil.
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S-cowpea had higher BD in the top soil with lower porosity (32%) and higher BD in the subsoil with higher

porosity (40%) than the two other rotation treatments. (ontinuous sorghum as weil as S-cotton were not

different in BD. Arvidsson (1998) reported that there is a relation between bulk density and (-content.

Since cowpea fixes nitrogen, the carbon of the topsoil is burnt more than in the other rotations while the

increase in and decay of root biomass in the subsoil is responsible for the increase in ( in the subsoil.

Obviously, the high BD for S-cowpea in the topsoil (1.77±0.04 Mg m,3) and low (1.56±0.06 Mg m,3) BD in the

subsoil is c1early related to the ( content which is low in the topsoil (26.4±4.6 g kg") and high in the subsoil

(37.4±4.4 g kg').

Unexpectedly, straw increased BD with respect to the control, especially in the top soil as Ouattara et

al. (1994) previously observed. Manure and straw application did not show a c1ear relation between BD and

(-content. Higher BD variability due to soil patterns proper to Lixisols was observed (WRB, 2006).

Significant difference exists for bulk density and porosity between the two types of tillage. Hand

hoeing increases the bulk density and decreases the porosity, compared to animal ploughing. Animal

ploughing due to the ploughing depth introduced an improvement of the bulk density. These effects were

limited to the first 30 cm sin ce observed rooting (see 2.4.7) did not go beyond that depth.

Table 2.5.Bulk density and porosity of 0-15 and 15-30 lavers for different long-term conservation soil management

practices at 5aria, Burkina Faso.

0-15 cm depth 15-30 cm depth

Treatments BD 50 Por 50 BD 50 Por 50

Mgm 1 % Mg m,l %

Fallow 1.68 0.09 35 3.27 1.64 0.08 37 3.1

5orghum-5 1.69 0.04 35 1.55 1.68 0,06 35 2.4

5-cotton 1.72 0.04 34 1.55 1.65 0.06 37 2.4

5-cowpea 1.77 0.04 32 1.55 1.56 0.06 40 2.4

Control+N 1.74 0.06 33 2.25 1.73 0.05 33 1.9

Control-N 1.64 0.06 37 2.25 1.67 0.05 36 1.9

Manure+N 1.72 0.06 34 2.25 1.75 0.05 33 1.9

Manure-N 1.74 0.06 34 2.25 1.82 0.05 30 1.9

5traw+N 1.82 0.06 30 2.25 1.75 0.05 33 1.9

5traw-N 1.76 0.06 32 2.25 1.76 0.05 32 1.9

Animal 1.59 0.09 39 3.27 1.74 0.08 33 3.1

Hand 1.76 0.09 32 3.27 1.80 0.08 31 3.1

Average 1.72 0.06 34 2.33 1.71 0.06 34 2.3

2.4.6 Sail biota

Under the fallow termite biomass was 0.41 g m,2 and earthworm biomass 19.4 g m'2. (rop rotation, organic

amendment (+/-) N and tillage practices effects have decreased both macro fauna biomasses. Ali cultivated

plots including the crop rotations did reduce termite and earthworm biomass dramatically but there is

significant difference between the rotations (Table 2.6). The effect on earthworms being larger than on

termites.

N application showed that the highest termite biomass occurs at a -N plot (straw) and the highest

earthworm concentration also occurs at a -N plot (manure). The counterpart (+N) macro fauna is 0.0 in
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both cases. No termites were found under man ure plots and the use of N has a negative influence on

earthworm biomass. Animal and hand tilled plots show more macro fauna biomass than rotation and

amendmef1t plots although differences between these two tillage types were not statistically significant. In

absolute values, animal ploughing effect was higher (1.5 g m-2
) than hand hoeing (0.41 g m-2

) for termite

biomass but reversed for earthworms.

Soil disturbance is acknowledged to have a strong influence on soil characteristics, among others on

soil biota. Saria sites have suffered from different levels of anthropogenic disturbance and at different

times. The use of tractor for several years' in the rotation and organic amendment cropping systems

impeded sail aggregation and fauna living conditions. Therefore lower feeding possibilities exist and may

explain the reduction in fauna biomass tendency under these practices.

The two tillage practices suffered less from disturbance than the tractor ploughed plots and higher

termite and earthworm activities were observed as a consequence of this less disturbance effect.

Table 2.6. Termite and earthworm biomass (g m-2
) for different long-term soil management at Saria, Burkina Faso,

SD = Standard Deviation.

Treatments Termites Earthworms

Fallow 0.410 19.400

50 0.500 24.000

50rghum-5 0.016 0.000

5-cotton 0.011 0.000

5-cowpea 0.005 0.032

P-values 0.44 0.44

Lsd 0.02 0.07

50 0.01 0.03

Control+N 0.430 0.000

Control-N 0.040 0.000

Manure+N 0.000 0.021

Manure-N 0.000 0.176

5traw+N 0.050 0.005

5traw-N 1.340 0.000

P-values 0.19 0.14

Lsd 1.23 0.15

50 0.55 0.07

Animal 1.500 0.900

Hand 0.410 1.430

P-values 0.56 0.65

Lsd 6.82 4.33

50 1.59 1.01

Total

19.810

0.016

0_011

0.037

0.430

0.040

0.021

0.176

0.055

1.340

2.400

1.840

2.4.7 Rooting depth

We have no data of roots under fallow. Table 2.7 provides two contrasting examples of root count results

and Table 2.8 contains maximum rooting depth and total root length density for ail treatments. Roots were

more developed laterally than vertically. The general trend is that the continuous tillage has created a

compacted layers at about 30 cm depth and that Sorghum roots are not able to go deeper than 30-40 cm.

Only in the cowpea rotation Sorghum roots can go deeper which apparently is due to the cowpea. Cowpea

is recognized as a leguminous crop whose deep roots are able to break through compacted soil.

ln the rotations maximum rooting depth is 55, 35 and 80 cm for S-sorghum, S-cotton and S-cowpea
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respectively. There is no relation between rooting depth and total density as can be concluded from Table

2.8. S-cotton has the lowest rooting depth but the highest total root density.

Organic amendment treatments are not different with respect to their maximum rooting depth, in

the 30-40 cm range. N application did not improve rooting depth but improved root density with straw and

manure. lt is not c1ear, however, why the Control +N has such a low root density.

Animal ploughing and hand hoeing effects were limited to the first 30 cm since observed rooting did

not go beyond that depth. Animal ploughing effect allowed more roots even at 10 cm depth compared to

hand hoeing where roots are very superficial (Table 2.7).

ln general, roots are concentrated in the first 20 cm depth. This situation can cause nutrients lasses

since ti/ling that goes 10 cm depth can eut off roots (Kowar and Radder, 1994) and hence reduce nutrient

uptake. In addition, in case of a drought the first 10 cm dries out quickly putting a risk the plants since few

deep roots are developed. Therefore soil management which could induce a rooting depth beyond 30 cm

will make the crop more resistant to a drought period.

Table 2.7. Sorghum root length density (cm dm") at 60 days after sowing for the Sorghum-cowpea rotation (top)

and hand hoeing (bottom) at Saria, Burkina Faso (2006-2008).

Depth (cm) Lateral distance from sorghum plant

5 10 15 20 25 30 35 40 Total

00-05 4.71 3.83 1.77 1.18 0.59 1.38 0.59 1.67 15.7

05-10 2.65 1.77 1.28 0.88 1.57 2.16 0.49 0.88 11.7

10-15 0.39 0.88 0.79 0.69 0.98 1.47 0.59 0.39 6.2

15-20 0.79 0.69 0.29 0.49 0.59 0.49 0.39 0.49 4.2

20-25 0.20 0.29 0.59 0.59 0.39 0.20 0.49 0.49 3.2

25-30 0.79 0.98 0.69 0.39 0.10 0.20 0.49 0.20 3.8

30-35 0.39 0.88 0.20 0.20 0.29 0.20 0.10 0.29 2.6

35-40 0.39 0.29 0.59 0.59 0.29 2.2

40-45 0.10 0.39 0.29 0.39 0.49 1.7

45-50 0.59 0.20 0.39 0.10 0.20 1.5

50-55 0.29 0.20 0.29 0.39 0.20 1.4

55-60 0.10 0.10 0.10 0.29 0.20 0.49 1.3

60-65 0.20 0.10 0.20 0.5

65-70 0.20 0.39 0.6

70-75 0.20 0.2

75-80 0.10 0.1

total 10.2 10.1 6.9 5.2 5.4 8.1 4.9 6.0 56.8

Depth (cm) Lateral distance from sorghum plant

5 10 15 20 25 30 35 40 Total

00-05 3.04 2.26 1.57 0.59 1.18 1.38 0.69 0.10 10.8

05-10 0.79 0.59 0.20 0.10 0.10 1.8

10-15 0.10 0.49 0.29 0.49 0.20 0.20 0.10 0.29 2.2

15-20 0.49 0.29 0.20 0.10 0.10 1.2

20-25 0.10 0.10 0.10 0.10 0.4

25-30 0.20 0.2

Total 4.5 3.7 2.3 1.3 1.7 1.7 0.9 0.5 16.5
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Table 2.8. Maximum rooting depth (RD in cm) and total root length density (TRLD in cm dm") at 60 days after

sowing in 2006 for different long-term conservation soil management at Saria, Burkina Faso. Nm = not measured.

Conservation RD TRLD

Fallow nm nm

Ssorghum 55 30.2

5 cotton 35 68.2

5 cowpea 80 56.8

Straw +N 30 31.2

Control +N 35 11.3

Straw-N 40 18.1

Control-N 30 33.4

Manure +N 30 27.5

Manure-N 30 21.7

Animal 30 22.1

Hand 30 16.5

2.4.8 Maximum available water

The average llpF (pF 2.0 - pF 4.2) is 14% in the 0-15 layer and 9% in the 15-30 layer. The difference is due to

the difference in texture. We cannot provide MAW data for the fallow since we have no data for its rooting

depth. The lowest MAW is for the S-cotton rotation (35 mm) which indicates that within a 2 weeks drought

the Sorghum will suffer from water stress. Contrary, the S-cowpea has an MAW of 73 mm (due to its

deeper rooting) indicating that only with a drought of 4 weeks Sorghum will suffer here. In the amendment

plots N application has a negative effect on MAW. Straw+N and Manure+N have lower MAW than Straw-N

and Manure-N, again this is caused by a difference in rooting depth.

At 0-15 cm, llpF was significantly higher in animal ploughing than in hand hoeing and fallow. At 15-30

cm, the fallow was more effective in holding water. Compared with the fallow, the rotation effect was

negligible. Rotation did not improved the soil structure as observed above and therefore no significant

improvement of the water holding capacity can be expected. Urea application has worsened the soil

properties and th us the water availability.

2.4.9 Runoff

Annual precipitation at Saria was 780 mm with 69 rain days in 2006, 735 mm in 56 days in 2007 and 855 in

75 days in 2008. The long-term (1978-2005) average precipitation is 781 mm. 50, total rainfall in 2006-2008

was about the long-term average. We divided daily precipitation over four size classes, i.e. < 5, 5-10; 10-20

and> 20 mm. Runoff differs between the four classes. As a general rule, runoff percentages increase with

an increase of the precipitation c1ass size.

Annual runoff for ail treatments in 2006 was 40% of the annual precipitation, in 2007 this was 52%

and in 2008 it was 44%. Not ail precipitations produce runoff. From regressions between precipitation and

runoff a threshold was calculated of about 4 mm below which there is no runoff (Figure 2.2).

ln general the organic amendment plots showed the highest runoff (>50%) because this trial hosts

control treatments which have induced higher runoff (50%) than any other treatments, Table 2.10,

followed by the rotation plots (>40%), the tillage plots (>35%) and with the fallow showing the least runoff

with 30%. Within the trials (Saria 1-111) there is no significant difference between treatments. Soil-surface

seals and crusts resulting from aggregate breakdown reduce the soil infiltration rate and induce runoff (Le

Bissonais et al 1995; Bird et al. 2007). Saria Il (the amendment plots) hosted the control plots and because

of their structural crust type ST1 they are very fragile and aggregate breakdown can explain this situation.
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Table 2.9. Soil moisture characteristics and maximum available water for long-term soil management in Saria, Burkina Faso.

Treatments soil Rooting pF 2.0 SD pF4.2 SD ~pF MAW Treatments soif Rooting pF 2.0 SD pF4.2 SD ~pF MAW

depth depth (%vol) (%vol) (mm) depth depth (%vol) (%vol) (mm)

Fallow 00-15 nm 24 1.3 10 1.5 14 Control+N 00-15 15 24 1.9 7 1.4 17 26

15-30 nm 28 0.8 16 1.1 12 15-30 20 28 0.8 17 3.2 11 22

total nm total 35 48

Sorghum-S 00-15 15 23 2.3 8 0.5 15 23 Control-N 00-15 15 28 1.9 8 1.4 20 30

15-30 40 26 5.3 15 2.4 11 44 15-30 15 26 5.3 18 2.4 8 12

total 55 67 total 30 42

S-cotton 00-15 15 27 2.3 9 0.5 18 27 Manure+N 00-15 15 28 1.9 11 1.4 17 26

15-30 20 17 5.3 13 2.4 4 8 15-30 15 27 0.8 15 3.2 12 18

total 35 3S total 30 44

S-cowpea 00-15 15 23 2.3 9 0.5 14 21 Manure-N 00-15 15 26 1.9 8 1.4 18 27

15-30 65 26 5.3 18 2.4 8 52 15-30 30 25 0.8 13 3.2 12 36

total 80 73 total 45 63

Animal 00-15 15 27 1.3 7 1.5 20 30 Straw+N 00-15 15 24 1.9 9 1.4 15 23

15-30 15 27 0.8 15 1.1 12 18 15-30 15 27 0.8 18 3.2 9 14

total 30 48 total 30 36

Hand 00-15 15 25 1.3 10 1.5 15 23 Straw-N 00-15 15 27 0.8 15 3.2 12 18

15-30 15 28 0.8 17 1.1 11 17 15-30 25 26 1.9 10 1.4 16 40

total 30 39 total 40 S8
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Figure 2.2. Runa!! (/) versus rain (mm) on Soria long-term trials for the three consecutive cropping seasons.

Table 2.10. Runoff % per treatment (average for three consecutive years) in Saria, Burkina Faso. Classification based

on the standard errors.

Treatments Runoff %

Fallow 30e

Sorghum-S 42c

S-cotton 45c

5-cowpea 42c

Control +N 55a

Control-N 52b

Manure +N 44c

Manure -N 49b

5traw +N 52ab

5traw-N 55a

Animal 37d

Hand 34de

P-values <0.001

CV(%) 45

Means followed by same lower case letter(s) are not statistically significant at p<0.05

2.5 5ummary and conclusions

Table 2.11 provides an overview of the effects of different conservation soil management on soil

properties. Texture differences between the various experiments (Saria 1-111) are small enough to consider

the soil homogeneous. The ratio of fine sand to silt in the soil used for this study was higher than 3. This

makes the soil a good candidate for slaking and surface crusting as was observed on ail treatments in this

study (section 2.4.4). Only the top soil in the fallow contains more fine particles than continuous tillage by

hand or with animais. This may be an indication of more erosion (by water and/or wind) from the tilled
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plots than from the permanent covered fallow plots. Another explanation can be that sedimentation of

eroded material from the tilled plots on the fallow land occurs.

With respect to (arbon, the S-cowpea is different from the other rotations; ( in the topsoil is lowest

and ( in the subsoil is highest. In the straw treatment the role of N is remarkable. When no N is applied in

combination with the straw (-N treatment in Table 2.3) the straw immobilize ail available N so that the (/N

ratio becomes significant above the average. When N is applied in combination with the straw both ( and N

content do not differ significant from other treatments. Manure causes higher ( and N both in the top and

the subsoil while the (/N remains normal. This illustrates that applying manure is an intervention more 'in

equilibrium' than fertilizing with urea. There is no difference between hand hoeing and animal traction. In

the fallow control, ( and N content hardly differ from other treatments. Only when N added to manure

input the ( input is just sufficient to maintain the (-stock at 175 t(ha~l which is the supposed value just

after clearing the fallow. For ail other treatments there is a graduai decrease in (-stock, from 0.85% for

straw till 1.4% for tillage. These values are still lower than the reported 2% decrease per year for no (­

input.

Ali practices have a negative effect on soil aggregation since they significantly reduce sail stable

macro-aggregates compared to the grass fallow. Differences between treatments, although sometimes

significant are small. (rust formation is highly correlated to runoff; therefore, different crust types may

induce difference in runoff. In general the order from highest to lowest runoff is: sn/sn, SB. So, it can be

expected that organic amendments experience more runoff than rotations and tillage treatments although

the presence of surface roughness due to termite and/or earthworm casts may affect this general pattern.

The fallow surface was paved with worm casts with a minimum value of 20% therefore less runoff can be

expected under the fallow compared to ail disturbed plots. Termite castings surface coverage at S-cowpea

has reached 30%. This indicates a much higher sail biota activity due to the presence of cowpea.

With respect to bulk density there is little difference between the untilled fallow and the treatments

with continuous tillage either by tractor (Saria 1) or by hand or animal (Saria III). (onventional evidence

suggests a relation between bulk density and (-content. However, both the manure and straw applications

did not show a c1ear relation between BD and (-content. Hand hoeing increases the bulk density and

decreases the porosity, compared to animal ploughing.

At the fallow, termite biomass was 0.41 g m~2 and earthworms 19.4 g m~2. Ail cultivated plots

including crop rotations did reduce termite and earthworm biomass dramatically due to increased soil

disturbance. No termites were found under manure plots and the use of N has a negative influence on

earthworm biomass. Animal and hand tilled plots show more macro fauna biomass than rotation and

amendment plots.

Roots were more developed laterally than vertically. The general trend is that the continuous tillage

has created a compacted layers at about 30 cm depth and that Sorghum roots are not able to go deeper

than 30-40 cm. Only in the cowpea rotation Sorghum roots go as deep 80 cm. N application did not improve

rooting depth but improved root density. Roots are concentrated in the first 20 cm depth which make the

Sorghum crop drought sensitive. Therefore sail management which could induce a rooting depth beyond

30 cm will make the crop more resistant to a drought period.

The range of available water between pF 2.0 and pF 4.2 is 14% in the 0-15 layer and 9% in the 15-30

layer. These are expected values and the difference is due to the difference in texture. S-cowpea has the

highest MAW of 73 mm due to its deeper rooting. (ompared with to fallow, the rotation effect was

negligible. Rotation did not improved the soil structure as observed above and therefore no significant

improvement of the water holding capacity can be expected. Urea application has worsened the soil

properties and thus the water availability.

Soil-surface seals and crusts resulting from aggregate breakdown reduce the soil infiltration rate and

induce runoff. Runoff differs between the four precipitation classes and not ail precipitations produce
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runoff. Annual runoff for ail treatments in 2006 was 40% of the annual precipitation, in 2007 this was 52%

and in 2008 it was 44%. Within the trials (Saria 1-111) there is no significant difference between treatments.

We conclude that differences between treatments are smaller than were expected after differences in soil

management maintained constant over such a long period. Due to the long-term permanent cultivation

most properties show a decrease in soil properties if compared with the fallow control. We c1early saw how

many soil praperties are linked to each other. For the properties that we investigated the fallow scored not

unexpected, best. The cowpea rotation did better than the continuous Sorghum but cotton in the rotation

is not recommended. Results from the organic amendment trials are disappointed, though results are

controversial in some cases. Animal ploughing c1early outweighs hand hoeing.

Although our research was not aimed at the validation or falsification of the conservation agriculture

paradigm and we only studied the partial effects of certain CA related components in the savannah zone of

Burkina Faso, we still draw some conclusions. While the FAD (FAD, 2008a,b) considers CA appropriate for a

wide range of smallholder conditions we tend to support Giller et al. (2009) stating that CA is certainly not a

panacea to agricultural problems in Sorghum farming in Burkina Faso.

We hypothesize that the long-term trials suffer from soil degradation due to the length of the trials.

Continuous tractor ploughing has created a compacted plough pan which hinders infiltration and raot

development.

Table 2.11. Summary table of the effects of different soil management on soil properties.

Section 2.4.1 2.4.2 2.4.3 2.4.4 2.4.5 2.4.6 2.4.7 2.4.8

Text C+N Aggre Crust Bulk d Biota Roots MAW

Fallow (control) + 0 + + 0 +

Sorghum-S 0 0 0 0 0 0

S-cotton 0 0 0 0 0 0

S-cowpea 0 + + 0 0 0

Manure +N 0 + 0 0 0

Manure-N 0 + 0 0 0

Straw +N 0 0 0 0 0

Straw -N 0 0 0 0

Animal 0 0 0 0 + 0 +
Hand 0 0 0 +
+ = positive effect, - = negative effect (see also text), 0 = neutral

2.4.9

Runoff

+

o

o

o

o

o
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Termite and Earthworm Abundance and Diversity under Long-Term Conservation

Soil Management in Saria, Burkina Faso, West Africa

Abstract

Unsustainable crop and soil management practices are major causes of soil degradation and declining soil

biodiversity in West Africa. This study investigates the effects of long-term conservation soil management

on termite and earthworm abundance and diversity in the central plateau of Burkina Faso. Trials include

rotations (established in 1960), application of organic and minerai inputs (established in 1980) and tillage

systems (established in 1990). In 2006/7 soil macrofauna was surveyed at the soil surface and in the upper

30 cm using transect and monolith sampling methods. A total of five termite taxa belonging to the family of

Termitidae, and two earthworm taxa from the family of Acanthodrilidae were found. Termite taxonomic

richness ranged between 1-4, while earthworm taxa ranged from 0-2. One termite taxa was identified in

plots under rotation, three taxa in organic amendment plots and four where tillage was practiced. For

earthworms no taxa were identified in plots under rotation, two taxa were identified in organic

amendment plots and one in tillage plots. The two types of fauna c1early responded differently to the

conservation soil management. Continuous sorghum farming triggered termite abundance. The use of

cotton and cowpea in the rotations led to reduced termite colonization but did not significantly impact

earthworm population. Manure application led to more earthworm colonization compared to the

application of sorghum straw which triggered termite abundance. Animal plowing and hand hoeing had

similar effects and increased both termite and earthworm biological components. Long-term practice of

rotation and application of organic amendments appears to lead to a specialization of the food type for the

macrofauna that result in a uniform family colonization. However, superficial tillage creates favorable

conditions for both termite and earthworm settlement.

3.1 Introduction

Soils in West Africa are prone to degradation and are characterized by low organic matter content, low

water holding capacity and inherent low fertility (Fall and Faye 1999; Breman and Bationo 1999;

Stroosnijder and Van Rheenen 2001). Unsustainable land use and management involving changes in

vegetation, intensive soil tillage and removal of biomass have led to decreased soil organic matter content,

deterioration of important soil physical parameters (Zida et al., 2010a), and consequently an increase in soil

erosion (Wu and Tiessen 2002; Ouédraogo et al. 2006). The decrease in soil organic matter furthermore

affects soil fauna which has an important role in initiating/maintaining key soil processes, e.g. soil structure

formation and decomposition of fresh organic material. The potential beneficial effects of soil macrofauna

on soil physical characteristics in general and soil aggregation in particular are weil recognized (Kooistra

1991; Kooistra and van Noordwijk 1991; Droogers et al. 1997; Mando and Miedema 1997). Earthworms and

termites have a very strong impact on the soil environment and are therefore called "ecosystem engineers"

(Lavelle et al. 1999; Jones and Eggleton 2000). Earthworms can modify soil structure through burrowing

and casting activities, both of which have significant effects on soil physical properties such as aeration,

infiltration and hydrology (Marinissen 1992; Sveistrup et al. 1997; Blanchart et al. 2004). Termites are one

of the most important biological agents for reworking the soils. Their behavior in selecting, transporting,

and manipulating soil particles and cementing them together with saliva brings some immediate changes in

soil structure and properties (Lobry de Bruyn and Conacher 1990; Logan et al. 1990; Wood 1996, Mando

1997).
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Land use and management as weil as geographic location, soil type and c1imate ail influence soil fauna

populations (Lee 1985; Binet et al. 1997; Paoletti et al. 1998; Chan 2001). Termite diversity has been found

to decrease under long-term cultivation (Kooyman and Onck 1987). Earthworms are sensitive to extreme

soil conditions like extreme temperatures, low soil moisture, poor drainage, soil texture, low organic matter

content and low pH (Diaz Cosin et al. 1994). Their activity is also affected by management practices Iike

manure and straw inputs, tillage and crop type (Berry and Karlen 1993; Heimbach 1997). However, data

regarding the effect of long-term agricultural management practices on soil macrofauna diversity is very

scarce. Establishing the effect of long-term management practices on soil fauna communities will help to

define the sustainability of conservation soil management.

To date, most studies have been focused on describing and quantifying the effects of soil

invertebrates on soil processes, in particular soil structure formation (Brussaard and Juma 1996; Pulleman

et al. 2005a, b), and associated soil physical processes, soil organic matter decomposition (Lavelle et al.

1999; Brauman 2000) and nutrient transformation (Mando 1997; Lamandé et al. 2003; Ouédraogo et al.

2006). This study investigates the effects of selected long-term soil management trials with the aim of: (1)

quantifying earthworm and termite abundance, biomass and diversity as influenced by crop rotation, tillage

practices, nitrogen application, manure application and crop residue management; (2) determining the

management options which could promote sustainable agro-ecosystem, by improving fauna diversity and

their ecological services provision in the Savannah zone of West Africa.

3.2 Materials and methods
3.2.1 Study site description

The research was carried out in the savannah zone of 5aria in Burkina Faso (12°17.0' N, 02° 09.5' W and 300

m above sea level) where the mean annual rainfall is 800 mm and the average daily temperatures range

from 30°C in July-December to 45°C in April. The soil is a Ferric Lixisol (WRB 2006; FAO-UNE5CO 1994). The

15 cm topsoil is sandy loam, with an average bulk density of 1.7 Mg m 3
, and pH of 5.3 (Mando et al. 2005;

Ouattara et al. 2006). 50il survey data indicate 3.9 (mg g'l) total carbon, 0.3 (mg gl) total N, 0.09 (cmol kg 1
)

exchangeable Kand 67.3 (mg kg'l) total phosphorus levels (Zougmoré et al. 2003; Ouattara 1994).

3.2.2 Experimental design

The study is part of a long-term experiment involving three different trials. The first trial (5aria 1),

established in 1960, investigates the effect of crop rotation in combination with organic and minerai

fertilizers on crop yield and soil fertility. In general, two modes of fertilization (Iow and high rates of minerai

and organic fertiliser) and three types of crop rotation were compared in a split-plot design with

fertilization as the main plot factor and crop rotation as the subplot factor. The low minerai fertilizer rate +

5 Mg ha'l of manure (C (22.5%), N (1.27%), P (0.28%)) every two years in combination with crop rotations

was considered in this study. The subplots were 51-1, continuous sorghum, 51-2, sorghum-cotton

(Gossypium hirsutum) and 51-3 sorghum-cowpea (Vigna unguiculata). Every year at the beginning of the

cropping season the land was tractor-tilled to a depth of 20 cm and rotation occurred every two years. The

individual plot size was 6 m x 8 m.

The second trial (5aria Il) was established in 1980 and compares, in a factorial design, four types of

organic amendments (sorghum straw, aerobic compost, anaerobic compost, and farmyard manure) at

an nuai rates of 10 Mg ha'l, with and without urea input (23 kg ha'l) in six replicates. Each block contains ten

treatments, and the fields are tractor-tilled to a depth of 20 cm every year. 50rghum straw (C (42.5%), N

(0.60%), P (0.08%)) and farmyard manure are the organic amendments that were considered in this study.

Therefore, six treatments were selected: control plus (52-1) or minus (52-2) nitrogen, manure plus (52-3) or

minus (52-4) nitrogen, straw plus (52-5) or minus (52-6) nitrogen. Plot size was 5 m x 4.8 m.
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The third trial (Saria III), established in 1990, studies in a randomized block design, the effects of tillage on

physieal and chemical soil properties. Treatments are annual plowing with oxen to a depth of 15 cm and

hand hoeing to a depth of 5 cm, combined with either 10 Mg ha"! farmyard manure annually plus 100 kg ha

! of NPK (15 N kg ha!, 23 P kg ha! and 15 kg ha"! K) or no man ure and no fertilizer. S3 consists of three

blocks or replications. Each block contains four annual treatments, two of which were included in our

study: oxen plow + manure (S3-1) and hand hoeing + man ure (S3-2). Plot size was 5 m x 15 m.

3.2.3 Macrofauna sampling

Sampling was done approximately eight weeks after sowing for both termites and earthworms during the

growing season 2006/7. Termite assessment used the monolith and a semi-quantitative transect sampling

method. Earthworms were collected through monolith sampling only.

Monolith sampling was carried out according to the standard Tropical Soil Biology and Fertility (TSBF)

method (Anderson and Ingram 1993; Swift and Bignell 2001). One soil monolith was randomly sampled in

each plot (n=3). To maximize capture of the fauna, the extracted soil was split into two depth layers (0-15

and 15-30 cm). Termites and earthworms were then collected by hand-sorting on plastic trays. Thereafter,

the identified organisms were pooled, to form one sample for each monolith.

Tramect sampling for termites was done alongside the monolith sampling. In each sampling plot of

Saria 1and III, a 20 x 2 m transect (or 5 x 2 m in Saria Il) were randomly laid out. Each transect or section

was sampled sequentially for 30 minutes by two people trained on the microhabitats which are common

sites for termites (Jones and Eggleton 2000; Swift and Bignell 2001).

Termites were c1assified into one of four feeding groups based on visual observation notes taken

while in the field or in line with classification by Donovan et al. (2001) and Eggleton et al. (2002): Feeding

group I-Iower termites (wood, litter and grass feeders); Feeding group II-some higher termites (wood litter

and grass feeders); Feeding group III-ail higher termites (very decayed wood or high organic content soil);

Feeding group IV-ail higher termites (Iow organic content soil-true soil feeders).

Earthworms were placed into one of the following functional groups based on visual observation

notes taken while in the field and/or in line with classification based on their habitat, food choice, feeding

behavior and ecophysiology (Lavelle et al. 1999; Swift and Bignell 2001): epigeics (those that live and feed

on the soil surface); anecics (those transporting organic straw from the surface into vertical burrows and

actively mixing it with soil), and endogeics (those foraging on soil organic matter and dead roots within the

soil, largely forming horizontally-orientated burrows). The mature worms, particularly those with

observable c1itella were considered for identification, while juveniles were ignored. They were identified to

species or where this proved diffieult, to numbered morphospecies.

3.2.4 Calculation of macrofauna abundance, biomass and diversity index

Biological assessment for both earthworm and termite abundance included: taxonomie richness at genus

and species level, abundance (numbers of individuals) and biomass. The following aspects of diversity were

evaluated: taxonomie richness (5) and the Shannon-Wiener diversity index (Hl Taxonomie richness (5) was

estimated as the number of taxa per monolith for earthworm and monolith and transect sample pooled

together for each experimental plot for termite. The Shannon-Wiener diversity index (H') was calculated

according to equation [1] (Magurran 1988).

H' = - 2 (pi ln pi) [1]

Where:

pi is the relative abundance of the ith taxonomie group, estimated as ni/N; where ni is the number of

individuals of the ith species and N is the total number of individuals within the sample.
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Shannon-Wiener diversity index assumes that: 1) individuals are randomly sampied from a large

abundance, and 2) ail species are represented in the sam pie. The index combines both species richness

(total number of taxa present) and evenness (relative abundance). As such, if calculated for a number of

samples, the Shannon-Wiener index will be normally distributed making it possible to use parametric

statistics such as ANOVA (Magurran 1988). Quantitative and statistical analyses were based on monolith

data only for both termite and earthworm.

3.2.5 Soil and roots

Some soil physical properties i.e. texture, available water and organic carbon were determined from

samples taken from the wall of a soil pit (80 cm x 50 cm x 80 cm), dug at the edge of the plot. Three core

samples were taken per sail layer. Two layers 0-15 and 15-30 cm were considered. Soil particle size

distribution was determined by the Robinson pipette method on sieved sail «2 mm) dried at 105°C

(Mathieu and Pieltain 1998). The Available Water (AW) was calculated according to equation [2].

AW (mm) = [water content at pF2 (%vol) - water content at pF4.2 (%vol)] * depth (mm). [2]

Determination of pF2 and pF4.2 followed the procedures described by Wang and Benson (2004). Organic

carbon was determined by the stable isotope method (UC Davis 2006) on 25 mg of ground sail. Soil

temperatures measured at three depths, 10, 20 and 50 cm, in the Saria meteorological station were used

for the analysis.

Root studies were undertaken following the procedures described by Akinnifesi et al. (1999) and

Vanlauwe et al. (2002). Trenches 100 cm long, 50 cm wide and 80 cm deep, were dug eight weeks after

planting sorghum. The trenches were dug perpendicular to the ridges containing two rows at 5 cm from the

sorghum plant. Roots were manually counted for each 25 cm 2following a grid hung on the pit wall.

3.2.6 Data analysis

Statistical analysis to test for significance of treatment effects was done for each individual trial according

to the number of factors studied. Saria 1 studied the rotation effect hence a one way complete randomized

block analysis of variance (ANOVA) was run for selected treatments using the 12'h edition Genstat software

(GenStat 2009). Saria Il studied organic amendment (+/-) nitrogen effects. Therefore, two kinds of ANOVA

were run. The one way complete randomized block of selected treatments to evaluate the full treatment

effect and the two way complete randomized ANOVA to determine interaction effects. Saria III studied the

tillage effect using one way in complete randomized block. When analysing the interactions, the student

Newman-Keuls test was used in comparing means values. Due to non-homogeneity of variances in the

termite and earthworm data, they were square root transformed (x +0.5)1/2 before the statistical analysis.

Then, differences between treatments were determined comparing the least significant difference (LSD)

given by the ANOVAs.

3.3 Results

3.3.1 Effects of crop rotation on termites and earthworms

Crop rotation had a significant impact on termite abundance, (Table 3.1, bottom part). Two distinct groups

were identified: group 1 (51-1) abundance = 37 termites m'2 is significantly higher compared to group 2 (51­

2 and 51-3) = 16 termites m 2. Identified termite is Trinervitermes sp belonging to the subfamily Termitida ­

Nasutitermitinae which occurred across treatments. In terms of feeding behavior, this group of termite is

known to be a leaf and dead grass feeder.
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Crop rotation did not induee any effeet on the biologieal eomponents for earthworms. Not a single worm

was identifled under continuous sorghum and sorghum-cotton. Juvenile worms (11 m-2) colleeted in

sorghum-cowpea were eliminated from the taxonomie classification.

Table 3.1. Topsoil characteristics (0-15 cm) and macrofauna abundance, biomass and diversity of Saria l, Burkina

Faso. ±Standard deviation. Classification of means based on the least significance difference given by the ANOVA.

Treatments Carbon Clay <2~m 5ilt Sand 50- AW (mm) Rooting depth

(g kg") (%) 2-50~m (%) 2000 ~m (%) (cm)

50rghum-5 (51-1)

5-Cotton (512)

5-Cowpea (5l-3)

33±4.6 13±1.3 26±1.4 61±0.9 22±3.3 55

35±4.6 11±1.3 28±1.4 61±0.9 27±3.3 35

26±4.6 12±1.3 26±1,4 62±0.9 21±3.3 80

Abundance Biomass Diversity

(number m") (g m") (Shannon-Wiener index)

T E T E T E

37a 0 0.016 0.00 0.00 0.00

16b 0 0.011 0.00 0.00 0.00

16b 11 0.005 0.03 0.00 0.00

0.01 * 0.44 0,44 0,44 (-) (- )

Treatments

50rghum-5 (51-1)

5-cotton (51· 2)

5-cowpea (51-3)

p-values

Lsd 12

5td errors 4 9 0.01 0.03 0 0

*5ignificant difference, (-) p-values were not given by the analysis due to the identical value of indicated component; T

=termites; E=earthworms

Control+N (52-1)

Control-N (52-2)

Manure+N (52-3)

Manure-N (52-4)

5traw+N (52 ·5)

5traw-N (52-6)

Table 3.2. Topsoil characteristics (0-15 cm) and macrofauna abundance, biomass and diversity of Saria Il, Burkina

Faso. ± Standard deviation. Classification of means based on the least significance difference given by the ANOVA.

Treatments Carbon Clay <2~m 5ilt Sand 50- AW (mm) Rooting

(g kg") (%) 2-50~m (%) 2000~m (%) depth (cm)

17±6.6 1O±1.1 29±2,4 61±2.9 26±2.9 35

18±6.6 8±1.1 32±2.4 59±2.9 31±2.9 30

35±6.6 11±1.1 35±2,4 54±2.9 26±2.9 30

25±6.6 10±1.1 29±2,4 61±2.9 27±2.9 45

26±6.6 9±1.1 30±2,4 62±2.9 23±2.9 30

28±6.6 1O±1.1 30±2,4 61±2.9 24±2.9 40

Abundance Biomass Diversity

(number m") (g m') (Shannon-Wiener index)

T E T E T E

272b 0 0,43 0.00 0.20 0.00
101b 0 0.04 0.00 0.00 0.00
Ob 11 0.00 0.02 0.00 0.00
Ob 11 0.00 0.18 0.00 0.00
155b 5 0.05 0.01 0.00 0.00
1621a a 1.34 0.00 0.00 0.00
0.03* 0,46 0.19 0.14 0,46 (-)

Treatments

Control+N (52-1)

Control-N (52-2)

Manure+N (52-3)

Manure-N (52-4)

5traw+N (52·5)

5traw-N (52-6)

p-values

Lsd 967

5td errors 434.1 7 0.55 0.07 0.12 0

* 5ignificant difference, (-) p-values were not given by the analysis due to the identical value of indicated component,

T =termites; E=earthworms.
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3.3.2 Effects oforganic and inorganic inputs on termites and earthworms

Organic amendment (+/-) N had a significant impact on termite abundance (Table 3.2, bottom). Two

distinct groups were identified: group 1 (52-6) with an abundance of 1621 termites m-2 compared ta the

second group (remaining treatments) whose abundance was below 272 termites m'2. Earthworm

abundance was relatively low and varied from 0 to 11 worm m 2. No difference was observed between

treatments.

Calculated biomass for both termite and earthworm was not statistically different than in the

treatment were no fauna were identified.

Termite biomass is related to abundance and the feeding possibilities allowed by the treatment.

Indeed, more species (diversity =0.20) were identified under 52-1 whose recorded abundance was however

lower compared to 52-6 effects. Earthworm biomass follows also the same principle with highest biomass

0.2 g m,2 under Manure-N versus 0.02 g m'2 under Manure+N that had however recorded same worms rate

(11 worm m'2) as Manure-N.

Table 3.3. Termite taxonomie richness and functional (feeding) groups based on monolith and transect methods

(Top) earthworm taxonomie riehness and functional diversity, based on monolith method (bottom) in 5aria Il,

Burkina Faso. F=fungus grower; G=dead/dry grass; L=leaf litter; 5=soil; W=wood feeder. 52-3 and 52-4 termite

taxonomie riehness is nil.

Termites taxonomie Funetional Food Possible 52-1 52-2 52-5 52-6

group group typeb pest'

Termitidae-

Nasutitermitinae

Trinervitermes spee Il LG Yes + + + +

Termitidae-

Maerotermitinae

Mierotermes sp Il FWLG Yes + +

Odontotermes Il FWLG Yes +

magdalenae

Taxonomie riehness per treatment 2 1 2 2

Taxonomie riehness per sub-trial 3

a based on classification by Bignell and Eggleton (2000); Donovan et al. (2001) and Eggleton et al. (2002). b based on

field notes/observation. ' based on observations by Kooyman and Onek (1987) and Jannette (2002). (+/-) denotes

present or absent respeetively.

Earthworm taxonomie Funetional group a' 52-4 52-5

group

Aeathodrilidae

Diehogaster affinis Epigeic + +

Millsonia inermis Endogeie +

Taxonomie riehness per treatment 2 1

Taxonomie riehness per sub-trial 2

Based on classification by Lavelle et al. (1999) and 5wift and Bignell (2001). (+/-)-denotes present or absent

respeetively. 52-1, 52-2 and 52-6 earthworm taxonomie riehness is nil but under 52-3, the identified juvenile worm was

not c1assified into any taxonomie group. Treatments key: Control+N (52-1); Control-N (52-2); Manure+N (52-3);

Manure-N (52-4); 5traw+N (52-5); 5traw-N (52-6).
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Identified termites are from three termite taxa belonging to the family of Termitidae (Table 3.3, top). This

major family was dominated by the subfamily Macrotermitinae with two taxa recorded, followed by

subfamily Termitidae-Nasutitermitinae with one taxa. Trinervitermes sp occurred on four treatments with

the exception of manure ± N treatments. Feeding capabilities under 52-1 may have allowed these two taxa

settlement (Trinervitermes spec and Odontotermes magdalenae) compared to 52-6 that had however

recorded the highest termite abundance. 5ame number of termite taxa was recorded because of some

termite identified on the transect sampling but was not consider in the quantitative calculation.

At treatment level, two earthworm taxa (epigeic and endogeic worms) from the family of

Acanthodrilidae; Dichogaster affinis and Millsonia inermis were collected under the man ure treatments

(Table 3.3, bottom). No earthworm taxa was identified in the others treatment.

The individual factor effect shows (Table 3.4) that:

1. Manure application improved earthworm abundance (p=0.05) and biomass (p=0.02);

2. Residue management has a significant effect only on termite abundance (p = 0.01). Wh en residue is

incorporated termite abundance is about 888 m'2 and when the residue is removed the number

decreases by 90%.

3. However, the effect of nitrogen application alone was insignificant on both macrofauna; as weil

interaction manure and nitrogen.

It is residue and nitrogen interaction which triggered termite biomass and abundance (Table 3.5).

Table 3.4. Effect of manure, straw and nitrogen applications on termite and earthworm abundance, biomass and

diversity in Saria Il, Burkina Faso.

Abundance

(number m')

Biomass

(g m')

Diversity (Shannon­

Wiener index)

Termites Earthworms Termites Earthworms Termites Earthworms

(*) Significart difference, (-) p-values were not given

component.

Manure (kg hal)

o
10

p-values

Lsd

Std errors

Straw (Mg hal)

Removed

Incorporated

p-values

Isd

Std errors

Nitrogen (kg ha'l)

o
23

p-values

Lsd

Std errors

537 1 0.47

0 11 0.00

0.164 0.05* 0.25

9.26

363 4 0.4

93 5.3 0.12

888 2.7 0.7

0.01* 0.60 0.09

540

248 5 0.3

574 3.6 0.46

142 5.3 0.16

0.23 0.67 0.43

342 4 0.4

0.001 0.05 0.00

0.10 0.00 0.00

0.02* 0.51

0.08

0.04 0.07 a

0.049 0.05 a
0.003 a a
0.36 0.51 (-)

0.05 0.07 0

0.059 a 0

0.009 0.067 0

0.19 0.36 (-)

0.04 0.07 a
by the analysis due to the identical value of indicated
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Table 3.5. Interactive (two levels) effect of straw and nitrogen applications rates on termite and earthworm

abundance, biomass and diversity in Saria Il, Burkina Faso.

Straw Nitrogen Abundance

(kg hall (number m'2)

Termite Earthworm

Biomass

Termite Earthworm

Diversity (Shannon­

Wiener index)

Termite Earthworm

Removed 0 51 5 0.02 0.09 0.00 0.00

23 136 5 0.22 0.01 0.10 0.00

Incorporated 0 1621 0 1.34 0.00 0.00 0.00

23 155 5 0.05 0.01 0.00 0.00

p-values 0.01* 0.60 0.04* 0.41 0.51 (-)

LSD 764 0.98

Std errors 350 7 0.4 0.07 0.1 0

(*) Significant difference, (-) p-values were not given by the analysis due to the identical value of indicated

component.

3.3.3 Effects aftillage an termites and earthwarms

No effects were found on termite and earthworm biological components (Table 3.6, bottom). In absolute

values, more termites (1765 termites m'2) were recorded with tillage by animal than hand. Regarding

earthworms; fewer worms were recorded with animal than hand (48 worms m\ Both fauna biomass was

related to the number of identified individual, the more individual, and the high biomass. No significant

difference for both fauna diversity. However, animal plow effect introduced a diversity of 0.36 for termite,

when hand hoeing was colonized by same termite taxa (diversity = 0).

Table 3.6. Topsoil characteristics (0-15 cm) and macrofauna abundance, biomass and diversity of Saria III, Burkina

Faso. ± Standard deviation. Classification of means based on the least significance difference given by the ANOVA.

Treatments Carbon Clay Silt Sand AW Rooting

(g kg' l ) <21.lm 2-501.lm (%) 50-20001.lm (mm) depth

(%) (%) (cm)

Animal plow (53-1)

Hand hoe (53-2)

24±5.7

22±5.7

7±3 30±1.6 63±1.5 29±4.2 30

10±3 30±1.6 61±1.5 23±4.2 30

Abundance Biomass Diversity (Shannon-

(number m,2) (g m·2
) Wiener index)

T E T E T E

1765 43 1.5 0.9 0.36 0

272 48 0.41 1.43 0 0

0.41 0.84 0.56 0.65 0.21 (-)

Treatments

Animal plow (53-1)

Hand hoe (53-2)

p-values

LSD

Std errors 1462 23 1.59 1 0.20 0

*Significant difference, (-) p-values were not given by the analysis due to the identical value of indicated component; T

=termites; E=earthworms

46



Table 3.7. Termite taxonomie riehness and funetional (feeding) groups based on monolith and transect methods in

Saria l, Il and III, Burkina Faso. (F=fungus grower; G=dead/dry grass; L=leaf HUer; S=soil; W=wood feeder).

Taxonomie group Funetional Food Possible 53-1 53-2

group a typeb pest'

Il

Termitidae­

Nasutitermitinae

Trinervitermes spee

Termitidae­

Maerotermitinae

Maerotermes sp

Mierotermes sp

Termitidae - Termitinae

Amitermes stephensoni

Taxonomie riehness per treatment

LG

FWLG

FWLG

WL5D

Yes

Yes

Yes

Yes

+

+

+

3

+

+

2

Taxonomie richness per sub-trial 4

a based on classification by Bignell and Eggleton (2000); Donovan et al. (2001) and Eggleton et al. (2002). b based on

field notes/observation. ' based on observations by Kooyman and Onek (1987) and Jannette (2002). (+/-) denotes

present or absent respeetively.

Treatments key: Animal plow (53-1); Hand hoe (53-2)

A total of four termite taxa belonging to the family of Termitidae were identified (Table 3.7). This major

family was dominated by subfamily Macrotermitinae with two taxa (Macrotermes sp; Microtermes sp),

followed by subfamily Termitidae -Nasutitermitinae and Termitidae-Termitidae with respectively one taxa:

Trinervitermes sp and Anitermes stephensoni. Animal plow recorded three taxonomie termites groups

(Trinervitermes sp, Macrotermes sp; Microtermes spI and hand hoeing two taxa (Macrotermes sp;

Microtermes sp) fram the same subfamily.

Regarding earthworms, one epigeic worm (Dichogaster affinis) from the family of Acanthodrilidae

was collected.

3.4 Discussion

3.4.1 Termite and earthworm abundance and diversity under long-term crop rotation

Driving variables for differences between treatments were carbon stock and rooting depth as shown in

Table 3.1 (top part). Texture is mainly sandy loam at 0-15 cm. The mean average daily temperature during

the sampling period was 35°( at a depth of 10 cm, and 31°( at 50 cm depth. Sorghum-cotton available

water was higher compared to continuous sorghum and sorghum-cowpea. As such, general soil conditions

were relatively uniform across treatments and were appropriate for fauna (Brady and Weil 1999).

The data show that termites were more active under continuous sorghum. It is know from the

literature (Brady and Weil 1999) that termite populations increase under monoculture conditions. It

appears that continuous sorghum farming, where sorghum straw is removed 50 that only the raot biomass

pravides fresh organic input has provided the type of feeding environ ment that enhances termite

development. In the sorghum-cotton and sorghum-cowpea rotations, raoting depth varied between years

which may have altered the food stock and quality in the various sail horizons and therefore the fauna

composition. For example, termite colonization was significantly reduced.

The three rotations did not affect earthworm biological parameters at the test site. Differences

induced by sorghum-cowpea and sorghum-cotton on soil physical conditions were insignificant on fauna

biological components. Application of certain insecticides during the cowpea or cotton phase of rotation

may also have been a factor in depressed earthworm population. In addition, earthworms are very
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sensitive to tillage (Berry and Karlen 1993; Heimbach 1997). Since plots are tractor tilled every year, tillage

effect is likely to have been more important than the rotation effect and may explain the low abundance

and diversity.

Rotation effects on termite and earthworm diversity was insignificant. Diversity is however an

important indicator of measuring the probability that ecosystem performance can be maintained or

regained in the face of changing conditions (Eggleton et al. 1996; Swift et al. 2004). Improving diversity

means being able to host different species from diverse families. That was not the case under the rotation

systems. Most of the three rotations seemed to result in a specific food source and thus type of fauna.

Therefore, the number of termite taxa was low and no earthworms were identified. Disappearance of

potential feeding capability (Lai 2002) and habitat selecting factors (Brussaard et al. 2007) due to rotation

explain the low colonization of several family species of both macrofauna. The long-term crop rotation

practices used has decreased the level of both termite and earthworm biological components and is

unsustainable for seUlement of both fauna.

3.4.2 Termite and earthworm abundance and diversity under long-term management of organic

amendments

Driving variables for differences between treatments are shown in Table 3.2 (top part). Manure and straw

applications significantly improved carbon stock compared to control plots. Texture is mainly sandy loam at

0-15 cm and roots were developed to a depth of 30 to 45 cm. Control -N available water is higher

compared to other treatment.

Data showed that incorporation of sorghum straw activated termite colonization. Most of the

termites found were wood, litter, and grass feeders (Jones and Eggleton 2000). Indeed, Ouédraogo et al.

(2004) who studied the disappearance of organic resources in semi-arid West Africa showed that termite

density was strongly correlated with the availability of organic material, with recalcitrant organic material

being preferred over easily decomposable organic resources. Nitrogen effect was insignificant on both

macrofauna biological components. The observed difference from a combination of N and straw was

mainlya residue application effect. Addition of nitrogen to organic amendments increased food quality and

competition between soil macrofauna. Termites are more competitive than earthworms in the

decomposition of recalcitrant organic amendment such as straw which explains their abundance in the

straw-N treatment. However, when N is added, the number of termites was reduced suggesting higher

competition with other organisms. Earthworms are more competitive than termite in the decomposition of

easily decomposable organic material. This explains their abundance in manure treatments. Long-term

management of organic amendments has probably led to an adaptation by the more competitive taxa

which, therefore, reduce diversity.

3.4.3 Termite and earthworm abundance and diversity under different tillage

The effects of tillage by animal plow and hand hoeing on soil characteristics (Table 3.6, top) and on most of

the studied macrofauna components were similar. However, the magnitude of the two tillage practices

showed that both fauna were more developed. Termite and earthworm development is related to the

structure of their habitat selecting factors (Brussaard et al. 2007). Increased root biomass from tillage

increased food availability to termites and earthworms. Many termite species were recorded under

animal plowing, and earthworm population increased in weight. This is in agreement with the findings of

Black et al. (1997). In fact, according to the feeding behavior of the identified termites it appears that

plowing depth for both animal plow (15 cm) and hand hoeing (5 cm) was superficial and did not affect

identified termites nesting (Black and Wood 1989). Both tillage practices had therefore created more

favorable living conditions for both fauna as evidenced by the many species and higher diversification

recorded for termites and higher abundance for earthworms. The incorporation of organic material
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(dead roots) into the bulk soil had enhanced fermentation and solubilisation of organic substances

exposing SOM to soil organisms. The lack of difference between animal plow and hand hoe effects could

be due to the similar and homogeneous induced effects like rooting depth, total carbon and crop yield

(Zida et al., 2010b; Mando et al. 2005). Animal plow and hand hoeing in Saria seem to induce a

standardization of the soil structure that resulted e in the same fauna activity.

3.5 Conclusions

Our study shows that the two macrofauna studied could be differentiated by their adaptability to the food

source produced by the soil management practices. Termites, which feed on a wide range of food sources,

were present in greater diversity than earthworms. Termites were found on treatments which induced

more recalcitrant organic materials. Continuous sorghum farming with or without organic amendment, and

straw incorporation triggered termite abundance. Including cotton and cowpea in the rotation phase led to

reduce termite colonization and did not significantly impact earthworms' population. Manure application

led to more earthworm colonization than straw application. Animal plow and hand hoeing were similar in

their influences and increased both termites and earthworm biologica/ components. Long-term

conservation soil management has probab/y led to an adaptation of more competitive taxa resulting in

reduced diversity. This has further led to more uniform feed quality demand and family colonization under

rotation and organic amendment ±N practices. The results also showed that when the soil was superficially

tilled, favorable conditions were created for more termite and earthworm seUlement.
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Relation between soil aggregation and soil macrofauna under long-term

conservation soil management in Saria, Burkina Faso, West Africa

Abstract

The aim of the study was to analyse the relationship between sail aggregation and sail macrofauna. Three

long-term trials on crop rotation (established 1960), organic input (established 1980), and tillage

(established 1990) on the central plateau of Burkina Faso were used to ascertain sail macrofauna effects on

three aggregate fractions. Large aggregates (2-8 mm), small macro-aggregates (2000 - 250 Ilm) and micro­

aggregates (50 - 250 Ilm) were measured with a manual water-sieving method. Termites and earthworms

were collected from the uppermost 30 cm of the soil, using transect and monolith sampling. Analysis of

variance (ANOVA) was first applied to macrofauna and aggregate variables per treatment. Then the effect

of macrofauna on aggregates was established by regression. Most (50-54%) aggregates were small macro­

aggregates. The mean weight diameters of ail aggregates together ranged from 0.45 mm to 0.66 mm.

Individuals from five Termitidae taxa and two Acanthodrilidae earthworm taxa were identified. (rop

rotation had little effect on aggregation. Under sorghum monoculture there were more termites,

presumably because the large macro-aggregates contained more undecomposed organic matter, which has

a high (IN ratio. Termite numbers and proportion of large aggregates were inversely related, however,

there were very few large macro-aggregates. Organic amendments led to the sail having higher ( and N

contents and a lower (IN ratio, resulting in more earthworms. Earthworm numbers and small macro­

aggregates were inversely related. The sail in the animal ploughing and hand hoeing trial had the highest (

and N contents and the lowest (IN ratios. These treatments had the most diverse and abundant sail fauna,

presumably because they disturbed the sail less than the tractor ploughing used in the rotation and the

organic amendment trials. It is concluded that the contribution of sail fauna to aggregate building depends

on the amount and type of organic material available to the fauna as weil as on the sail management

regime.

4.1 Introduction

ln Sub-Saharan Africa, unsustainable land use and inadequate sail fertility management involve reduced

plant coyer, intensive sail tillage and removal of biomass. This causes the soil organic matter content (SOM)

and the physical properties of the sail to decline, resulting in a decrease in sail productivity (Breman and

Bationo, 1999; Stroosnijder and Van Rheenen, 2001, Wu and Tiessen, 2002). Overexploitation of the soils

has also contributed to reduce sail aggregation (Ouédraogo et al., 2006; Ouattara et al., 2008).Aggregate

breakdown depends on many factors and the processes involved are 50 numerous and complex that there

is currently no generally agreed procedure for measuring this phenomenon.

Soil aggregation is the result of aggregate formation and stabilization (Allison, 1968). The aggregates are

primarily formed through physical processes. But biological and chemical processes are mainly responsible

for their stabilization (Allison, 1968; Lynch and Bragg, 1985).Earthworms play a key role in the formation

and stability of sail structure by removing plant litter and other organic material from the sail surface and

incorporating them into the sail matrix, especially as macro-aggregates and micro-aggregates (Zachmann

and Linden 1989; Tomlin et al., 1995; Lamandé et al., 2003; Pulleman et al., 2005). Soil-feeding termites

create micro-aggregates either by passing sail material through their intestinal system and depositing it as

fecal pellets, or by mixing the sail with saliva using their mandibles (Black and Okwakol, 1997). The effect of
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soil macrofauna on physical and hydrological soil properties has been shown to be beneficial: they are able

to reverse the negative spiral of soil degradation - lower efficiency - lower net primary production

(Ouédraogo et al., 2005).

Horn and Smucker (2005) and Duiker et al. (2003) have indicated that the formation and stabilization of

aggregates are the result of the interaction of many factors, including the environ ment, soil management,

plant root growth, and soil properties such as minerai composition, texture, soil organic matter content,

microbial activities, and moisture availability. Oades and Waters(1991) have expressed the mechanism of

soil particle aggregation in a hierarchical model based on the hypothesis that macro-aggregates (>250 mm)

resulting from the aggregation of smaller micro-aggregates«250 mm) are heId together with organic

binding agents. Six et al. (2004) have presented a review of the major advances made over the past 50

years in the understanding of the concepts, factors, and conceptual models of interactions between organic

matter, soil biota, and primary soil particles that lead to the formation, stabilization, and degradation of soil

aggregates.

Tillage, soil cover, and rotation are known to influence aggregate stability, with consequences for

water infiltration, water-holding capacity, surface runoff and erosion (Amezketa, 1999).Different SOM

management strategies, i.e. incorporation of crop residues, cover crop cultivation, and addition of organic

fertilizers such as manure and compost, have been used to improve SOM content. These additions

introduce a mixture of substrates into the soil, where a heterogeneous microbial population starts

decomposing them (Hadas et al., 1994). As it is important to understand the role of macrofauna on soil

aggregation wh en developing sustainable agricultural management (Lamandé et al., 2003), in this paper we

examine the long-term influence of three management options (rotation, organic amendment, and tillage)

on macrofauna and macrofauna-mediated soil aggregation.

4.2 Materials and methods

4.2.1 Study site

The research was carried out in Saria in the savannah zone of Burkina Faso(12°17.0' N, 02° 09.5' W and 300

m above sea level)where mean annual rainfall is 800 mm and average daily temperatures range from 30°C

in July-December to 45°C in April. The soil is a Ferric Lixisol (WRB,2006; FAO-UNESCO, 1994). The 15 cm

topsoil is sandy loam, with average bulk density of 1.7 Mg m 3
, and pH of 5.3 (Mando et al., 2005; Ouattara

et al., 2006). Soil survey data indicate 3.9 (mg g'l) total carbon, 0.3 (mg gl) total N, 0.09 (cmol kg l )

exchangeable K and 67.3 (mg kg'l) total phosphorus (Zougmoré et al., 2003; Ouattara, 1994).

4.2.2 Experimental design

The study reported here is part of a long-term experiment involving three different trials. The first trial

(Saria 1) established in 1960, is investigating the effect of crop rotation in combination with organic and

minerai fertilizers on crop yield and soil fertility. Two modes of fertilization (Iow and high rates of minerai

and organic fertilization rates) and three types of crop rotation are being compared in a split-plot design,

with fertilization as the main plot factors and crop rotation as the subplot factors. In our study we focused

on the low minerai fertilizer rate + 5 Mg ha'lof manure (C (22.5%), N (1.27%), C/N = 17.6) every two years,

combined with three crop rotation;Sl-l, continuous sorghum, 51-2, sorghum-cotton (Gossypium hirsutum)

and 51-3 sorghum-cowpea (Vigna unguiculata). Every year at the beginning of the cropping season, the

land is tractor-tilled to a depth of 20 cm and rotation occurs every two years. Individual plots are 6 x 8 m.

The second trial (Saria Il) established in 1980 uses a factorial design to compare four types of organic

amendments (sorghum straw, aerobic compost, anaerobic compost, and farmyard manure) at annual rates

of 10 Mg ha l , with and without urea input (50 kg ha'l) in six replicates. Each block contains ten treatments,

and the fields are tractor-tilled to a depth of 20 cm every year. Two organic amendments were considered
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in our study: sorghum straw and farmyard manure. To do 50, six treatments were selected: control plus (52­

1) or minus (52-2) nitrogen, manure plus(52-3) or minus(52-4) nitrogen, straw plus(52-5) or minus (52-6)

nitrogen. The plots are 5 x 4.8 m.

The third trial (5aria III), established in 1990, uses a randomized block design to study the effects of tillage

on physical and chemical soil properties. Treatments are annual plowing with oxen to a depth of 15 cm and

hand hoeing to a depth of 5 cm, combined with either 10 Mg ha'! farmyard manure annually with 100 kg

ha'! of NPK or no manure and no fertilizer. 53 consists of three blocks or replications. Each block contains

four an nuai treatments; two of these treatments were included in our study: oxen plow + manure (53-1)

and hand hoeing + manure (53-2). The plots are 5 x 15 m.

4.2.3 Soil aggregate characterization

Aggregates, termites, and earthworms were collected from the same monolith (25 cm x 25 cm x 30 cm).

Any macrofauna in the soil from the monolith were first removed, to be identified and counted. Then 500

grams of sod was sampled and dried at room temperature. Thereafter, 80 grams were sub-sampled for

aggregate fractionation.

The sampled soil was wet-sieved manually, using the method described in Six et al. (2000). The method

uses three large sieves (diameter200 mm, rim height50 mm) with mesh sizes of 2000 Ilm, 250 Ilm, and 50

Ilm. The process yielded four aggregate fractions: large aggregates LA (2-8 mm),small macro-aggregates SA

(SA = 2000- 250 Ilm), micro-aggregates (MA = 50 - 250 Ilm) and silt and clay (5+C = < 50 Ilm)from two

depths (0-15 cm and 15-30 cm). Each aggregate fraction was analyzed for C and N contents, using the

stable isotope method (UC Davis, 2006).

Aggregate stability was characterized with the mean weight diameter (MWD) according to equation [1]

(Kemper and Rosenau, 1987; Le Bissonais, 1996).

[1]

j
l

1
i
1

J
j,

Where:

W, is the mean diameter of size fraction i

X; is the proportion of the size fraction i over the total weight

4.2.4 Soil macrofauna sampling

Monolith sampling was according to the standard T5BF method (Anderson and Ingram, 1993; Swift and

Bignell, 2001) eight weeks after sowing. One soil monolith was randomly sampled in each plot (n=3).

Earthworms were collected by hand-sorting.They were c1assified by eye into one of three functional groups

based on habitat, food choice, feeding behavior, and ecophysiology (Lavelle et al., 1999; Swift and Bignell,

2001). The three distinct groups are epigeics, anecics, and endogeics (Zida et al., 2010).

Transect sampling for termites was done alongside the monolith sampling in each sampling plot at 20 x 2

m2 sections (5aria 1and 5aria III), or 5 x 2 m 2sections (5aria Il) randomly laid out. Each transect was sampled

by two trained persons for 30 minutes at the microhabitats which are common sites for termites (Jones and

Eggleton, 2000; Swift and Bignell, 2001).

Termites were c1assified by eye into one of the four feeding groups proposed by Donovan et al. (2001) and

Eggleton et al. (2002). The groups are: Feeding group 1 - lower termites (wood, litter and grass feeder);

Feeding group Il - some higher termites (wood litter and grass feeders); Feeding group III - ail higher

termites (very decayed wood or high organic content soil); Feeding group IV - ail higher termites (Iow

organic content soil- true soil feeders).
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4.2.5 Calculation of macrofauna abundance, biomass, and diversity index

The following data on earthworms and termites were recorded; taxonomie richness at genus and species

level, abundance (numbers of individuals) and biomass. The following aspects of diversity were evaluated:

taxonomie richness (5) and the Shannon-Wiener diversity index (H). Taxonomie richness (5) was estimated

as the number of taxa per monolith and transect (pooled together for the three replicates of treatment).

The Shannon-Wiener diversity index (H) was calculated according to equation [2](Magurran, 1988).

H = - 2:(pi ln pi) [2]

Where:

pi is the relative abundance of the ith taxonomie group, estimated as ni/N; where ni is the number of

individuals of the ith species and N the total number of individuals within the sample.

Shannon-Wiener diversity index assumes that: 1) individuals are randomly sampled from a large

abundance, and 2) ail species are represented in the sam pie. The index combines both species richness

(total number of taxa present) and evenness (relative abundance). As such, if calculated for a number of

samples, the Shannon-Wiener index will be normally distributed, making it possible to use parametric

statistics such as ANOVA (Magurran, 1988).

4.2.6 Data analysis

To test for significant difference in treatment effects, we applied analysis of variance (ANOVA) to the data

per treatment. The variances in the termite and earthworm data were not homogeneous and therefore

they were square root transformed (x +0.5)1/2before the statistical analysis. For the regression analysis,

pairs of (x,y) were determined at treatment level, where x is the macrofauna parameter considered to be

an explanatory variable of the y value which is the aggregate parameter. Each aggregate component per

treatment was plotted against an individual fauna component induced by the same treatment. We

assumed that any difference in the aggregates was attributable to the fauna activity measured in the same

treatment.Then, a simple linear regression model was run between each pair of variables. To do so, a

relationship of the form y = a + ~x was developed under the General Linear Model(GenStat,

2009).Regression results (F-probabilities and r-square (r2)) values were then edited. F-probabilities was

considered to be significant at the p<0.05 level. Constants a and ~ (si ope) were given with the regressions.

4.3 Results

4.3.1 Effects of crop rotation on aggregates, sail fauna, and their interrelation

The three crop rotations had similar effects on aggregation (Table 4.1). Mean aggregate composition was

50% of MA, 34% of SA and less than 5% of LA. The fraction of total macro-aggregates (LA+SA) was low

(~40%). Between treatments, LA varied more (29%) than the other aggregate fractions. Rotation had

decreased the MWD in the following sequence: continuous sorghum > sorghum-cowpea >sorghum-cotton.

The LA under continuous sorghum contained more carbon than the LA in the S-cotton and S-cowpea

rotations (Figure 4.1-A). Sorghum-cowpea significantly improved the N content in ail aggregate fractions

and the C/N ratio was significantly lower (Figures4.1-B and 4.1-C). The C/N ratio of the LA was high because

of undecomposed organic matter.

Crop rotation had affected termites. Trinervitermes spp belonging to the subfamily Termitidae

Nasutitermitinae occurred in ail treatments but were twice as abundant under sorghum monocropping as

under S-cowpea or S-cotton. No worms were found in continuous sorghum and S-cotton. Only one worm ­

a juvenile - was found in S-cowpea (11 m-2). Termites correlated positively with LA (r2=0.53, p<5%: Table
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4.3). LA content decreased with increasing termite abundance, hence the low LA content in the S-sorghum

plot. Crop rotation did not significantly affect the earthworms' biological characteristics. Likewise,

regressions between earthworms and soil aggregation were insignificant.

0.66

0.61

0.64

0.45

0.09

0.04

11

(2-8 mm) (2000-250 !lm) (50-250 !lm)

50rghum-5 (51-1) 4 36 48

5-cotton (51-2) 3 32 53

5-cowpea (51-3) 4 34 49

p-values 0.79 0.30 0.10

Lsd. 1 6 5

5td errors 0.42 1.75 1.53

CV(%) 29 13 8

Table 4.1. Crop rotation induced effects on soil aggregation at Saria l, Burkina Faso.

LA = large macroaggregate, SA = small macroaggregate, MA= microaggregate, MWD = mean weight diameter.

Treatments LA % SA % MA % MWD

(mm)

Table 4.2. Crop rotation induced effects on soil macrofauna biological characteristics at Saria l, Burkina Faso.

Treatments Biomass (g m 2
) Diversity (5hannon- Abundance

Wiener index) (number m")
-----------

Termites Earthworms Termites Earthworms Termites Earthworms

50rghum-5 (51-1) 0.016 0 0 0 37 0

5-cotton (51-2) 0.0107 0 0 0 16 0

5-cowpea (51-3) 0.0053 0.032 0 0 16 11

p-values 0.44 0.44 0.01' 0.44

Lsd 0.02 0.07 12.09 24.18

5td error 0.01 0.03 0 0 4.35 8.71

(*) significant different between treatments.

Table 4.3. Macrofauna induced effect on soillarge macro-aggregates (2-8 mm), under crop rotation (n = 9) at Saria l,

Burkina Faso. TB and EB: termite and earthworm biomass; TD and ED: termite and earthworm diversity; TA and EA:

termite and earthworm abundance.

TB EB TD ED TA EA

(g m') (g m') (numb m") (numb m')

Fpr<0.05 0.1 0.19 0.02' 0.19,
0.24 0.12 0.53 0.12r

SIope -0.04

Constant 4

(') significant regression at Fpr<0.05
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Figure 4.1. C and N content and CIN ratia of three aggregate fractians under three ratatian systems at Saria, Burkina

Faso.

4.3.2 Effects of organic amendments on aggregates, sail fauna and their interrelation

Mean aggregate composition was 50% of MA, 30% of SA and 3% of LA. The highest MA fraction (51%) was

under straw +N, the lowest MA fraction (45%) was under manure -N (Table 4.4). Between treatments, LA

varied by up to 42%. The fraction of total macro-aggregates (LA+SA) was low ($ 35%) and the MWD was

$0.6 mm.

The carbon content of LA was higher than the carbon contents of the other two aggregate classes (Figure

4.2-A). Manure (+/-) N and straw +N applications had significantly improved the carbon storage in
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5traw+N

5traw-N

Control+N

Control-N

aggregates compared with that of the control and straw -N treatments. In the manure and straw

treatments there was more undecomposed organic matter than in the controls (Figure 4.2-B). Nitrogen

application had improved the MWD by +0.07 mm. More undecomposed matter was recorded in the control

than in the manure and straw treatments. Hence the (IN ratio is significantly different between the two

groups (Figure 4.2-C).

Termites were particularly abundant in plots in which straw had been incorporated(1621 termites per m2
);

no termites were found in the farmyard man ure plots, but these plots contained some earthworms (Table

4.5), The regression revealed that a high termite population did not significantly affect any aggregate

fraction. A significant (p<0.01) regression was found between earthworms and micro-aggregates. An

increase of earthworm biomass (r"=0.46) reduces the micro-aggregates (Table 4.6). Dichogaster affinis and

Millsonia inermis, two earthworm taxa (epigeic and endogeic worms) from the Acanthodrilidae family,

were collected from manure treatments.

Table 4.4. Organic amendments induced effect on soil aggregation, at Saria Il, Burkina Faso.

LA=large macroaggregates, SA=smali macroaggregates, MA=microaggregates, MWD=mean weight diameter.

Treatments LA % SA % MA % MWD

(2-8 mm) (2000-250 ~m) (50-250 ~m) (mm)

(52-1) 3 29 47 0.57

(52-2) 2 29 50 0.50

Manure+N (52-3) 3 29 50 0.54

Manure-N (52-4) 3 31 45 0.60

(52-5) 2 28 51 0.49

(52-6) 2 32 48 0.56

p-values 0.05* 0.51 0.01* 0.10

Lsd 1 4 3 0.08

5td errors 0.62 2.15 1.65 0.04

CV(%) 42 13 6 13

(*) significant different between treatments.

Table 4.5. Organic amendments induced effect on soil macrofauna biological characteristics at Saria Il, Burkina Faso.

Treatments Biomass (g m 2
) Diversity (5hannon- Abundance

Wiener index) (number m')

Termites Earthworms Termites Earthworms Termites Earthworms

Control+N (52-1) 0.43 0 0.20 0 272 0
Control-N (52-2) 0.04 0 0 0 101 0
Manure+N (52-3) 0 0.021 0 0 0 10.7
Manure-N (52-4) 0 0.176 0 0 0 10.7
5traw+N (52-5) 0.05 0.005 0 0 155 5.3
5traw-N (52-6) 1.34 0 0 0 1621 0

p-values 0.19 0.14 0.46 0.03* 0.46
Lsd 1.23 0.15 0.26 967.3 16.52
5td errors 0.55 0.07 0.12 0 434.1 7.42

(*) significant regression at Fpr<0.05
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Figure 4.2. C and N content and CIN ratio of three aggregate froctions under six organic amendment (+/- N) systems at

Soria, Burkina Faso.
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Table 4.6. Macrofauna induced effects on soil micro-aggregates (50-250 Ilm) ln = 18), at Saria Il, Burkina Faso.

TB and EB: termite and earthworm biomass; TD and ED: termite and earthworm diversity; TA and EA: Termite and

earthworm abundance

TB EB TD ED TA EA

(g m') (g m") (numb m') (numb m')

Fpr<0.05 0.34 0.001" 0.09 0.55 0.21,
0 0.46 0.12 0 0r

510pe -23

Constant 46

(") significant regression at Fpr<0.05

4.3.3 Effects of tillage proctice on aggregate5, sail fauna, and their interrelation

Micro-aggregates accounted for over half (54%) of the total sail aggregates in the animal plowing and hand

hoeing treatments (Table 4.7) but in these treatments the fraction of total macro-aggregates (LA+SA) was

lowest « 3D%).Differences between treatments were insignificant for the carbon and nitrogen contents

(Figure 4.3-6..), but the carbon content in the LA was double that found in the SA and MA fractions. Under

animal plowing there was more decomposed organic matter ((IN =10) than under hand hoeing (Figure 4.3­

Band 4.3-(:.

The Effects induced by animal plowing and hand hoeing on sail aggregation and ( and N content

were condl-cive to termites and earthworms: in these treatments the termite diversity and earthworm

biomass we-e higher (Table 4.8). In absolute values, more termites were found under animal plowing (1765

termites m") than under hand hoeing. In total, we found termites from four taxa (Zida et al., 2010):

termites from three of these taxa occurred under animal plowing, whereas termites from two of the taxa

occurred under hand hoeing. A single specimen of the epigeic species Dichogaster affinis fram the

Acanthodrilidae family was collected.

Although the effects of the tillage practices on the two variables were not statistically significant,

there were significant regressions between earthworms and SA and MWD. An improvement in the

components of earthworm biology significantly improved the amount of SA (Table 4.9) and the MWD

(r2=0.65, a =0.45 and ~=O.OOl).

0.23

006

0.03

9

0.50

0.46

(2-8 mm) (2000-250 ~m) (50-250 ~m)

Animal ploughing (53-1) 2 27 54

Hand (53-2) 1 27 54

hoeing

p-values 0.07 0.94 0.58

Lsd 1 4 2

5td errors 0.31 1.67 0.96

CV(%) 31 11 3

Table 4.7. Tillage induced effects on soil aggregation, at Saria III, Burkina Faso.

LA = large macroaggregates, SA = small macroaggregates, MA = microaggregates, MWD = mean weight diameter

Treatments LA % 5A % MA % MWD

(mm)
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Table 4.8. Tillage induced effects on soil macrofauna biological characteristics, at Saria III, Burkina Faso.

Treatments Biomass (g m') Diversity (5hannon- Abundance

Wiener index) (number ml)

Termites Earthworms Termites Earthworms Termites Earthworms

Animal (53-1) 1.5 0.9 0.357 0 1765 43

ploughing

Hand hoeing (53-2) 0.41 1.43 0 0 272 48

p-values 0.56 0.649 0.209 0.414 0.84

Lsd 6.82 4.33 0.84 6288.1 100

5td errors 1.585 1.006 0.1952 0 1461.5 23.2

Table 4.9. Soil macrofauna induced effect on soil small macroaggregates (2000-250 !Lm), at Saria III, Burkina Faso.

TB and EB: termite and earthworm biomass; TD and ED: termite and earthworm diversity; TA and EA: termite and

earthworm abundance.

TB EB
(g mol) (g ml)

Fpr<0.05 0.57 0.04*
1 0 0.59r

510pe 1.05

Constant 26

TD ED TA

(num ml)

0.1 0.7

0 0

0.01*

0.81

0.03

26

(*) significan' regression at Fpr<0.05

4.4 Discussion

4.4.1 Rotation effect on the relatianship between fauna and sail aggregation

ln the rotation treatments, the years of tractor ploughing had broken down the soil aggregates and created

a more uniform soil structure which was favourable to termites. Neither varying rooting depth every other

year nor man ure amendment had a significant effect on soil aggregation. Continuous sorghum resulted in

more termite presence and a significant negative correlation with LA was observed (Table 4.3). The

relationship between termites and LA is attributable to the high proportion of undecomposed material in

this fraction. The LA fraction is more instable than the other fractions and its breakdown can provide

feeding opportunities for termites (Gades 1993). However, the small percentage of LA (S4%) will not

contain enough food to feed the more than 16 termites mol in s-cotton and s-cowpea and the more than 37

termites mol in continuous sorghum.

The low abundance and absence of earthworms is attributable either to the insecticide applied ta

cotton and cowpea crops in the rotations (Diaz Cosin et al. 1994; Berry and Karlen 1993) or to the fact that

earthworms feed on partly decomposed organic matter (Lee 1985). In the rotation trial, well-rotted manure

was applied every two years but crop residues were removed. It is unlikely that earthworms would be

found under these conditions.

The decomposition of organic residues is related to their C/N ratio and their contents of lignin and

polyphenol (Janssen 1996; Tian et al., 1997). Some undecomposed material was present in the soil under

continuous sorghum (due to leaf senescence) and this had a significant impact on termite abundance (Table

4.2). In the sorghum-cotton rotation the effect was insignificant because of the insecticide applied

(Heimbach 1997). In the sorghum-cowpea rotation, more N was available as a result of the fixation of

atmospheric N (Roberson, 1991) and therefore the organic matter decomposed faster (Hadas et al., 1994),

but as the MWD was not improved, the regression effect was insignificant.
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ln the crop rotation trial the interaction among aggregate fractions and the Shannon-Wiener diversity index

was insignificant.

4.4.2 Organic amendment effect on the relationship between fauna and sail aggregation

Though a correlation was found between termites and LA in the rotation treatments, no such relation was

found in the organic amendment treatments. There are two possible reasons for this: (1) the low LA

fraction and (2) the species of termite identified in the study area. Most of the termites we identified were

from two taxa of the subfamily Macroterminitae or from one taxon of the subfamily Termitidae

Nasutitermitinae. Trinervitermes spp occurred in four organic amendment treatments but not in the

manure +/- N treatments. Trinervitermes spp are known to feed on wood, Htter, grass and fungi (Donovan

et al. 2001; Eggleton et al. 2002). According to Black and Okwakol (1997), it is the soil-feeding termites

which could create micro-aggregates.

Earthworms have been ca lied "ecosystem engineers" (Jones et al., 1994, 1997; Jouquet et al., 2006,

2007) and they contribute significantly to the creation of soil aggregates. Wh en soil aggregates are ingested

by worms, some of their bonds are destroyed and they break down. The organic fragments the earthworms

ingest from litter serve as nuclei for new micro-aggregates.

Shitipalo and Protz(1988) found that aggregates resulting from the activity of earthworms were largely

water-stable micro-aggregates. Our results, however, indicate the contrary; i.e. that earthworm activity

decreases micro-aggregates and tends to induce macro-aggregate formation. The significant negative

regression with micro-aggregate c1early shows that macro-aggregates stable in soil water were the result of

earthworm activities. But the low abundance (11 worms m'2) meant that under the Saria Il management

practices it was impossible to improve the proportion of large aggregates plus small macro-aggregates to

more than 35%.

The interactions among water-stable aggregate fractions, and the Shannon-Wiener diversity index

within this trial were insignificant for both macrofauna (Tables 4.4-4.5). The same species of macrofauna

colonized the treatments. The reason there was no significant relationship between water-stable aggregate

and Shannon-Wiener diversity was that macrofauna diversity and aggregate fraction provide information

about different aspects of soil stability.

4.4.3 Tillage effect on the relationship between fauna and sail aggregation

The two practices (animal ploughing and hand hoeing) gave similar results on soil aggregation. In this trial,

the soil disturbance was less th an in the plots ploughed by tractor (Saria 1and Il) and therefore earthworm

activity was high. lndeed, a previous study (Mando et al. 2005) had pointed out that the incorporation of

organic matter into the bulk soil enhances fermentation and solubilisation of organic substances

because SOM is exposed to soil organisms. As a result, conditions more conducive to termites and

earthworms were created and many species were recorded (Table 4.8). For micro organisms, carbon is

the basic building block of life and is a source of energy, but nitrogen is a/50 necessary for proteins, genetic

material, and cell structure (Mi/1er, 2000). The decomposition of organic matter is greatly increased when

there is a proper balance between the carbonaceous materials and the nitrogen-rich materials. That was

the case with animal ploughing and hand hoeing practices, which accumulated more carbon, more N and

had the /owest C/N ratios, ail of which indicate that a proper balance had been created under these

practices.
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4.5 Conclusion

The most common soil aggregates, accounting for over 50%, were the micro-aggregates (MA). Regression

analysis rellealed a relation between fauna type and aggregate fraction. The termite effect was positive in

the rotaticn trial, while the earthworm effect was positive in the organic amendment and tillage trials.

Rotation had little effect on aggregation. Sorghum monocropping stimulated termites because the large

aggregates (LA) contained a larger fraction of undecomposed organic matter with high C/N ratio. Termite

presence was inversely related to the percentage of LA. However, there were few LA. Organic amendments

induced higher C and N contents and a lower C/N ratio in the soil and resulted in more earthworms.

Earthworrr numbers were inversely related to MA. In the animal ploughing and hand hoeing trial the C and

N content~ were the highest and the C/N ratios were the lowest. These tillage practices resulted in the

highest diversity and abundance of soil macrofauna because the soil had been less disturbed than the soil

in the rotation and organic amendment trials, which had been tractor ploughed.

To create LA, earthworms need undecomposed organic material, but this was in short supply in most

treatments. Termites feed on undecomposed material in the LA. Hence, the balance between termites and

earthworms and subsequently between MA and LA is governed by the quality of the organic input. In terms

of taxonomie richness, a total of five Termitidae taxa and two Acanthodrilidae earthworm taxa were

identified. Faunal diversity is an indicator of the probability that ecosystem performance can be maintained

or regainecl in the face of changing conditions (Swift et al. 2004). But it seems that the diversity of soil

macrofauna and aggregate fraction provide information about different aspects of soil stability, which is

why we found no significant relationship between them. The contribution of soil fauna to aggregate

building depends on quantity and type of organic material available to the fauna as weil as on type of soil

managemelt.
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Effects of conservation soil management on the field water balance

in Saria, Burkina Faso, West Africa

Abstract

Long-term trials (up to 48 years) at the experimental station of Saria (Ferric Lixisol with 1.5% slope) in

Burkina Faso offer a unique opportunity to study the long-term effects of conservation soil management

practices. We studied the field water balance: P = R + E + T + U, for Sorghum where P is precipitation, R is

runoff, E is soil evaporation, T is plant transpiration and U is the unused water which is the sum of the

drainage below the root zone (D) and the change in soil water in the root zone, r:,SW. Calculation of

transpiration takes into account possible soil water stress in an implicit way since T is derived from the

increase in dry matter. The various terms in the above equation were either directly measured or indirectly

inferred from calculations using crop measurements. Excel was used to calculate the field water balance on

a daily basj-;. Our study covered three years (2006-2008) in which the total annual rainfall was close to the

long-term average and not statistically different. About 80% of this an nuai rainfall occurs ln the growing

season thal lasts about 120 days. The various terms of the water balance are inter- and often inversely

related. Wren there is vigorous growth, Twill be high and E will be low. When growth is limited, T and E

combined cannot deplete ail SW and U will be high. The 3-year average runoff is 45% of the precipitation in

the growing season. In the two rotations trial, sorghum grown in the sorghum-cowpea rotation always

shows the highest T. In the organic amendment trial, manure application increases T, while straw showed

unexpected and cantroversial results. We hypothesize that when straw starts 10 detenorate i+ increases

crust formation. Differences in T between fields tillen \Nith animais Qr b'y ha~ld are marginal However,

animal and hand tilled fields are less susceptible to crust formation, i.e. soil structure is more stable due to

the absence of long-term tractor ploughing and soil aggregation data show the highest value of stable

micro (50-250 ~m) aggregates. SW in the top 70 cm of the soil is always above the SW at permanent wilting

point. This suggests that, while plants may have experienced some growth reduction due ta temporary

water stress, the stress was not great and does not explain the overail relatively poor growth. There 15 U in

ail treatments and in ail years, with the lowest being in 2007 because of low infiltration and high

evaporation losses. We conclude that crop manil/?ement is not optimal which eXf1lëlins the low 3-year

average green water use efficiency (ratio T/P) of 14%. Instead of aiming at mulch as soil caver It would be

better to aiM at experimenting cover crops since there have been unused water in ail our experiments. This

offers the opportunity to grow a cover crop that reduces soil evaporation. It is weil possible that the extra

use of soil water in T by the cover crop is more than compensated by less runoff and sail evaporation.

5.1 Introduction

Terrestrial rain is the source of our global stock of fresh water, of which 65% is soil water (SW), i.e. rainfall

that is stored in the rootable part of the soil and available to plants (Stroosnijder, 2009). This stock of SW is

depleted by soil evaporation (E) and plant transpiration (T) and replenished by infiltration (1) of rain. These

processes form the field water balance are according to equation [1].

P=R+E+T+U

Where:

P is precipitation,

[~]
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Ris runoff

U is the unused water which is the sum of the drainage (D) below the root zone (70 cm in our site, see

section 2.1) and the change in soil water in the root zone, f'J.SW.

Continuous soil degradation in African agro-ecosystems affects a number of soil properties (Zida et al.,

201Oa) and results in a change in the partitioning of the rainfall over T, E, R, U (Stroosnijder and Hoogmoed,

1984; Rockstrom et al., 1998; Stroosnijder, 2003). In degraded soils, a greater fraction of the rainfall will not

infiltrate into the soil but flows away over the soil surface and is lost as runoff. Additionally, deteriorated

water holding capacity of the soil will increase drainage of water below the root zone. These processes

cause a decrease in SW available for primary crop production. A lower biomass leaves more soil exposed to

high solar, rain and wind energy inputs at the soil surface and results in an increase in E which in turn

further decreases SW (Stroosnijder and Koné, 1982). Soil degradation thus starts a negative spiral that leads

in some cases to completely barren land in African drylands.

Pimentel (2006) argued that the reduction in water availability due to land degradation and soil

erosion is a major global threat to food security and the environment. Water is a prime limiting factor of

productivity in ail terrestrial ecosystems because ail vegetation requires enormous quantities of water (1

liter for 1 edible kcal) for growth and production (Falkenmark, 1989; Pimentel et al., 1997). Estimates are

that agricultural land degradation alone can be expected to depress world food production approximately

30% during the next 25-year period (Buringh, 1989) or 50-year period (Kendall and Pimentel, 1994). These

forecasts emphasize the need to implement more sail and water conservation techniques. Existing

techniques in West Africa include the use of biomass mulches, crop rotations, no-till, ridge-till, grass strips,

shelterbelts, contour row-crop planting, and various combinations of these (Mando, 1997; Zougmoré,

2003).

Conservation Agricultural (CA) is a package promoted as an alternative management system

supposed to lead to enhanced crop production, more sustainable land use and increased sequestration of

atmospheric carbon into agricultural soils (Pulleman et al., 2005). However, critics voiced by Giller et al.,

(2009) are still relevant and it is c1ear that it cannot be automatically assumed that CA will bring benefits to

the farming system and rural livelihood as a whole sim ply because benefits are shown at the plot level.

Indeed, there may be good reasons for farmers not to adopt CA. The barriers to adopting CA could be

intellectual, social, financial, biophysical and technical, infrastructural or may be related to policy issues

(FARA, 2008). The FAO (FAO, 2008a,b), considers CA appropriate for a wide range of smallholder

conditions. To contribute to the scientific debate on CA principles that still need proof in Burkina Faso, we

consider three long-term trials dealing with crop rotation, organic matter amendment and minimum tillage

(animal and hand) to investigate their effect on the field water balance. Hence, our study aims to

understand the effects of conservation soil management practices on the field water balance during three

consecutive years. The objectives were to establish for each individual treatment ail components of the

field water balance and analyse differences between targeted. We hope with this study to be able to define

shed light on CA principles in Burkina Faso.

An indicator for the efficient use of rainwater is the "green water use efficiency" (GWUE), expressed

as the fraction T/P. GWUE ranges in dryland systems in sub Saharan Africa from 10-20% (Stroosnijder and

Hoogmoed, 1984).The goal of conservation sail management is to maximize the productive use of water as

plant transpiration and to minimize the non-productive flows, R, E and U. The various terms in the field

water balance equation were either directly measured during the three years studied (2006-2008) or

indirectly inferred from calculations using crop measurements. Section 5.2 will describe the methods used

while section 5.3 present results of the various components as weil as of the overall field water balance.
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5.2 Materials and methods

5.2.1 Site ond treatment description

The research was carried out at Saria (120 17.0' N, 020 09.5' W) in the savannah zone of Burkina Faso, on

three trial fields established in 1960, 1980 and 1990 respectively ta investigate crop rotation (Saria 1),

organic arnendments (Saria Il) and tillage systems (Saria III). The altitude of Saria is 300 m, the mean an nuai

rainfall is 800 mm, the average slope is 1.5% and the topsoil is sandy loam. The ratio of fine sand to silt is

higher than 3 which causes easy slaking and surface crusting in ail treatments. The average bulk density of

the topsoil is 1.7 Mg m 3
, the pH is 5.3, the exchangeable K content is about 46 mg kg' l, and the available P

content is le55 than 15 mg kg l (Mando et al., 2005). The sail type is Ferric Lixisol (FAO-UNESCO, 1994).

Ali measurements on treatments were done in duplicate or triplicate. In this paper we will often use

average values and add statistical information where relevant. The fallow bordering the trials was used as a

control for ail treatments. In Saria 1 we studied the rotation treatments: Sorghum-sorghum, Sorghum­

cotton (Gossipium hirsutum) and Sorghum-cowpea (Vigna unguiculata). Rotation occurred every two years

which impl1es that in 2006 and 2008 ail plots had sorghum while in 2007 there were plots with cotton and

cowpea. Individual plot size was 6 x 8 m. Ali treatments received an annual low minerai fertilizer rate (100

kg ha'l of "'PK (15-23-15) + 50 kg ha'l urea (46%)) + farmyard manure at a dose of 5 Mg ha'l (C (22.5%), N

(1.27%), P 10.28%)) every two years and were tractor-ploughed to a depth of 20 cm every year. In Saria Il

the treatments studied were with or without Sorghum straw (incorporated into the topsoil) at an annual

dose of la Mg ha l , and with and without farmyard manure at annual rates of la Mg halo Ali treatments

received urea (46%) at a dose of 50 kg ha l and were tractor-ploughed to a depth of 20 cm every year. Plot

size of 5 x 4.8 m. In Saria III the treatments were an nuai plowing with oxen to a depth of 15 cm and hand

hoeing to a depth of 5 cm. Ali treatments received 10 Mg ha·l farmyard manure, and plot size was 5 x 15 m.

5.2.2 Precipitation and runo!!

Daily precipitation was measured with a manual and an automatic ra in gauge during the years 2006-2008.

Runoff was measured from 1m2 runoff plots (1.30 x 0.80 m) connected to 200-liter barrels buried in the sail

(Figure 5.1). The natural runoff from the experimental field flows into an ephemeral drainage channel that

runs next to the field. Our 1m2 runoff plots were settled in the field (Figure 1.5) to resembles this natural

condition. Runoff from ail treatments was measured in duplicate after each precipitation. Linear relations

between measured runoff and precipitation ail had significant correlation coefficients (r2> 0.7) and were

used to est mate runoff if data was missing - as was the case, for instance, during the early stage of

sorghum development (which generally occurs 3 to la days after planting, wh en the runoff plots had not

yet been installed. These relationships were also used ta determine thresholds below which no runoff

occurs.

5.2.3 Soil woter

Soil water content (SWC) of the top layer 0-10 cm was measured with a surface TDR probe, and SWC values

between 15 and 65 cm were measured using a depth neutron gauge (Troxler Model 4300 Depth Water

Gauge). Measurements were done for 3 consecutive days following precipitation> 10 mm. Thereafter

measurements were done every other day until the next rain. SWC-data of 24 profiles (two different plots

per treatment) were measured on 37 days in 2007 and on 60 days in 2008.
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Figure 5.1. Field design of measurements of components on the field water balance in Soria, Burkina Faso during 2006­

2008.

For the conversion of the raw data (counts) into SWC a local calibration curve was used. In 2007 a curve

was established with the 'drum method'. Here the soil profile was re-constructed into a 2001 drum with

comparable bulk density and with an access tube in the middle of the drum. Soil water was then measured

from 15 cm to 70 cm depth; first when the soil was dry and then again after wetting the soil to field

capacity. In 2008 a second calibration equation was obtained from undisturbed samples taken at different

depths next to an access tubes. This was done three times (under different wetting conditions) within the

cropping period. The calibration curves from both methods were almost identical.

Soil water in the 70 cm root zone (SW in mm) is calculated according to equation [2].

SW (mm) = 100 x [measured water content at 5 cm (SWC-5) + (SWC-15) + (SWC-25)

+ (SWC-35) + (SWC-45) + (SWC-55) + (SWC-65)]

[2J

5.2.4 Soi/ evaporation

Daily actual soil evaporation (Ea) was calculated using a parametric model (Boesten and Stroosnijder, 1986)

with one characteristic soil parameter, 13 (mmo5), ca lied evaporability, one crop parameter, the leaf area

index (LAI), and one c1imate parameter, the drying power of the atmosphere or evaporativity (Eo). The

potential soil evaporation, Ep, was estimated using a formula proposed by Boesten and Stroosnijder (1986),

see equation [3].

Ep (mm d'l ) = Eo x (a x e-b
dAI) [3]

Where the second term is a reduction factor due ta the shading of the soil by erop vegetation, expressed by

the leaf area index (lAI).

On days withaut infiltration: LEa =LEp for LEp ~ 13 2

72



For LEp > ~2, LEa is calculated according to equation [4].

LEa = ~ x \'(LEp) [4]

On days with 1 >Ep, Ea = Ep and LEp is reset at Ep of that day. When 1 <Ep, Ea is first calculated according to

the equaton [4] then 1 is added. The empirical constants a and b were determined experimentally by

5troosnijder and Koné (1982) as a=l and b=0.5 for the West Africa region and the evaporativity Eo was

calculated according to equation [5J.

Eo (mm d') = 0.7 x ET (from a Class-A pan). [5]

This concept has been widely used (a. o. Mwendera and Feyen, 1997; Jalota et al., 2000). According to

Jalota et al. (2000) ~ is related to the weighted mean soil water diffusivity.

The soil parameter ~ was measured during the dry season using micro-Iysimeters described by Boast and

Robinson (1982 and

http://www.youtube.com/watch ?v=k-PAw94h3Qw&featu re=player embeddedllat=17). M icro-Iysimeters

appeared to be suitable for measurements of soil evaporation under plant coyer (Klocke et al., 1990) during

rain-free periods (Allen, 1990). Results appear to be rather in-sensitive to diameter and length of micro­

Iysimeters (Daamen et al., 1993; Goss and Ehlers, 2009). The process consists of abundantly putting

watering a known area (1m 2
) to reach the field capacity of the surface soils. This area is protected from

evaporatioll by plastic aver the night. A monolith was taken with the Iysimeter core ring (250 cm 3
) then

weighted and replaced. Measurement consisted of extracted, weighed and replaced every morning the

Iysimeter for up to five consecutive days (Bonsu, 1996). Daily weight differences were converted into daily

actual evaporation (Ea). Beta (~) is the 51 ope of plotting the sum of Ea to the square root transform of LEpot

(e.g Figure 5.2)

5.2.5 Plant ~ranspiration

Ail 5aria trials were planted with the 5ARIA50 14 sorghum variety. The planting density was 31.250 plants

ha! (plant spacing 40 x 80 cm). Daily plant transpiration (T) was derived from daily dry matter (LlDM)

increase, and calculated according to equation [61.

T = LlDM x TC /10.000 (conversion from kg ha! into mm ha! dl)

Where:

LlDM is daily dry matter (in kg ha! dl)

TC is transpiration coefficient (in kg water per kg dry matter produced)

[6]

For 50rghurn (a C4 crop) a TC value of 200 was used (Stroosnijder and Van Rheenen, 2001). Daily dry matter

accumulation was calculated using total harvested dry matter (~DM in t ha!) which is the sum of straw

(measured), grains (measured), and roots (5troosnijder and Van Rheenen, 2001). 5ince the dry matter was

collected at the end of the cropping season, daily dry matter values were derived from the evolution of LAI

(Sanago, 1996; Bréda, 2003). The LAI was measured weekly throughout the growing season on individual

leaves of ail plants in a randomly selected 1 m2 and then averaged. To get the 1 m2 LAI, a frame (1.30 x 0.8)

was made and left in the plot to delimitate the area where leaves were measured weekly. Dimensions

(Iength and width) of individualleaves of ail plants within the 1 m2 were measured. The surface (5) of each
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leaf was calculated by multiplying the width to the length. Leaf Area (LA) of each individual leaf was then

calculated according to equation [7](Sanogo, 1996).

[7]

Since each plant has severalleaves, the sum of individual LA's gives the LA per plant and this was averaged

over ail measured plants yielding an average LA per plant. The LAI is then calculated according to equation

[8].

LAI = average LA per plant x number of plants per m'. [8]

The process was repeated during three consecutive years 2006, 2007 and 2008 and polygonal relations

were established between LAI and weeks after sowing (WAS) as given in Table 5.1. LAI can be nil from

sowing to apparition of the third leaf.

Table 5.1. Relation between leaf area index (LAI) and weeks after sowing (WA51 for 50rghum in Saria, Burkina Faso

(average of 2006-2008).

Treatments

Saria 1 = Rotation

Saria Il = Straw

Saria III = Tillage

Equation

LAI = - 0.06 • WA?+ 0.66 • WAS - 0.41

LAI =-0.02 • WAS' + 0.22 • WAS - 0.15

LAI =-0.03 • WAS' + 0.28 • WAS - 0.13

R'

0.971

0.994

0.896

5.2.6 Annual field water balance

An Excel spreadsheet was used to calculate the field water balance in daily time steps over the growing

season. Sources of input and calculation procedures are summarized in Table 5.2. This model was applied

(in duplicate) in 2006, 2007 and 2008 for ail treatments on ail Sorghum plots to generate data for the field

water balance as discussed in the introduction: P = R+ E+ T + D+ f",SW. Daily, weekly and an nuai data were

generated. Rand 1can best be presented as a fraction of the rainfall du ring the growing season, P(gs). E, T

and U can best be presented as fraction of 1. U consists of drainage below the raot zone (Dl and changes in

stored water in the 70 cm raot zone, MW. If infiltration causes the amount of soi/ water in the top 70 cm to

become above field capacity (Fe), then this water was considered D. SW in the profile was measured as

outlined in soil water section 5.2.3 and was also used to register f",SW.

The calculation of transpiration accounts for possible soil water stress in an implicit way since T is

calculated with a forcing function, i.e. it is derived fram the increase in dry matter.
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Table 5.2. Input data and brief description of calculation procedures for the daily water balance model used to estimate evaporation (E), transpiration (T), drainage below the

root zone (0) and soil water (SW) for Saria, Burkina Faso.

Col Code

A Day

B Date

C Julian

D Pree

E Runoff

F 1

G Eo

H LAI

1 Red.f

J Ep

K LEp

L LEa

M Ea

N T

o
P

Q

R

5

T

U

V

W

X

y

Z

!:J.5W

WA5

!:J.P

!:J.R

!:J.I

!:J.E

!:J.T

!:J.5W

D

5W(70)

5W(70)

!:J.

Input

Measured (mm d') in field (average two gauges)

Measured (mm d') in field (average two plots)

Infiltration

Eo Measured with Class-A pan (mm d')

LAI measurements used for equations

Reduction factor to convert Eo into Ep

Potential soil evaporation (mm d')

Cumulative Ep since last rain (When 1>Ep)

Cumulative Ea since last rain

Actual soil evaporation (mm d')

Daily plant transpiration (mm d ')

Increase in soil water

Weeks after planting

Weekly precipitation (mm)

Weekly runoff (mm)

Weekly infiltration (mm)

Weekly evaporation (mm)

Weekly transpiration (mm)

Weekly increase in soil water (mm)

Drainage below the root zone

Calculated soil water in 70 cm root zone (mm)

Measured 50 il water in 70 cm root zone (mm)

Difference: measured - calculated

Calculation procedure

Precipitation - runoff (columns D-E)

Eo = 0.7 • E (Class-A pan)

e.g. LAI = - 0.06 • WA5' + 0.66 • WA5 - 0.41 (for 51 in 5aria)

e,05 • LAI, a =1 and b =0.5 in [eq 3J

Columns G • 1

Column K(i) - K(I-1) unless 1>Ep

LEa = LEp for LEp ~~' and for LEp> ~', L:Ea = ~ • "'(LEp)

Column L(i) - L(i-1)

T = (!:J.DM • TC) / 10.000. !:J.DM derived from the evolution of the leaf area index (LAI) in a

separa te sheet.

Inf (column F) - Ea (column M) - T (column N)

Counted since planting. 1 mean first week

5um of daily precipitation over a week

5um of daily runoff over a week

5um of daily infiltration over a week

5um of daily evaporation over a week

5um of daily transpiration over a week

5um of daily increase in soil water over a week

If 5W(70) > FC(70) then D =5W(70) - FC(70)

100 • [(5WC-5) + (5WC-15) + (5WC-25) + (5WC-35) + (5WC45) + (5WC-55) + (5WC-65)J.

Columns Y- X



5.3 Results and discussion

5.3.1 Precipitation

Annual precipitation in Saria was 780 mm with 69 rain days in 2006, 735 mm in 56 days in 2007 and 855 in

75 days in 2008. The long-term (1978-2005) average precipitation is 780.7 mm. The years 2006-2008 are

about average, statistically speaking, not different. The cropping period from sowing to harvesting was 125

days in 2006 (7 July to 11 November), 119 days in 2007 (14 July to 11 November) and 122 days in 2008 (4

July to 4 November). Precipitation in the cropping seasons was 660, 594 and 676 mm in 2006, 2007 and

2008 respectively. The ratio of precipitation in the growing season to total precipitation, P(gs)!P, was 85%,

81% and 79% in 2006, 2007 and 2008 respectively.

Monthly precipitation is shown in Table 1.1. July, August and September are the wettest months and

together form the rainy season. Precipitation amounts during these months represent more than 50% of

the total cumulative precipitation. Daily precipitation, Table 5.3, was distributed over four size classes, Le. <

5, 5-10; 10-20 and> 20 mm. A high number of events was < 5 mm; 46% in 2006, 34% in 2007 and 43% in

2008. However, these precipitation events represent only 6, 4 and 9% of the total amount of precipitation

and are insignificant for cropping. Showers >20 mm form the most important precipitation representing

64% of the total amount in 2006, 57% in 2007 and 60% in 2008. These percentages do not differ much

between the years. However, 2007 is still a remarkable year with nine very big showers averaging 46.2 mm

(Table 5.3).

5.3.2 Runoff

Not ail precipitations produce runoff. Runoff differs between the four classes of precipitation we used. As a

general rule, runoff percentages increase with an increase of the precipitation class size. From linear

regressions of the type Runoff (R) =a * Precipitation (P) - b, thresholds could be calculated below which

there is no runoff. Average thresholds were 3.9 mm in 2006, 2.7 mm in 2007 and 4.4 mm in 2008 (Table

5.4).2007 was an unusual year as the mean amount of precipitation for the events > 20 mm was high (46.2

mm, Table 5.3).

Table 5.3. Daily precipitations distributed over four size classes in 200&, 2007 and 2008, in Saria Burkina Faso.

2006 2007

Precip classes Amount % Events Mean Amount % Events Mean

(mm) (mm) (mm/event) (mm) (mm/eventj

P<5 46.9 6 32 1.5 29.4 4 19 1.5

5<P<10 111.1 14 15 7.4 77.8 '1 14 5.6

1O<P<20 122.9 16 7 17.6 211.6 29 14 15.1

P>20 498.7 64 15 33.2 415.8 57 9 46.2

Total 779.6 100 69 11.3 734.6 100 56 13.1

2008

Precip classes Amount % Events Mean

(mm) (mm) (mm/event)

P<5 74.4 9 32 2.3

5<P<10 140.5 16 19 7.4

10<P<20 126.7 15 9 14.1

P>20 513.2 60 15 34.2

Total 854.8 100 75 11.4
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Table 5.4 Precipitation thresholds (mm) below which no runoff was observed in 2006, 2007 and 2008, Saria Burkina

Faso.

Years Treatments R=ap·b n R' Threshold (mm) Average

2006 51 R= 0.55P - 2.25 0.74 4.08

52 R= 0.56P - 1.87 0.78 3.34

53 R= 0.49P - 2.15 32 0.73 4.38 3.93

2007 51 R= 0.66P - 2.51 0.95 3.80

52 R= 0.69P - 1.89 0.96 2.72

53 R= 0.39P - 0.63 30 0.70 1.60 2.71

2008 51 R= 0.61P - 2.95 0.83 4.80

52 R= O.77P - 3.02 0.93 3.90

53 R= 0.53P - 2.40 45 0.80 4.50 4.40

Average runoff, irrespective of treatments, was 40%, 49% and 45% in 2006, 2007 and 2008 respectively

with a 3-yeilr average of 45%. Runoff is generated when the rain intensity exceeds the infiltration capacity

of the soil (Stroosnijder et al., 1982) or when the soil profile is saturated. Both types occur in Saria. Besides

rain intensi:y and infiltration capacity, siope and the physical and biological conditions of the soil are

important filctors influencing runoff. If the soil is covered by a lot of plants, the impact velocity of rain drops

will be redu:ed and the water will be better able to infiltrate, resulting in Jess runoff. Plant cover influences

the amount of runoff not only by reducing the impact veJocity of rain drops but also by hampering water

from flowing over the surface (Gilley et al., 1986). Since the plant coverage is of course dependent on the

kind of treatment, the fallow whose herbaceous cover was established immediately after the first rain drop

generated tîe least runoff, and treatments which did not have much plant cover generated more runoff.

Hence, higher infiltration rates were measured on treatments which induced lower runoff (Table 5.4). For

example, in 2006,479 mm infiltrated in the fallow, 353 mm in the control and 432 mm in hand hoeing.

5.3.3 Sail eV<Jporation

Measured values for Ha and v(Hp) are presented in Figure 5.2 where Ea is the actual evaporation in mm d

\ Ep is the potential evaporation in mm dl. Correlation between Ha and v(~Ep) using 18 data pairs in 2007

and 30 data pairs in 2008 gave ~ = 1.89.

16
Y=1.8913x •14 R' =0.6815

12 J3 =1.89

10 •
'" 8w
lAI

6

4

2

a
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

!LEp)'12

Figure 5.2. Determination of sail evaparation characteristic parameter 8 (see Eq. [4]) in Soria, Burkina Faso.
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ln evaluating soil management technologies, it is important to estimate the amount of water lost by

evaporation. Evaporation from the soil surface results in very significant lasses of water in agriculture (van

Wesemael et al., 1996). The process of evaporation from soil is a function of sail and atmospheric physical

parameters such as sail moisture, vapour pressure, temperature gradients, radiation, and air turbulence at

the soil-atmosphere interface (van de Griend and Owe, 1994). Sare soils evaporate at their potential rate

for only one or a few days after precipitation (Stroosnijder 1987). Thereafter, evaporation is reduced due to

drying of the sail surface and crop development. From sowing to maximum leaf development, evaporation

was mainly due to bare sail evaporation. After maximum leaf size was reached, plant coverage reduced

evaporation.

Total evaporation was 180, 150 and 181 mm in 2006, 2007 and 2008 respectively, Table 5.5. There is

a difference between years (due to c1imate differences) but not between treatments within a specifie year.

The latter is due to the low LAI in ail treatments 50 that the reduction according to Eq. [3] only has a

marginal effect. Stroosnijder and Hoogmoed (1984) found for a Millet crop that sail evaporation (Ea)

accounted for 80% of actual seasonal evapotranspiration (ET). Our study on Sorghum showed a 3-years

average of 66%. This value is not contradictory since Sorghum produces more green biomass than millet

and therefore may have more hindered sail evaporation. The 3-year average of 170 mm Ea over a 122 days

growing season implies an average of 1.4 mm day'l, This is less than the 2 mm day'l mentioned in

Stroosnijder and Koné (1982) for Millet.

5.3.4 Annual water balance

Figure 5.3 presents a representative example of our calculation of the daily water balance for Sorghum

grown in 2008 in the continuous Sorghum-sorghum rotation. Results of ail spreadsheet calculations are

summarized in Table 5.5. For the years 2007 and 2008 we could compare measured SW with calculated SW

as is presented in the columns X and Y in Figure 5.3. Note that in the example, the SW value always remains

above the SW value for permanent wilting point which is about 56 mm throughout the top 70 cm of the

sail. This implies that plants may have experienced some growth reduction due to temporary water stress,

however it does not seem too serious and cannot explain the relative bad growth (Zida et al., 2010b).

5.3.5 Infiltration (as % of precipitation in the growing season, P(gs))

Results in 2006 are comparable with results in 2008. In 2007 infiltration is considerably lower due to

different rainfall characteristics (see 3.1), except for Saria-1I1 with animal and hand tillage. This suggests a

relation between micro-aggregates and crust formation which, however, could not be confirmed although

Saria III contains the highest value of micro (50-250 Ilm) aggregates (Zida et al., 2010c),
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Table 5.5. Summary table of the terms of the annual field water balance in Saria, Burkina Faso (2006-2008).

2006 P(gs) I(mm) I/(%P) Ea (mm) T(mm) U(mm) Ea/(%I) T/(%I) U/(%I)

Faliow 660 479 73 180 123 177 37 26 37

Sorghum-S 660 433 66 180 75 179 41 17 41

S-cotton 660 365 55 180 98 88 49 27 24

S-cowpea 660 403 61 180 136 87 45 34 22

Control+N 660 374 57 180 50 144 48 13 39

Control-N 660 353 53 180 30 143 51 8 41

Straw+N 660 380 58 180 30 170 47 8 45

Straw-N 660 360 55 180 31 149 50 9 42

Manure+N 660 370 56 180 129 62 49 35 17

Manure-N 660 434 66 180 100 154 41 23 35

Animal 660 392 59 180 163 49 46 42 13

Hand 660 432 65 180 154 98 42 36 23

Average 60 180 93 125 46 23 31

2007 P(gs) I(mm) I/(%P) Ea (mm) T(mm) U(mm) Ea/(%I) T/(%I) U/(%I)

Faliow S94 390 66 150 103 136 39 27 35

Sorghum-S 594 266 45 150 104 12 56 39 4

S-cotton 594 278 47 150 Cotton 54

S-cowpea 594 332 56 150 Cowpea 45

Control+N 594 231 39 150 58 22 65 25 10

Control-N 594 213 36 150 32 31 71 15 15

Straw+N 594 295 50 150 63 82 51 21 28

Straw-N 594 206 35 150 44 12 73 21 6

Manure+N 594 374 63 150 81 142 40 22 38

Manure-N 594 256 43 150 84 22 59 33 9

Animal 594 363 61 150 63 150 41 17 41

Hand 594 411 69 150 51 210 37 12 51

Average 51 150 68 82 53 23 24

2008 P(gs) I(mm) I/(%P) Ea (mm) T(mm) U(mm) Ea/(%I) T/(%I) U/(%I)

Faliow 676 479 71 181 184 114 38 38 24

Sorghum-S 676 423 63 181 117 125 43 28 30

S-cotton 676 430 64 181 98 152 42 23 35

S-cowpea 676 392 58 181 154 58 46 39 15
Control+N 676 273 40 181 91 1 66 34 0
Control-N 676 381 56 181 37 164 48 10 43
Straw+N 676 321 47 181 75 65 56 23 20

Straw-N 676 334 49 181 62 91 54 19 27
Manure+N 676 337 50 181 112 44 54 33 13
Manure-N 676 293 43 181 110 2 62 38 1
Animal 676 416 62 181 114 122 43 27 29
Hand 676 431 64 181 118 132 42 27 31
Average 56 181 106 89 50 28 22
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Figure 5.3" Example of the excel sheet used far the daily calculatian of the field water balance: Soria S 1-1 (continuous

Sorghum, replicote 1), year 2008"
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Overall, the fallow showed the highest infiltration (about 70%) followed by the rotations and animal and

hand tilled plots with >60%. Differences between the rotations are not consistent over the three years and,

given the ~tandard error, not significant. The straw treatments did worst with often !ess th an 50%

infiltration. In 2006 differences between straw treatments are small. The other years show an inconsistent

trend: in 2007 straw + N is higher and in 2008 control -N is higher than the other treatments. Table 5.3

shows that in 2008 showers were smaller than in 2007. We expect that this caused in 2008 less crust

formation tlan in 2007. The straw + N performed weil in 2007 (with aggressive rain) but less in 2008. We

hypothesizE that the straw in the relative wet year 2008 started to deteriorate early which is known to be

another source of crust formation. The tillage treatments showed the most consistent data and ail years

were abou~ the same. Hand hoeing always gave better results than animal ploughing due to less

disturbance (hand hoeing goes to 5 cm depth and animal ploughing to 15 cm).

Average infiltration, irrespective of treatments, was 60, 51 and 56% in 2006, 2007 and 2008

respectively with a 3-year average of 56%. An analysis performed with ail treatment showed large

variability at a 5% level (Table 5.6). Variation between year and treatment is low 14%. Indlvidual plots with

the same soil management show only slight difference in the rotation and tillage plots when ail data is

taken into consideration. However, in the organic amendment plots, differences among treatments were

more evident as shown in Table 5.9.

Table 5.6. Infiltration and water balance components statistical analysis result 5aria, Burkina Faso (2006-2008).

d.f. Infiltration Evaporation Unused Transpiration

Replications

Years

Treatments

Years • Treatments
Coefficient vilriation

Standard error

2

2

la
18

0.185 0.08 0.123 0.586

0.002 0.003 0.014 0.069

<0.001 <0.001 0.034 <.001

0.031 0.007 0.001 0.014

14 14 50 30

7.6 7.3 12.07 7.3

5.3.6 Ea, T and U (as percentage of infiltration, 1)

ln general, once the stock of SW is replenished by infiltration (1) it starts to be depleted by soil evaporation

(E) and plant transpiration (T). That is why it makes sense to express T and Ea as percentage of 1. The

various terms of the water balance are inter- and often inversely related. When there is vigorous growth, T

will be high and Ea will be low. However, this effect was not found in our experiment. Due to the low LAI in

ail treatments the reduction according to Eq. [3] only had a marginal effect and no differences in Ea

between treatments could be found. Wh en growth is Iimited T and Ea combined cannot deplete ail SW and

the fraction unused water (U) will be high. We will concentrate our comments on the results as presented

in Table 5.5, especially for T since this is a good indicator for rain water use efficiency.

5.3.7 Result~· across the three years

ln characteNing the years we provide average values for T, Ea and U irrespective of the treatments in Table

5.7. These three components are statistically different at a p<5%. We conclude that 2007, from a water

balance per~pective, was a bad year, with low l, high Ea and, as a result, the lowest U. The 3-year averages

show that evaporation is > 50% of the infiltrated water and that there is 26% unused water in ail

treatments, in ail years. Part of the unused water, U, will be lost by continuous, though very low,

evaporation during the long dry season. Part of U will be consumed by scattered trees that can have a very

widely spreêtd superficial root system. Another part of U will feed the groundwater as blue water. If this

part is half of the total U fraction it account for an addition of about 50 mm to the groundwater. The 3-year

average of Tas % of 1 was 25%. Wh en we convert this to the green water use efficiency, T/P(gs} we get the
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3-year average of 25*0.56 = 14%. Stroosnijder and Hoogmoed (1984) stated that GWUE in dry land systems

in sub-Saharan Africa ranges from 5-15%. We expected to find a higher GWUE since our study was done

with Sorghum while Stroosnijder and Hoogmoed (1984) worked on millet. However, our 14% confirms their

estimate. They also found that in East Africa GWUE may reach 20% while in a semi-arid but comparable

c1imate in the USA the GWUE may even be above 50%. The low GWUE achieved in Saria, leads us to the

conclusion that crop management has been far from optimal since so much of the available water is not

used.

Table 5.7. Annual average values (2006-2008) for infiltration (as % of precipitation during the growing season),

transpiration (T), evaporation (Ea) and unused water (U), as % of 1for 5aria, Burkina Faso.

T Ea U

Year as % of P(gs) as % of 1 as % of 1 as % of 1

2006 60 23 46 31

2007 51 23 53 24

2008 56 28 50 22

Average 56 25 50 26

5.3.8 Differences between rotations (Soria 1)

As Table 5.8 shows, the Sorghum that grows in the plot with the Sorghum-cowpea rotation always shows

the highest T. What exactly causes this beneficial effect is not known, it could be the extra N due to the

cowpea presence, better rooting due to the rotation, less diseases, etc. The two other rotations show no

significant differences. Note that in 2007 there are no Sorghum data in the rotations because in that year

cotton and cowpea were sown. %T in continuous Sorghum is high in the bad rainfall year 2007 due to the

inverse relation between the various terms of the water balance.

Table 5.8. Transpiration (T), Evaporation (Ea) and Unused water (U) as % of infiltration for the three rotation

treatments at Saria, Burkina Faso (2006-2008).

Rotation 50rghum Sorghum Sorghum

50rghum Cotton Cowpea

3923

17 27 34

39

28

T (2006)

T (2007)

T (2008)

Average 28 25 36

Ea (2006) 41 49 45

Ea (2007) 56 54 45

Ea (2008) 43 42 46

Average 47 48 45

U (2006) 41 24 22

U (2007) 4

U (2008) 30 35 15

Average 25 30 18
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5.3.9 Differences between organic amendments (Sario Il)

Table 5.9 provides an overview of the major components of the field water balance. In two years (2006 and

2007) the Contral+N performed better than the Straw+N. This implies that straw amendment did worst. In

the same years there is no difference between Straw+N and Straw-N, which raises questions about the raie

of N. In 2008 however Straw+N performed much better than Straw-N. In ail years manure application

increases T and hence the rainwater use efficiency. The effect fram the additional N is small suggesting that

it is not needed as a supplement to the N already supplied with the manure.

Table 5.9. Transpiration (T), Evaporation (Ea) and Unused water (U) as % of infiltration for the organic amendment

treatments at Saria, Burkina Faso (2006-2008).

5traw Control 5traw Control Manure Manure

+N +N -N -N +N -N

T (2006) 8 13 9 8 35 23

T (2007) 21 25 21 15 22 33

T (2008) 23 34 19 10 33 38

Average 18 24 16 11 30 31

Ea (2006) 47 48 50 51 49 41

Ea (2007) 51 65 73 71 40 59

Ea (2008) 56 66 54 48 54 62

Average 52 60 59 56 48 54

U (2006) 45 39 42 41 17 35

U (2007) 28 10 6 15 38 9

U (2008) 20 0 27 43 13 1

Average 31 16 25 33 23 15

5.3.10 Differences between tillage (Saria III)

Table 5.10 shows that differences between fields tilled with animais or by hand are marginal.

Table 5.10. Transpiration (T), Evaporation (Ea) and Unused water (U) as % of infiltration for the two tillage

treatments at Saria, Burkina Faso (2006-2008).

Animal Hand

T (2006) 42 36

T (2007) 17 12

T (2008) 27 27

Average 29 25

Ea (2006) 46 42

Ea (2007) 41 37

Ea (2008) 43 42

Average 44 40

U (2006) 13 23

U (2007) 41 51

U (2008) 29 31

Average 28 35
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ln spite of the controlled conditions at the Saria experimental station, the three trials show only small

effects from the various treatments and low GWUE's. This may be caused by soil degradation due to the

duration of this long-term trial. Continuous tractor plowing has created a compacted plough pan which

hinders infiltration and root development. Aiso the original slope of 1.5% is no longer sufficiently uniform

and causes water logging during heavy rains, Figure 5.4.

Figure 5.4 .Example ofwater ponding after heovy rainfoll due ta on irregular slope at the Soria experimental station.

5.4 Summary and conclusions

Our study covered three years (2006-2008) in which the total rainfall per year was close to the long-term

average and, statistically speaking, not different. About 80% of this annual rainfall occurs in the growing

season which lasts about 120 days, and is sufficient for the crops grown in the experiment: sorghum, cotton

and cowpea. Showers >20 mm form the most important precipitation representing 64, 57 and 60% of the

total in 2006, 2007 and 2008 respectively. These % do not differ much but 2007 appears to have been an

unusual year with nine very big showers averaging 46.2 mm (Table 5.3). Our measurements and

calculations indicate that such detailed differences between years can make a big difference in the annual

water balance and crop performance.

Average infiltration, irrespective of treatments, was 60, 51 and 56% in 2006, 2007 and 2008

respectively with a 3-year average of 56%; and for the runoff, it was 40, 49 and 44%. There was a runoff

threshold as low as 2.7 mm (rainfall below which there is no runoff) in 7007. This may be the result of crust

formation caused by big showers. As a general rule, runoff percentages increase with an increase of the

precipitation c1ass size. The consequence for 2007 is clearly visible in the field water balance. Due to the

presence of very big showers in 2007, annual runoff is highest and, correspondingly, infiltration is lowest.

From our measurements and calculations of the daily water balance, the amount of soil water in the

root zone (SW) is always above the SW at permanent wilting point which is about 56 mm in the top 70 cm

of the sail. This implies that, while plants may have experienced some growth reduction due to temporary

water stress, the stress was not too serious and does not explain the relatively poor growth.

Calculations of actual soil evaporation with 13 (evaporability) as the soil parameter and with LAI and

Eo (evaporativity) as additional variables did not show differences between treatments. This is due to the
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low LAI in ail treatments 50 that the reduction accarding to Eq. [3] only has a marginal effect. Although the

determination of ~ (= 1.89) seems to work weil, the calculations showed insufficient discriminating power.

The tillage treatments show the most consistent infiltration data with ail years being about the same.

Hand hoeing is always better than animal ploughing. This suggests that Saria-III is less sensitive to crust

formation, i.e. soil structure is more stable due to the absence of long-term tractor ploughing. This is

confirmed by soil aggregation data presented in Zida et al., (2010c) where Saria III contains the highest

value of stable micro (50-250 !lm) aggregates.

Frorr the two rotations, the sorghum-cowpea rotation always shows the highest T for Sorghum.

What exaC1:ly causes the beneficial effect of cowpea is not known. It could be the extra N due to the

cawpea presence, better rooting due to the rotation, less diseases, etc. Better rooting is confirmed by

rooting length density data where Sorghum-cowpea roots went as deep as 80 cm while other rotations

hardly reach 45 cm (Zida et al., 201Oa).

Frorr the organic amendment trial, manure application increases T in ail years. Straw showed

unexpectecl and controversial results. Our hypothesis is that the straw in the relative wet year 2008 started

to deteriordte early which is known to be another source of crust formation. Differences in T between fields

tilled with imimals or by hand are marginal.

The various terms of the water balance are inter- and often inversely related. When there is vigorous

growth, Twill be high and E will be low. Wh en growth is very limited, T and E cambined cannot deplete ail

SW and thp fraction unused water (U) will be high. There is unused water in ail treatments and in ail years.

Results were lowest in 2007 because of low infiltration and high evaporation losses. We conclude that crop

system management is not optimal since not ail available water is used. This explains the low 3-years

average of GWUE of 14%. Instead of aiming at mulch as soil caver it would be better to aim at an

experiment with caver crops since there have been unused water in ail our experiments. This offers the

opportunit'I to grow a caver crop that reduces soil evaporation. It is weil possible that the extra use of soil

water in T by the cover crop is more than campensated by less runoff and soil evaporation. Another option

to use more available water is to test a higher plant density.
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Chapter 6

Long-term effects of crop rotation, organic amendment and Iight tillage

on water and nitrogen use efficiencies in Saria, Burkina Faso, West

Africa

To be re-submitted to Soil & Tillage Research as:
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Long term effects of crop rotation, organic amendment and Iight tillage

on water and nitrogen use efficiencies in Saria, Burkina Faso, West

Africa

Abstract

If crop yields and food security in the Sudano-Sahelian zone that have to cope with limited water and low

external inputs are to be improved, the efficiency of water and nitrogen use (WUE and NUE) must be

improved. During three consecutive years (2006-2008) the impact of long-term rotation (established in

1960), organic amendments (established in 1980) and light tillage (established in 1990) on crop yield and

water and nutrient use efficiencies were assessed on the central plateau of Burkina Faso. The first trial

compares three modes of rotation (continuous sorghum, sorghum-cotton and sorghum-cowpea) with

organic and minerai fertilizer applications. Ali plots receive 5000 kg ha,l of manure every two year, and 100

kgNPK ha,l and 50 kgUrea haî annually. The second trial compares man ure or straw amendment (10.000

kg ha,l) plus or minus minerai N input. The third trial compares animal plough and hand hoe tillage. The

sorghum-cowpea rotation increased crop yield, WUE and NUE more than continuous sorghum and

sorghum-cotton. Grain yield in the S-cowpea rotation is the highest with 2450 kgG ha,l {l, a WUEg of 3.7

kgG ha,l mm,l and a WUEdm of 7.9 kgDM ha,l mm,l. For the corresponding control these values are 241,

0.4 and 1.3 respectively. Our analysis showed that for ail three years and ail management options, N

recovery (Nr) was low. For the control + N, Nr =0.37, only slightly lower than for S-cowpea rotation (0.39).

Very low is the Nr for straw + N (0.06) due to strong immobilization followed by N losses. Due to this, there

remains an amount of unused N every year: lowest in the S-cowpea rotation (52 kgN ha,l {l) and highest

(130) in the tillage by hand treatment. On rotation plots, grain biomass stored more N (70%) than straw

biomass (30%). The same trend was found for manure (+N or -N) and straw-N treatments. For straw + N,

however, more N was stored in straw (74%) than in grain (26%). The highest NUE for grain (56 kg G kgN,l) is

for the Control - N in Saria II. With more N input, NUE decreases. Long-term application of man ure and

urea led to luxurious consumption of nitrogen (NHI grain < NHI dry matter). Straw application did not

improve the WUE compared with control plot results, and adding N to straw even caused NUE and WUE to

decline. Animal ploughing and hand hoeing did not differ significantly in their effect on NUE and WUE but

induced more unused N. Our results suggest that systematic annual applications of N (organic and/or

minerai) in the above long term trials will cause N waste. To improve the efficiency of N fertilizer, the

fertilizer application must be synchronized with crop-N demand and take account of residual N. In

summary: rotation with cowpea can be strongly advised, manure also will be beneficial. The use of straw is

not recommended and our data do not show superiority of hand or animal tillage over tractor tillage.

6.1 Introduction

The Sudano,·Sahelian zone in West Africa is characterized by low and erratic rainfall which results, according

to general wisdom, in limited water availability to the crop (Machado et al., 2008). Inherently low soil

fertility with no or limited use of fertilizers combined with the Iimited water resource are major causes of

low crop yield in the local agro-ecosystems (Breman and Sissoko, 1998). Under these conditions, effective

and environmentally-sound integrated management of soil nutrients and water resources is critical for

optimal crop productivity (Arshada et al., 1999).
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ln West Africa, continuous and intensive cropping without sufficient restitution of plant nutrients has

depleted the nutrient base of most soils, leading to negative nutrient balances (Smaling et al.,1997 and

2002; Bationo et al., 1998). As a result of this and other crop and sail management factors, returns to

investment in sail improvements are poor. Under these conditions, it is unlikely that cereal nitrogen use

efficiency (NUE) can be increased unless a package approach is implemented. For example, using improved

varieties in combination with rotation, since grain yields are generally higher when cereals are grown in

rotation than when they are monocropped (Clegg, 1982). It has also been recommended to combine

organic amendments and minerai fertilizers in order to increase net primary production through more

efficient nutrient use (Bationo and Burkert, 2001). It is important to identify sail management options that

promote improvement of both nutrient and water use efficiencies simultaneously.

Long-term trials provide an opportunity to investigate the effect of various management options on

production and resource use efficiencies. Three such trials are on-going in Burkina Faso, but most of the

resulting studies 50 far have focused on sail organic matter dynamics and its relation to crop yield (Mando

et al., 2005ab), the changes of physical properties such as infiltration and aggregate stability (Ouattara et

al., 2006 and 2008), or soil biodiversity (Ayuke, 2010). Little has been done to relate the management

options tested in those long-term trials to the efficiencies of nutrient and water. To redress this

shortcoming, the current paper investigates nutrient and water use efficiencies as affected by crop

rotation, organic amendment and light tillage.

6.2 Methodology

6.2.1 Study site description

The study area is in Saria in the savannah zone of Burkina Faso (12°17.0' N, 02° 09.5' W and 300 m above

sea level) with mean annual rainfall of 800 mm and average daily temperatures ranging from 30°C in July­

December to 45°C in April. The soil is a Ferric Lixisol (WRB, 2006; FAO-UNESCO, 1994). The 15 cm topsoil is

sandy loam, with average bulk density of 1.7 Mg m-3
, and pH of 5.3 (Mando et al., 2005a; Ouattara et al.,

2006). Soil survey data indicate 3.9 (mg gl) total carbon, 0.3 (mg g-l) total N, 0.09 (cmol kg-') exchangeable

K and 67.3 (mg kg-l) total phosphorus (Zougmoré et al., 2003; Ouattara, 1994).

6.2.2 Experimental design

The study is part of a long-term experiment involving three different trials. The first trial (Saria 1),

established in 1960, is investigating the effect of crop rotation in combination with organic and minerai

fertilizers on crop yield and soil fertility. Two modes of fertilization (Iow and high rates of minerai and

organic fertilization) and three types of crop rotation are being compared in a split-plot design with

fertilization as the main plot factor and crop rotation as the subplot factor. For our study we selected a

Iimited number of treatments. We considered the low minerai fertilizer rate + 5 Mg ha-lof manure (C =
22.5%, N = 1.27%, C/N = 17.6) every two years combined with crop rotation, continuous sorghum,

sorghum-cotton (Gossypium hirsutum) and sorghum-cowpea (Vigna unguiculata). Every year at the

beginning of the cropping season, the trial plots are tractor-tilled to a depth of 20 cm; crops are rotated

every two years. The individual plot size is 6 m x 8 m.

The second trial (Saria Il) established in 1980 is comparing four types of organic amendments

(sorghum straw, aerobic compost, anaerobic compost, and farmyard manure) at annual rates of 10 Mg ha-l,

with and without urea input (23 kgN ha-il in a factorial design with six replicates. Each block contains ten

treatments, and the fields are tractor-tilled to a depth of 20 cm every year. For our study we selected a

limited number of treatments and we only considered the organic amendments sorghum straw and

farmyard manure. Six treatments were selected: control plus or minus nitrogen, manure plus or minus

nitrogen, straw plus or minus nitrogen. Plot size is 5 m x 4.8 m.
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The third trial (Saria III), established in 1990, is studying the effects of light tillage on physical and chemical

soil properties in a randomized block design. Treatments are annual ploughing with oxen to a depth of 15

cm and hand hoeing to a depth of 5 cm, combined with either 10 Mg ha! farmyard manure annually with

100 kg ha-lof NPK, or no manure and no fertilizer. For our study we selected a limited number of

treatments oxen plough + manure and hand hoeing + manure. Saria III consists of three blocks or

replications. Each block contains four an nuai treatments, two of which were included in our study. Plot size

is 5 m x 15 m.

6.2.3 Crop and sail management

Sorghum (Sorghum bicolor) variety SARIAS014 was sown in ail plots of ail trials at a rate of 31250 seedling

ha! (40 * 80 cm) during three cropping seasons (2006-2008). Exceptions were plots in Saria 1 where cowpea

and cotton were grown in 2007 as part of the rotation. The organic materials and fertilizers were applied

before tilling the plots. During the growing period the plots were manually weeded twice. Sorghum was

harvested after 125 days in 2006 (7 July -11 November), 119 days in 2007 (14 July -11 November) and 122

days in 2008 (4 July - 4 November).

6.2.4 Dota collection

Rainfall wa~ recorded using a rain gauge in the field. Sorghum grain, leaves and stems were determined at

harvest, after drying at room temperature. (rop N uptake in the aboveground biomass was determined at

harvest, on grain, leaf and stem samples during the three consecutive cropping seasons. Samples were first

dried at room temperature, then grinded and sub-samples of 20 g were analysed for N concentration at

BUNASOLS laboratory (Burkina Faso) that follows the FAO method (FAO, 1978). Samples are mineralized

with a sulphurous -selenium -salicylique acid, th en total N of the resulting liquid was determined with an

auto analyser (SKALAR) using Nessler reactive as an indicator.

Aboveground crop N was calculated as the product of the dry biomass of grains, leaves and stems

and the N concentration of the components. N input (Ni) was determined as follows: in the first and last

year, each treatment in the rotation trial received 5 Mg ha-! of farmyard manure (N = 1.27%), plus 100 kg

ha-! of NPK (15-23-15) and 50 kg ha! of urea (46%). In the second year there was no new manure input but

1 we accounted for a residual effect by calculating the N (2007) input as the N input (2006) - N uptake (2006)

+ minerai N (2007). In organic amendment +/- N treatments, each treatment annually received N as

follows: control + N = 23 kgN ha!, control - N = 0 kgN ha-! (the absolute control), Manure + N =150 kgN ha­

\ Manure - N = 127 kgN ha!, Straw + N = 83kgN ha-! and Straw - N = 60 kgN ha! (Straw = 0.6 %N). The

tillage treatments annually received 165kgN ha-! from the application of 10 Mg ha-lof farmyard manure (N

= 1.27%), 100 kgNPK ha! (15-23-15) and 50 kgUrea ha! (46%).

6.2.5 Calculation procedures (Annexes 1 & 2 for details)

Water use efficiency (WUE) was calculated according to equation 1 and 2.

WUEg = Gt /rainfall (mm) in the cropping period

WUEdm = DMt /rainfall (mm) in the cropping period

[1]

[2]

Where:

Gt and DMt are grain and dry matter yield in the treatment.

Total rainfall was 780 mm in 2006; 734 mm in 2007 and 855 mm in 2008. Within the four-month cropping

period, the rainfall amounts were 660 mm in 2006, 594 mm in 2007 and 676 mm in 2008.
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Nitrogen recovery (Nr) was calculated according to equation 3.

Nr =(Nu.t- Nu.c) 1Ni

Where:

Nu.t is the N uptake (stem + leaves + grain) in the treatment.

Nu.c is the N uptake (stem + leaves + grain) in the control.

Ni = Organic + inorganic nitrogen input.

Nitrogen use efficiency (NUE) was calculated according to equation 4 and 5.

NUEg = Gt 1Ns

NUEdm = DMt 1Ns

Where:

Ns = Nitrogen supply to the crop and consists of Ni+ Nu.c

[3]

[4]

[5]

6.2.6 Statistical analysis

Ali data were subjected to an analysis of variance (ANOVA) using Genstat software 12'h edition (Genstat

2009). Difference within treatment was considered to be significant at p<5% level. Because of the

differences in N applications, the analysis was run separately for each trial on the basis of sorghum data.

Each treatment was duplicated and repeated three times (three cropping seasons) during the study period.

6.3 Results and discussion

6.3.1 Effects ofcrop rotations on water and nitrogen use efficiencies
Water Use Efficiency (WUE)

Table 6.1 summarizes sorghum crop performance (grain and DM) and corresponding water use efficiencies

(WUEg and WUEdm) for the rotation trial. WUE for the treatments is considerably higher than for the

controls. In the controls WUEdm is about 4 times the WUEg because plants invest a lot in stems and leaves.

There is little difference in WUE between the continuous sorghum and the sorghum-cotton rotation. With

cowpea in the rotation, however, sorghum growth and hence WUE increases. In this rotation sorghum

produces 3.7 kg of grain per mm of rain.

Nitrogen Recovery (Nr)

Table 6.2 shows the nitrogen taken-up by the sorghum in the 3 rotations (Nu.t) and the control of 5aria-1

(Nu.c) as weil as the nitrogen input (Ni). In ail treatments the Ni is about 100 kgN halo Cowpea fixes some N

in the soil, consequently slightly more N could be taken-up in the control of the sorghum-cowpea rotation

(Nu.c = 10.7 kgN ha'l ) than under 5-50rghum and 5-cotton. With this data the N-recovery (Nr) was

calculated. The highest value (0.39) is for sorghum grown in rotation with cowpea. Compared with

literature data, these values for Nr are in the range found by several authors (Raun et al. 1999, Malhi et al.

2001). Indeed, overall efficiency of applied N is generally < 50% in the tropics (Malhi et al. 2001). When

fertilizer applications exceed the crop needs, any surplus is subject to losses due to volatilization, leaching,

or immobilization before another crop is grown. Immobilization increases with the presence of substrate

with a high C:N ratio (Malhi et al. 2001) such as under continuous sorghum (Chapter 3). Hence the unused

N (difference between N supply and N uptake) was greater under continuous sorghum (74 kg ha'l )

compared to 5-cowpea (52 kg ha'l ) and 5-cotton (67 kg ha·l
). The longer the N remains in the soil, the
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greater its 1055. Arregui and Quemada (2008) also recognized that low fertilizer efficiency can be attributed

to excessive N application. Existence of unused N in our trials confirms that N was excessively applied.

The cowpea crop increased N availability and provided supplementary N to the Sorghum crop.

Therefore, more N (although not significant) was recovered (39%). Raun et al. (1999) reported a similar

result for a soybean/corn rotation. The N recovery by plants is assumed to be higher when more N is

available. But, in our measurements, this effect was (statistically) insignificant. The sail in this trial is

naturally poor in N (Ouattara, 1994; Zougmoré et al., 2003), which may explain the low N uptake in the

control plot. Soil amendments, which were part of the management treatments in this study, were the

main source of N during the three years of the study. Most of the N balance originated from the manure

applied in the first year.

Table 6.1. Water use efficiency for grain (WUEg) and dry matter (WUEdm) for three crop rotations in Saria, Burkina

Faso (data is average of 2006-2008).

Treatment Grain WUEg

kgG ha-l kgG ha-l mm-l

Dry matter

kgDM ha-l

WUEdm

kgDM ha-l mm-1

S-sorghum

S-cotton

S-cowpea

P-value

lsd

1308b 2.0b

l733b 2.6b

2446a 3.7a

0.01 0.011

588 0.88

2986a

33302a

5224a

0.05

1827

4.6

5.0

7.9

0.054

Control

S-sorghum

S-cotton

S-cowpea

P-value

lsd

Grain

kgG ha-l

24la

245a

522a

0.08

256

WUEg

kgG ha-l mm-l

0.4

0.4

0.8

0.08

Dry matter

kgDM ha-1

875b

837b

l759a

0.04

713

WUEdm

kgDM ha-1 mm-l

1.3b

1.3b

2.7a

0.04

1.077

Saria 1control participates in the rotations but is not manured.

Table 6.2.Nitrogen taken-up by the sorghum in treatments (Nu.t) and the control (Nu.c), nitrogen input (Ni), N­

recovery (Nrl and unused N for three crop rotations in Saria, Burkina Faso (data is average of 2006-2008).

NU.t Nu.c Ni Nr Unused N

kgN ha-l y-l kgN ha-l y-l kgN ha-1 y-l - (KgNu / kgNi) kgN ha-l y-l

S-sorghum 34a 7ab l08a 0.26a 74

S-cotton 35a Sb l02a 0.3Oa 67

S-cowpea 50a Ua l02a 0.39a 52
P-value 0.17 0.03 1 0.43 0.47

Nitrogen Use Efficiency (NUE)
Table 6.3 presents the nitrogen supply to the sorghum crop (Ns) which in combination with grain and DM

yields gives nitrogen use efficiencies for grain (NUEg) and dry matter (NUEdm). In ail years and treatments

the annual N-supply is about similar and above 100 kgN halo For the continuous sorghum we have results

for 3 years, for the other rotations we have data for 2 years. The effect of the bad rainfall in 2007 c1early

shows in the large difference between NUEg (small) and NUEdm (large). Apparently, plants have invested in

DM and fell short in grain filling. Between years differences in NUEg are small. Remarkable is the high

NUEdm (44 kg DM kgN'l) for sorghum grown in rotation with cowpea.
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Rotation

5-sorghum 2006

5-sorghum 2007

5-sorghum 2008

Annex 2 provides details on the distribution of plant N-uptake over grain and straw and harvest indices.

Almost 100% of the N uptake was stored in straw in the control, whereas in treatments, 70% was stored in

grain and 30% in straw. This is confirmed by the higher nitrogen harvest index (NHI > 60%) in treatment

plots. There was no difference between HI and NHI between the three rotation treatments. In the control

plot, HI 50.30 and NHI 50.08, which values are much lower than those in the rotation plots.

Cowpea's positive effect on N uptake, NUE and WUE enhanced crop performance. It significantly

improved grain and dry matter yield. Continuous monocropping of sorghum produced the least grain (1200

kg ha'!). Zida et al. (2010) have shown that the rooting depth of sorghum was up to 80 cm in the cowpea

rotation, much deeper than under monocropping of sorghum. The deeper rooting not only improved water

availability, but because the rooting system occupied a larger volume, plants were able to uptake more

nutrients and hence could produce more biomass.

Table 6.3. Nitrogen supply to the sorghum crop (Ns), grain and dry matter production with corresponding nitrogen

use efficiencies for grain (NUEg) and dry matter (NUEdm) for three crop rotations in Saria, Burkina Faso.

Ns grain NUEg DM NUEdm

kgN ha-l V-l kgG ha-l V-l kgG kgN-l kgDM ha-l V-l kgDM kgN-l

107.9a 109la 10.la 2728a 25.4a

l27.6a 718a 5.6a 42l4a 33.3a

107.3a l83la l6.9a 3045a 28.la

average 114.3 1213 10.9 3329 28.9

P-values 0.443 0.358 0.355 0.422 0.458

5-cotton 2006 108.la l726a l6.0a 3897a 36.la

2007

S-cotton 2008 111.2a l470a 13.4a 3613a 32.5a

average 106.8 1700 15.9 3057 28.5

P-values 0.443 0.358 0.355 0.422 0.458

5-cowpea 2006 115.5a 236la 3.6a 58l6a 50.4a

2007

5-cowpea 2008 108.9a 2530a 23.2a 4l43a 37.9a

average 112.2 2446 13.4 4979 44.2

P-values 0.443 0.358 0.355 0.422 0.458

6.3.2 Effects of organic amendments on water and nitrogen use efficiencies
Water Use Efficiency (WUE)

Table 6.4 summarizes sorghum crop performance (grain and DM) and corresponding water use efficiencies

(WUEg and WUEdm) for the organic input trial. Dry matter and grain yield were c1assified in three distinct

groups. The highest values were recorded with the manure applications. Low values for and no difference

between the straw and control treatments. The application of urea did not always significantly increase dry

matter and grain in the manure and straw treatment. It did however, improve dry matter and grain yield in

the control + N treatment.

Water use efficiencies for grain and dry matter follow the same trend as shown above for the yield.

Manure + N application had improved the water productivity to 6.6 kg of dry matter per 1 mm of rain, of

which 3.1 kg (about 50%) was consumed for grain production. The effect of straw application did not vary

significantly from the control.
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Table 6.4. Water use efficiency for grain (WUEg) and dry matter (WUEdm) for organic inputs in Saria, Burkina Faso

(data is average of 2006-2008). Control is missing

Grain WUEg Dry matter WUEdm

Organic input kgG ha-1 kgG ha-1 mm-1 kgDM ha-1 kgDM ha-1 mm-1

Control + N 987b 1.5b 2117b 3.3b

Control- N 255c OAc 557c 0.9c

Manure + N 2021a 3.1a 4300a 6.6a

Manure - N 1656a 2.6a 3650a 5.7a

5traw + N 567c 0.9bc 1740b 2.7b

5traw- N 627bc 1.0bc 1382bc 2.1bc

P-value <0.001 <0.001 <0.001 <0.001

Lsd 415 0.7 877 lA

5aria Il control is without urea, straw and manure.

Nitrogen Recovery (Nr)

Table 6.5 shows the nitrogen taken-up by the sorghum with man ure and straw input (Nu.t) and the control

of Saria-II (Nu.cl as weil as the nitrogen input (Ni). N uptake differed significantly between treatments.

There were three N uptake rates; the highest was in the manure treatments. In treatments which received

organic resources (manure or straw) the N input was high. But in these treatments, N recovery was

statistically not different. Nr varied from 37% under control + N ta less than 10% on straw ± N. It is a bit

frustrating ta admit that application of amendments, badly needed ta intensify food cropping systems in

the Sahel, lead ta lower N recovery rates.

Differences between N input and N uptake were positive for ail treatments which may increase the

level of post-harvest sail N03 (Roth and Fox, 1990; Schepers et al., 1991). In the manure and straw

application plots, the unused N was about 100 kg ha'l y'l in the man ure ± N plots, compared with 50-70 kg

ha'l in the straw plots.

Table 6.5. Nitrogen taken-up by the sorghum in the treatments (Nu.t) and the control (Nu.c), nitrogen input (Ni), N­

recovery (Nrl and unused N for organic inputs in Saria, Burkina Faso (data is average of 2006-2008).

NU.t Nu.c Ni Nr Unused N

Organic input kgN ha-1 y-1 kgN ha-1 y-1 kgN ha-1 y-1 kgN ha-1 y-1

Control + N 14c Sa 23 0.37a 9

Manure + N 40a Sa 150 0.23a 110

Manure - N 27b Sa 127 0.17a 100

5traw + N 10cd Sa 83 0.06a 73

5traw - N 9cd Sa 60 0.07a 52

P-value <0.001 0.997 designed 0.06

Lsd 11

Nitrogen Use Efficiency (NUE)

Table 6.6 presents the nitrogen supply ta the sorghum crop (Ns) which in combination with grain and DM

gives nitrogen use efficiencies for grain (NUEg) and dry matter (NUEdm). There is high NUE in the control,

lowest in the straw and medium in the manure application. Differences between NUE in control + N and

NUE in control - N were -40 kgDM kgN'l and -20 kgGrain kgN'l. The reductions were insignificant for the

manure and straw treatments. Others have also reported that excessive use of N decreases N use efficiency

(Fageria and Baligar, 2005) and increases post-harvest sail N03 (Roth and Fox, 1990; Schepers et al., 1991).

Our results also confirm the findings of Manda et al. (2005c).
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Under the prevailing rainfall conditions at Saria, additional N is not required in plots receiving continuous

manure application, as demonstrated by the finding that man ure + N did not perform much better than

manure-N.

ln plots where straw was applied annually, the NUE was low and the NUEg was lowest where

additional N was supplied. Apparently, ail N was used for the conversion of the straw into soil organic

matter (immobilization of N). Sorghum, in competition for N, lost the battle with soil fauna resulting in a

very low NUE. This illustrates very weil the devil's dilemma for these poor soils. They are in need of organic

material but this affects N availability for food crops that are also very much in need. The high

immobilization results in a relatively high organic carbon content (4 g kg'l) in large macro-aggregates (Zida

et al., 2011) and will probably lead to N losses through denitrification (Aulakh et al., 1984). Our findings

stress the need to account for the effect of long-term application of organic materials on soil nutrient

supply as an aid to determine appropriate application rates of inorganic fertilizer.

Table 6.6. Nitrogen supply to the sorghum crop (Ns), grain and dry matter production with corresponding nitrogen

use efficiencies for grain (NUEg) and dry matter (NUEdm) for organic inputs in Saria, Burkina Faso (data is average

of 2006-2008).

Organic input

Control + N

Control- N

Manure + N

Manure - N

Straw + N

Straw - N

P-value

Lsd

Ns

kgN ha-l y-l

28e

5f

155a

132b

88c

65d

<0.001

2

grain

kgG ha-1 y-1

987b

255c

2021a

1656a

567c

627bc

<0.001

415

NUEg

kgG kgN'l

36b

56a

13c

13c

7c

lOc
<0.001

19

DM

kgDM ha-l y-l

2117b

557c

4300a

3650a

1740b

1382bc

<0.001

877

NUEdm

kgDM kgN-l

76b

116a

28c

28c

20c

22c

<0.001

20

6.3.3 Effects of Iight tillage on water and nitrogen use efficiencies
Water Use Efficiency (WUE)

Table 6.7 summarizes sorghum crop performance (grain and DM) and corresponding water use efficiencies

(WUEg and WUEdm) for the light tillage trial. The two tillage techniques had the same effect on ail

components presented here. About 6 kg of dry matter was produced for every mm of rain and of this 2.2 kg

mm'l was used in grain production. Dry matter and grain yield differed insignificantly and no significant

difference was observed for the rooting depth (Zida et al, 2010). In Saria, animal ploughing resulted in

similar WUE as hand hoeing.

Table 6.7. Water use efficiency for grain (WUEg) and dry matter (WUEdm) for 21ight tillage practices in Saria,

Burkina Faso (data is average of 2006-2008).

Grain WUEg Dry matter WUEdm

Tillage kgG ha-l kgG ha-l mm-l kgDM ha-l kgDM ha-l mm-l

Animal 1412a 2.2a 4006a 6.2a

Hand 1447a 2.2a 3781 5.8a

P-value 0.99 0.981 0.82 0.799

Grain WUEg Dry matter WUEdm

Control kgG ha-l kgG ha-l mm-l kgDM ha-l kgDM ha-l mm-l

Animal 303a 0.5a 852a 1.3a

Hand 196a 0.3a 793a 1.2a

P-value 0.07 0.061 1.00 0.965

Saria III control is tilled but not manured
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Nitrogen Recovery (Nr)

Table 6.8 shows the nitrogen taken-up by the sorghum in the two Iight tillage practices (Nu.t) and the

control of Saria-III (Nu.c) as weil as the nitrogen input (Ni). Similar amounts of N were applied, taken-up and

recovered (17%) under the two light tillage practices. The distribution of N uptake over grain and straw

shows that almost 100% of the N uptake in the control was stored in the straw. In both light tillage

treatments, N storage was distributed over straw (54%) and grain (46%). Differences in the N harvest

indexes (HI and NHI) were statistically insignificant (Annex 2). The tillage practices resulted in high values of

unused N: 130 kg ha l y"l on average.

Table 6.8. Nitrogen taken-up by the sorghum in the treatments (Nu.t) and the control (Nu.c), nitrogen input (Ni), N­

recovery (Nr) and unused N for 2 light tillage practices in Saria, Burkina Faso (data is average of 2006-2008).

NU.t Nu.c Ni Nr Unused N

kgN ha-l y-l kgN ha-l y-l kgN ha-l y-l kgN ha-l y-l

Animal 36a 727a 165a 0.18a 129a

Hand 35a 0.66a 165a 0.17a BOa

P-value 0.90 0.77

Nitrogen Use Efficiency (NUE)

Table 6.9 presents the nitrogen supply to the sorghum crop (Ns) which in combination with grain and DM

gives nitrogen use efficiencies for grain (NUEg) and dry matter (NUEdm). Grain yield within the two tillage

practices are identical as weil N input. Hence, NUE values did not differ significantly. The generally low NUE

values indicate that our tillage practices did not need more N application (Roth and Fox, 1990; Schepers et

al., 1991).

Table 6.9. Nitrogen supply to the sorghum crop (Ns), grain and dry matter production with corresponding nitrogen

use efficiencies for grain (NUEg) and dry matter (NUEdm) for three crop rotations in Saria, Burkina Faso.

Ns grain NUEg DM NUEdm
kgN ha' y' kgG ha' y' kgG gN' kgDM ha' {' kgDM kgN"

Animal
Hand
P-value

172a 1412a 8a 4006a 23a
172a 1447a 8a 3781a 22a
0.66 0.99 0.96 0.82 0.80

6.3.4 The role of phosphorus

It is known that N uptake is related to P uptake and that the PIN ratio varies between 0.15 (Iack of N) and

0.04 (Iack of Pl. (Stroosnijder and VanderPol 1982). Saria 1 and III receive minerai P (23 kgP ha" y"') and ail

fields, except for the controls in Saria 1\ receive organic P with either manure or straw. The PIN ratio in

sorghum grain was almost uniform (0.23) in ail treatments, indicating that there is certainly no P shortage.

On average the PIN in leaves and stems was slightly lower: 0.21.

6.4 Summary and conclusions

Main results are summarized in Table 6.10. Of ail treatments, the sorghum-cowpea (2.5 t hall and the

manure (2 t ha") gave the best grain yields. In general this yield is almost 10 x the yield in the 'control'. This

seems an impressive achievement, however, we consider our maximum grain yield disappointing low given

the controlled conditions 'on-station' and the level of inputs. The average grain yield in Burkina Faso now is

1.06 Mg ha,l with on average very low (1-2 kg ha'l) fertilizer input (DeGraaff, 2011). There are several

expia nations possible for our low maximum yield. One of them is the shallow rooting depth. This is due to a

hard soil layer (hardpan) at about 30 cm depth, and an impermeable layer at depths that vary between 70
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and 120 m resulting in occasional too wet conditions (inundation) during the growing season. The average

yield of 1.06 Mg ha-! with low fertilizer input under 'farmer' conditions is partly due to the effect of fallow

which is gradually shortening and disappearing but still largely in use over the whole of Burkina. During

fallow there is an accumulation of nitrogen that is gradually used in subsequent years. This effect is lost in

long-term experiments. A third reason might be that we did not adjust our planting density. Under

improved water and nutrient conditions plant density should be increased to make full use of the extra

water and nutrients. We assume that P-shortage cannot be the problem since the PIN ratio in sorghum

grain was almost uniform (0.23) in ail treatments.

Table 6.10. Summary of Sorghum grain and dry matter yield, water use efficiency, Nitrogen recover and unused

Nitrogen as weil as Nitrogen use efficiency (Saria, Burkina Faso, averages over 2006-2008).

Long-term trial

Grain (kgG ha-1)

Saria 1(rotation) Saria Il (organic amendmentl Saria III (light tillage)

Highest 2450 (S-cowpea)

Lowest 241 (Control S-surghum)

Dry matter (kgDM ha-1)

Highest 5n5 (S-cowpea)

Lowest 837 (Control S-cotton)

Water use efficiency (kgG ha-1 mm-1)

Highest 3.7 (S-cowpea)

Lowest 0.4 (Control S-sorghum)

Water use efficiency (kgDM ha-1 mm-1)

Highest 7.9 (S-cowpea)

Lowest 1.3 (Control) S-cotton)

Nitrogen recovery (-1
Highest 0_39 (S-cowpea)

Lowest 0.26 (Control S-sorghum)

Unused nitrogen (kgN ha-1 y-1)

Highest 74 (S-sorghum)

Lowest 52 (S-cowpea)

Nitrogen use efficiency grain (kgG kgN-1)

Highest 16 (S-cotton)

Lowest 11 (S-sorghum)

Nitrogen use efficiency dry matter (kgDM kgN-1)

2020 (Manure + N)

255 (Control - N)

4300 (Manure +N)

557 (Control - N)

3.1 (Manure + N)

0.4 (Control -N)

6.6 (Manure +N)

0.9 (Control-N)

0.37 (Control +N)

0.06 (Straw +N)

110 (manure +N)

9 (Control +N)

56 (Control -N)

7 (Straw + N)

1447 (Hand)

196 (Control Hand)

4006 (Animal)

793 (Control Hand)

2.2 (Animal & Hand)

0.3 (Control Hand)

6.2 (Animal)

1.2 (Control Hand)

130 (Hand)

124 (Animal)

8 (Hand)

8 (Animal)

Highest 44 (S-cowpea) 116 (Control -N)

Lowest 29 (S-cotton) 20 (Straw + N)

23 (Animal)

22 (hand)

Trends in water use efficiency c10sely follow productivities. The highest value for WUEg is 3.7 kgG ha-! mm!

for sorghum-cowpea rotation and the lowest is 0.4 kgG ha! mm! for the control in Saria II. With high yield

about 50% of the water that is used contributes to grains and the other half goes into stems and leaves.

The WUEdm for sorghum-cowpea rotation, for example, is 7.9 kgDM ha-! mm!. With low yield less than

30% is used in grain formation. 50, water is far more efficiently used when a high productivity can be

achieved. Straw application did not improve the WUE compared with the control plots. Addition of N to

straw caused even a decline in WUE. Ploughing and hand hoeing did not differ significantly with regard to

WUE: WUEg is 2.2 kgG ha-! mm-! and WUEdm is about 6 kgDM ha-1 mm!. These values are low because

grain production is only about 1.4 t ha 1 which is surprising low given the high N input (Table 6.8).
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The highest value for nitrogen recovery (Nr) was 0.39 for sorghum grown in rotation with cowpea. With

organic amendments, Nr varied from 37% under control + N to less than 10% on straw ± N. It is a bit

frustrating to admit that application of organic amendments, badly needed to intensify food cropping

systems in the Sahel, lead to lower N recovery rates. It seems that part of the N is lost in immobilization. If

so, one may argue that this is a temporary effect and that when the residual effect is taken into account

part of the N may be recovered. However, we did our measurements in long-term trials where these

residual effects were supposed to be in equilibrium. So, one must conclude that there is a lot of real N-Ioss

within the complex immobilization trajectory. In the rotation treatment, more N was stored in grain than in

straw (70% versus 30%; data in Annex 2). The same pattern was seen for manure (+/-) N and straw-N. For

straw+N, however, more N was stored in straw (74%) than in grain (26%). Long-term application of manure

and urea led to luxurious consumption of nitrogen (NHI grain < NHI dry matter).

Differences between N input and N uptake were positive for ail treatments leading to considerable

amounts of unused N. In the man ure and straw application plots, for example, the unused N was about 100

kg ha-l il in the man ure ± N plots. The tillage practices resulted in the highest values of unused N: 130 kg

ha-l y-l on average.

The effect of the bad rainfall in 2007 c1early shows the shift from NUEg (small) into NUEdm (large).

Apparently, plants have invested in DM and fell short in grain filling. Sorghum grown in the cowpea rotation

gave the highest NUEdm value (44 kgDM kgN l ). Zida et al. (2010) have shown that the rooting depth of

sorghum was up to 80 cm in the cowpea rotation, much deeper than under monocropping of sorghum. The

deeper rooti'lg not only improved water availability, but because the rooting system occupied a larger

volume, plants were able to uptake more nutrients and hence could produce more biomass.ln plots where

straw was applied annually, the NUE was low and the NUEg became even lower where additional N was

supplied. Apparently, ail N was used for the conversion of the straw into soil organic matter (immobilization

of N). Sorghum, in competition for N, lost the battle with the soil fauna resulting in a very low NUE. This

illustrates ve'y weil the devil's dilemma for these poor soils. They are in need of organic material but this

affects N availability for food crops that are also very much in need.

Our results suggest that systematic applications of N (organic and/or minerai) every year is likely to

cause N waste. The efficiency of N fertilizer use can be improved by attuning N fertilizer application to crop

N demand and account for the effect of long-term application of organic materials on soil nutrient supply.

ln summary: rotation with cowpea can be strongly advised, manure also will be beneficial. The use of straw

is not recommended and our data do not show superiority of hand or animal tillage over tractor tillage.
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Annex 1. Brief description of calculation procedures for water and nutrient use efficiencies for Saria, Burkina Faso.

Col Code Input Unit Calculation procedure

A y year

B C Code of treatment

C T Treatment description

D Repetition

E Gt Grain yield in treatment kg ha' measured

F Gc Grain yield in control kg ha-' measured

G /J.G Increase in grain kg ha-' Gt - Gc = E - F

H DMt Total dry matter in treatment kg ha-1
Measured

1 DMc Total dry matter in control kg ha' Measured

J /J.DM Increase in total dry matter kg ha-1
DMt - DMc = H - 1

K Ni N input (organic + inorganic) kg ha-1
Calculated with separate sheet

L %Ng N-content grains in treatment % measured

M Nug.t N uptake grains in treatment kg ha-1
(F*L)/100

N %Ns.t N-content stem in treatment % measured

a %Nl.t N·content leaves in treatment % measured
p Nustr.t N uptake straw in treatment kg ha-1

((1 - F) * IN + 0) / 2) / 100

0 NU.t N uptake treatment (total) kg ha-1
M +P

R %Ng.c N-content grains in control % measured

5 Nug.c N uptake grains in control kg ha-1
(F * R) / 100

T %Ns.c N-content stem in control % measured

U %Nl.c N-content leaves in control % measured

V Nustr.c N uptake straw in control kg ha ' ((1 - F) * (T + U) / 2) /100

W Nu.c N uptake control (total) kg ha-1
S+V

X Nr N recovered in treatment (O-W)/K
y Ns N supply ta crop kg ha' Ni + Nu.c = K+ W

Z NUEdm N use efficiency for DM kg DM kg' N DMt / Ns = H / y

AA NUEg N use efficiency for Grain kg G kg ' N Gt / Ns= E/ y

AB NUE/J.dm N use efficiency for /J.DM kg /J.DM kg'N J/Y

AC NUE/J.g N use efficiency for /J.Grain kg /J.G kg-1N G/Y

AD HU Grain harvest index treatment E/H

AE Hl.c Grain harvest index control F/I

AF NHl.t N harvest index treatment M/O

AG NHl.c N harvest index control S/W

AH /J.WUEg Water use efficiency Grain kg G ha-1mm 1 G / (rainfall in season)

AI /J.WUEdm Water use efficiency DM kg DM ha-1mm -1
J / (rainfall in season)
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Chapter 7

Synthesis





Synthesis

Persistent poverty and environ mental degradation in Burkina Faso demand an effort to develop viable soil

management practices capable of regenerating and conserving soils and boosting production. This study

investigates the effects of several conservation soil management practices (CSMP) on soil properties and

processes. Practices studied are: rotation, minimum tillage and organic/inorganic inputs.

Implicit in our 'chain hypothesis' was the idea that the results of CSMP only show-up after being

consistently employed for a considerable time. Hence, study sites were identified where management

practices had been applied for a long-time; 50 years for Saria-l, 30 years for Saria-II and 20 years for Saria­

III. From these existing trials a few practices were selected for this PhD study.

The studied practices are components of an integrated approach known as Conservation

Agricultural (CA). CA is proposed as an alternative management system and the FAO considers it as a

panacea (FAO 2008 a, b). However adoption of the CA package does not occur spontaneously (Giller et al.,

2009) and results are not expected to be seen until CA has been practiced for 10 years or more (FAO 2011).

A minimum level of knowledge and scientific assessment capability is needed to take into account the

variability of environmental conditions and determine the proper CA package. Because there are no sites

available in Burkina where the effects of using the full CA package for more than 10 years can be tested,

this study aimed at identifying the effects of certain CA components on Lixisol at Saria, Burkina Faso. The

effects and sustainability of rotation, minimum tillage and organic/inorganic inputs were evaluated through

measurement of soil physical, chemical and biological properties, termite and earthworms' abundance and

diversity, soil aggregation, the field water balance, crop development and yield and chemical analysis of

leaves, stems and grains for selected treatments within the long-term trials and in a fallow control.

The information generated by this thesis project contradicts some current paradigms, confirms

some findings from research in other areas, provides new understanding of the effects of CSMP and

working with long term research trials, and identifies several potential options for improved resource use

and crop yield in Burkina Faso. As a result, various recommendations for soil and crop management as weil

as future research needs are made in the interest of conserving soils and boosting crop production.

7.1 The research questions

7.1.1 Effects of CSMP on selected sail properties

The soil physical (texture, bulk density, crust and aggregate formation), chemical (C + N), biological (fauna

biomass and diversity) and other properties (plant roots and available water) that were assessed exhibited

only small differences between treatments. Most of the conservation management practices studied did

not improve soil properties and in some case even had a negative effect on them when compared to the

fallow control (see Table 2.11 in Chapter 2 for details). We attribute this low 'sensitivity' of the soil

properties to the CSMP treatments to the fact that most practices had no significant positive effect on soil

organic carbon (SOC). On the contrary, SOC decreased in most cases compared to fallow (Chapters 2 and 6).

These findings indicate that long term employment of individual CSMP alone is not beneficial to maintain

SOC.

7.1.2 Relations between sail macro fauna and sail properties under CSMP in Saria, Burkina Faso

CSMPs, when applied unchanged year after year (Le. long-term), result in the presence of organic resources

of a specifie, fairly homogeneous quality and not in a mixture of various organic resources of differencing

quality. This leads to an adaptation of more competitive taxa resulting in reduced fauna diversity (Chapter

3). This explains the findings of uniform family colonization under rotation and organic amendment ±N

practices in contrast to more soil macro fauna diversity under superficially tilled treatments. We conclude
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from these experiments that the effect of C5MP on the relationship between soil macro fauna and soil

properties depends on the quality and quantity of organic resource provided by the type of management

and the tillage regime.

7.1.3 Effects of CSMP on rainwater use efficiency

5urprisingly, only about 14% (3-years average) of the rainfall is used as transpiration for crop production

with no significant differences between treatments. 50, we can conclude that rainfall in the 120 days

growing season is more than sufficient for the crops grown in the experiment: sorghum, cotton and

cowpea. The 86% of the rainfall not used by plants are distributed over runoff, soil evaporation, deep

drainage and unused water in the soil profile. Due to the rather low plant density part of the soil surface

remains uncovered which stimulates crust formation on the Lixisol of 5aria causing runoff. Only 60% of

rainfall infiltrates into the soil in the rotations and animal and hand tilled plots while the straw treatments

did worst with often less than 50%. The low soil cover also makes that a large portion of the amount of

water that is retained in the rootable layer (about 70 cm) is lost as direct evaporation from the soil. Our

findings indicate that long term employment of individual C5MP alone is not beneficial to improve

rainwater use efficiency.

7.1.4 Effects of CSMP on Sorghum production

The grain yield in our experiments ranges between 0.25-2.5 Mg ha-l y"l. This is disappointingly low given the

controlled conditions 'on-station' and the level of inputs. The average grain yield in Burkina Faso is now

1.06 Mg ha l with very low (1-2 kg ha-l ) average fertilizer input (DeGraaff, 2011). Our measurements show,

contrary to the prevailing paradigm, that there is unused water in ail treatments and in ail years. 50, we

conclude that water shortage cannot be the reason for the relatively low yield. 5ince fertilizer use can be

considered high for Burkina conditions, lack of plant nutrients can also not explain the low yield.

There are several expia nations possible for the low yield in the experiments. One of them is that the

average yield of 1.06 Mg ha l even with low fertilizer input under 'farmer' conditions is partly due to the

effect of fallow which, while declining as a practice, is still in wide use. During fallow there is an

accumulation of plant nutrients (nitrogen and trace elements) that is gradually used in subsequent years.

This effect is lost in long-term experiments without fallow. Another explanation is the shallow rooting

depth in the experimental areas. This is due to a hard soil layer (hardpan) at about 30 cm depth, and an

impermeable layer at depths that vary between 70 and 120 m resulting in occasional too wet conditions

(inundation) during the growing season. A third reason might be the low plant density that was used. An

improved 50rghum variety (5ARIA550 14) was used on ail tested management practices with a planting

density of 31250 plants ha-l . The fact that not ail available water was used suggests that a higher plant

density was possible. That would have created a better soil cover with subsequent less crust formation and

runoff.

Our results again make it c1ear that long term use of individual C5MP alone do not benefit crop

yields. Also, there may be more limiting factors that play a role in crop yield, e.g. soil conditions (hard pan,

impermeable layer) and agronomic conditions (planting density). Another point raised by the findings,

although not studied specifically is the importance of the practice of fallowing as part of land management

for best crop yields.

7.1.5 Effects of CSMP on water use efficiency

Trends in water use efficiency c10sely follow productivities. The highest value for WUE(grain) is 3.7 kg grain

ha-l mm-lfor sorghum-cowpea rotation and the lowest is 0.4 kg grain ha-l mm-lfor the control in 5aria II.

With high yield about 50% of the water that is used contributes to grains and the other half goes into stems

and leaves. The WUE(dry matter) for sorghum-cowpea rotation, for example, is 7.9 kg dry matter ha
l

mm-
l
.
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With low yield less than 30% is used in grain formation. 50, water is far more efficiently used when a high

productivity can be achieved. Straw application did not improve the WUE compared with the control plots.

Addition of N to straw Even caused a decline in WUE. Ploughing and hand hoeing did not differ significantly

with regard to WUE: WUE(grain) is 2.2 kg grain ha"l mm l and WUE(dry matter) is about 6 kg dry matter ha"l

mm"l. These values are low because grain production is only about 1.4 t ha"l which, as previously noted, is

surprisingly low given the high N input (Table 6.8). We conclude that the only way to significantly improve

water use efficiently is to achieve a higher productivity.

7.1.6 Effects of CSMP on nitrogen use efficiency

N-input in our experiments varies from > 165 kgN ha l y"l for the tillage experiments (Saria III), to 100 kgN

ha"l{l for the rotations (Saria 1) and 0-150 kgN ha"ly"l for the organic amendment experiments (Saria Il).

Yields c10sely follow N input with some exceptions. When ail data of N-input versus grain yield are plotted,

r2 is a meagre 0.43 (n=l1). Wh en outliers are removed, r2 goes up to 0.88 (n=6). The range is from 500 kg

grain ha l il for 0 kgN ha l y"l to 2000 kg grain ha l y"l for 150 kgN ha l yI. This relation can be used in

considerations about the cost-benefit of N-input.

Differences between N input and N uptake were positive for ail treatments leading to considerable

amounts of unused N. In the manure ± N plots, for example, the unused N was about 100 kgN ha"l y"l. The

tillage practices resulted in the highest values of unused N: 130 kgN ha"l y"l on average.

Due to the difference between N-input and N-uptake, Nitrogen recovery (Nr) is always < 1. The

highest value for Nr was 0.39 for sorghum grown in rotation with cowpea. With organic amendments, Nr

varied from 37% under control + N to less than 10% on straw ± N. It is a bit frustrating to admit that

application of organic amendments, badly needed to keep the SOM content in the Sahel above the

threshold below which the physical structure of the soil collapses, lead to lower N recovery rates. It seems

that part of the N is lost in immobilization. If 50, one may argue that this is a temporary effect and that

when the residual effect is taken into account part of the N may be recovered. However, we did our

measurements in long-term trials where these residual effects were supposed to be in equilibrium. 50, one

must conc1ude that there is a lot of real N-Ioss within the complex immobilization trajectory.

Sorghum grown in the cowpea rotation gave the highest NUE (dry matter) value (44 kg dry matter

(kgNrl ). In plots where straw was applied annually, the NUE was low and the NUE (grain) became Even

lower where additional N was supplied. Apparently, ail N was used for the conversion of the straw into sail

organic matter (immobilization of N). This illustrates very weil the first devil's dilemma for these poor soils.

They are in need of organic material but this affects N availability for food crops which are also very much

in need of the N.

NUE (grain) is highest in the Control - N of Saria II. With a value of 56 kg grain (kgNrl it is much

higher than the value for the S-cowpea rotation (16) or the light tillage (8). This confirms findings of Khelil

et al. (2005) who also found that NUE is highest (54%) at the lowest rate of fertilizer application. This

illustrates the second dilemma; N input is needed to boost productivity but results in a lot of unused N

(hence low recovery) and low NUE.

ln summary it could be said that, at the input level in our treatments, 1 kg N provides about 12 kg of

grain. Outliers are cowpea rotation (doing better; probably due to biological N fixation which is not

quantified and subsequently not taken into account) and straw + hand/hoe tillage (doing worse). Twomlow

et al. (2010) found for Sorghum in semi-arid Zimbabwe that households need to obtain between 4 and 7 kg

of grain per kg of N input to make a profit. In their experiments NUE (grain) was between 15 and 45 kg grain

(kg Nrl . Our results fit weil in that range.

We conclude that rotation with cowpea can be recommended while the use of straw should be

discouraged. It is good to keep in mind that any N-input, needed to boost production, will result in unused

N.
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7.2 The 'chain' hypothesis

The main hypothesis at the start of this thesis stated that long-term conservation soil management will be

able to improve soil properties through positive stimulation of soil macro fauna which in turn will improve

the efficiencies of nitrogen and water use. The results of our investigations, particularly regarding the

effects on fauna and subsequent improved aggregation under the studied (SMP, do not support this

hypothesis.

7.3 Generated knowledge

7.3.1 Conservation sail management: rotation

Unexpectedly, most effects on soil properties were neutral; aggregation and fauna were negatively affected

(Table 2.11). This is believed to be due to the SOM which slightly decreased over the years. There is a

uniform fauna colonization due to unchanged feed over a long period. It seems better to offer a greater

variety of feed to soil fauna in order to create a higher diversity. Sorghum grown in the cowpea rotation

gave the highest NUE (dry matter) value (44 kg dry mater (kg Nr\ There are c1ear benefits of cowpea in a

rotation system due to its N fixation. What was unexpected (at least in Burkina Faso) is the much deeper

root system (than the local Sorghum) which allows more nutrient uptake from deeper layers. Rotation with

cotton does not provide any advantage.

7.3.2 Conservation soil management: organic/inorganic input.

Aggregation, crust formation, fauna and runoff were negatively affected (Table 2.11) and like in the

rotations there was uniform fauna colonization due to unchanged feed over a long period. Straw

application showed higher runoff (50%) than rotation and superficial tillage. Application of N to straw

caused a decline in WUE in comparison with the control. In plots where straw was applied annually, the

NUE was low and the NUE (grain) became even lower where additional N was supplied. The application of

straw was unexpectedly quite disastrous, there are no benefits recorded, only negative aspects. The role of

straw is further discussed below. Manure, as expected, is beneficial confirming what many others have

found elsewhere. There is no evidence to support (the often c1aimed) synergy between organic and

inorganic N-input.

7.3.3 Conservation sail management: minimum tillage

Most effects on soil properties were neutral; aggregation was negatively and fauna positively affected

(Table 2.11). There is more fauna diversity than under rotation and organic/inorganic amendments. Tractor

ploughing appears to outweigh animal and hand hoeing with respect to crop yield although macro fauna

advocates would interpret the data otherwise.

7.3.4 Straw mulch for soil-C and sail caver

When only ( is applied, for instance as mulch in an attempt to increase the soil organic matter, soil biota

are quickly stimulated and remain active until ail available N is consumed. This creates competition with

growing plants also in need of N. We conclude that soil (-content can only improve with the simultaneous

improvement of its N-content. By only applying mulch (without N from an organic or inorganic source) it

will be impossible to improve the (-content of a solI. A better strategy might be to increase the below

ground biomass, Le. select crop varieties with more root biomass. Based on our findings, the use of

sorghum straw alone as carbon input can no longer be recommended.

Regarding the use of straw mulch for soil coyer, the findings were also negative. Due to various

processes like consumption of crop residues by termites and by free grazing animais, wind erosion, burning,
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etc. it is difficult to maintain adequate crop coyer during the dry season. Therefore the soil remains bare till

the next planting which explains the high runoff recorded under CSMP treatments. We conclude that

keeping the soil weil covered (an integral component of CA) during a long dry season is not realistic in

drylands. Maybe for a small fraction of the arable land but not for the majority of the fields.

7.3.5 Sail carbon

The ideal management system for soils and crops should increases above and below ground plant biomass.

This is expected to allow increased organic input to the soil through plant residues, and improved sail

surface coyer and soil structure through the plant raot system. However, we found that the long term

rotation practices in Saria and the addition of organic resources in combination with/without minerai

fertilizer resulted in a decrease of SOC (Chapter 6). A decrease of organic carbon was observed at a rate of

0.2S% per year in rotations, 0.8S% with straw and organic amendment inputs (0% with N added and 1%

without N added) and 1.4% with minimum tillage. With no organic inputs soils lose about 2% of their stock

of C per year (Pieri, 1989). Although they did mitigate the rate of C depletion, our research showed that

long term application of rotation, organic amendment and minimum tillage techniques led to reduced

organic carbon storage as compared to natural fallow. According to Lai (2002) three processes are

responsible for carbon depletion in the soil (Lai, 2002): (1) accelerated mineralization, (2) leaching and

translocation as dissolved or particulate organic C and (3) accelerated erosion. Our study shows that

leaching and erosion do not differ much between treatments. Therefore it is accelerated mineralization

that is in action in the Saria soils. Loss of C under tillage is due to the fact that tillage exposes organic

carbon to soil macro fauna (Mando et al., 200Sb). We conclude that when, with a certain type of soil

management, the organic carbon is more exposed to soil organism the decreasing rate of C is higher. We

conclude that it is extremely difficult to maintain, let alone improve, the SOC content in drylands under

continuous cultivation and hypothesize that the only possibility might be ta improve the below ground

biomass of crops.

7.3.6 50i/sealing and compaction

Soil sealing is a major constraint at Saria with Lixisol and high intensity rains. Under ail the CSMP studied,

structural crust formation occurred except under long term fallow. Crust development is the key factor

responsible for the significantly lower water losses from runoff on fallow plots compared to ail the other

treatments (Chapter S). Crusting and sealing are forms of land degradation associated with poor

aggregation and structural instability which causes the surface macrostructure of a soil to collapse during

wetting and hardening (Rapp et al., 2000; Baumhardt et al., 2004). The long term managed Saria soils under

continuous cultivation are weakly aggregated compared to the fallow.

There are several contributing factors that explain this situation. One of them is the impermeable

layer at depths that varies between 70 and 120 m resulting in occasional too wet conditions (inundation)

during the growing season. The second reason is the soil type (Lixiso/), weil known for their low aggregate

stability and prone to slaking and/or erosion (WRB, 2006). The tillage of wet soil or the use of excessively

heavy machinery have compacted Saria's soil and have caused serious structural degradation in the form of

a hardpan. By contrast, the long term fallow area was not subject to the tilling effect (Chapter 2).

Among CSMP, animal ploughing and hand hoe are relatively convenient for this soil type since these

practices showed less compaction risk, more diverse macro fauna, improved water availability and lower

crust formation.

7.3.7 Unused sail water

From the amount of water that was retained in the rootable layer (about 70 cm) of the Saria plots, a large

portion is consistently lost as direct evaporation fram the sail. Deep percolation below the maximum
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rooting depth of 70 cm appeared to be very Iimited but it was estimated that still 50 mm of water was

replenishing the groundwater. Low plant transpiration can be due to water stress or to other growth

Iimiting factors. Our measurements show, contrary to the prevailing paradigm, that there is unused water

in ail treatments and in ail years. 50, we conclude that the cropping system was not optimal since not ail

available water is used. This explains the low 3-years average of rainwater use efficiency of 14%; about 14%

of the rainfall is used as transpiration for crop production in ail treatments. Our study reveals no

signification change in productive water use whatever the long-term CsMP.

Usually the advice is given to reduce soil evaporation with the use of mulch as soil cover. Given that

mulch material like crop residues are often rare in sub-saharan Africa and our results with straw are not

positive, it wou Id be better to aim at and experiment with a cover- or inter-crop since there was unused

water in ail our experiments. This offers the opportunity to grow an additional crop, and the extra use of

soil water in the form of transpiration by the additional crop is more than compensated for by the unused

soil water, less runoff and reduced soil evaporation. This opportunity seems a more viable component of

Conservation Agriculture than mulching. Another option to use more of the available water is to test a

higher plant density. Wh en water and nutrient availability are improved, the original low plant density

(about 30,000) is not able to use these resources in an optimal way.

The fact that there is unused water in ail treatments indicates that in Sari a, which receives about 650

mm of rainfall in the short 4-month growing season, there is at this moment no need to apply water

conservation practices. This is in accordance with Zougmoré et al. (2003) who found that, with 800 mm

rainfall, stone rows or grass strips (conserving water) without N input did not significantly increase sorghum

production. Nyamudeza et al. (2003), however, found that in the 500 mm rainfall zone of Zimbabwe

sorghum production per unit applied N was up to four times greater with tied ridges (conserving water)

than with fiat cultivation. Again, the results of this research show that for saria in Burkina Faso there is

excess available water that can be used to increase crop production of one kind or another.

7.3.8 Water retentian capacity

How much of the infiltrated amount of water remains in the root zone depends on the moisture content at

field capacity. How much is available for plants depends also on the moisture content at permanent wilting

point. It is the difference between these two key values of the soil moisture characteristic that determine

the soil's capacity to store water that plants can use to overcome dry spells. Rotation effects were

negligible on soil physical properties (Chapter 2) and no significant improvement of the water availability

was recorded despite the use of s-cowpea rotation. Urea application has worsened certain soil properties

and associated water availability and the tilling effect was also negligible. For a CsMP to improve water

retention capacity, it must be able to influence one or several properties of the soil, because the capacity of

a soil to retain water against gravity depends upon various characteristics such as soil texture (Aina and

Periaswamy, 1985), pore size distribution (Arriaga and Lowery, 2003), soil structure (Boix-Fayos et al., 2001)

and organic matter content (Tisdall and Oades, 1982; Elliott, 1986, Vereecken et al., 1989). Previous

findings show that neither soil structure nor SOM were strongly affected by the tested CsM Ps as practiced

in saria. Hence we conclude that the tested CsMPs cannot be expected to improve the water retention

capacity.

7.3.9 Sail nitragen

With regards to NUE, our results suggest that systematic applications of N (organic and/or minerai) every

year is likely to result in N waste through N03 losses. Adu-Gymfi et al. (1997b) found that the rate of N

disappearance from the soil solution was 2-3 times faster than N accumulation by plants, suggesting that an

appreciable amount of NOrN will disappear from the soil without being utilized by the crop.
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Measurements of minerai N in the 12 soil pits did not show signs of leaching: average N in the 0-15 layer is

l.G7% and N in the GO-80 layer is 1.43%.

Our findings suggest that there is no need to apply N excessively because there is no way of N saving

into the soil. Better to try to improve the efficiency of N fertilizer use by attuning N fertilizer application to

crop N demand and adjusting fertilizer rates to take account of residual nitrogen. Recent micro dosing

experiments (Twomlow et al., 2010) cou Id be a good contribution to further N study in sub Saharan

drylands.

7.3.10 Soil phosphorous

Stroosnijder and VanderPol, 1982 showed that N uptake is related to P uptake. For natural pastures they

found a piN ratio between 0.15 (Iack of N) and 0.04 (Iack of Pl. Saria 1and III received minerai P (23 kg P ha­

1 yI) and ail fields, except for the controls in Saria Il, received organic P via either manure or straw. The PIN

ratio in sorghum grain was almost uniform (0.23) in ail treatments, suggesting that there is no P shortage

which can explain the low yield and N-uptake. On average, the PIN in leaves and stems was slightly lower:

0.21 but still indicating that enough P was available to be not a growth limiting factor.

7.3.11 Fauna abundance versus diversity

This research generated information about the relationships that exist between termite and earthworm

abundance (biomass) and soil aggregate fractions. These relations depend on the quality of the organic

matter in the aggregates fraction. Aggregates in rotations which contain more un-decomposed organic

matter (higher C/N ratio) are favourable for termites. On the other hand, small macro aggregates

containing More decomposed organic matter (Iower C/N ratio) as was the case in the organic amendment

trial, showed a significant relation with earthworms. CSMP which induce change into aggregates fractions

influence the macrofauna type through their feeding capabilities.

For dlversity, due to the limited number of families observed, no significant relationship between

diversity and aggregate fractions could be found. The limited diversity seemingly resulting from the use of

the same CSMP over a long period. This questions the value of 'Iong-term' and stresses the need for a

variety within CSMPs.

It seems that aggregate fractions and diversity in soil macro fauna provide information about

different aspects of soil stability. Aggregates reflect the status of a number of other important ecosystem

properties and processes (Bird et al., 2007) and diversity reflects the probability that ecosystem

performance can be maintained or adjusted in the face of changing conditions (Swift et al., 2004).

7.3.12 The value of 'Iong-term'

Implicit in our 'chain hypothesis' was the idea that the results of CSMP only show-up after being

consistently employed for a considerable time. Aiso FAO (2011) expects that effects from CA can only be

expected after 10 years of application. Hence for our study, trials were identified where management

practices had been applied for a long-time - 50 years for Saria-I, 30 years for Saria-II and 20 years for Saria­

III. There are c1ear benefits of cowpea in a rotation system due to its N fixation and deeper root system

which allow more nutrient uptake and higher crop yield. Manure, as expected, is beneficial confirming what

many others have found elsewhere. However, our experience shows that very long-term employment of

the same practices can also have negative effects on soil properties and processes. Tractor ploughing, at

the one hand, appears to outweigh animal and hand hoeing with respect to crop yield although macro

fauna advocates would interpret the data otherwise. On the other hand, tractor ploughing causes

structural degradation in the form of a hardpan. The application of straw is disastrous, there are no benefits

recorded, only negative aspects. The uniform supply of organic materials lead to less biodiversity and the
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lack of fallow to compaction and increased sensitivity for sail crusting. There are also indications that sail

properties and processes deteriorate as the result of a lack of 'rotation' in the tested cropping systems.

We conclude that the value of trials with the same treatment over a very-long time is questionable

and needs further research.

7.4 Limitations of the study

7.4.1 Grain yield

The grain yield in our experiments ranged between 0.25-2.5 Mg ha l yl which is disappointingly low given

the controlled conditions 'on-station' and the level of inputs. The average grain yield in Burkina Faso now is

1.06 Mg ha'l even with, on average, very low (1-2 kg ha l ) fertilizer input (DeGraaff, 2011). There are several

explanations possible for this low yields which are beyond the scope of the CSMP techniques tested. One of

them is the shallow rooting depth. This is due to a hard soil layer (hardpan) at about 30 cm depth, and an

impermeable layer at depths that vary between 70 and 120 m resulting in occasional too wet conditions

(inundation) during the growing season. The average yield of 1.06 Mg ha l with low fertilizer input under

'farmer' conditions is partly due to the effect of fallow which, while still widely practiced in Burkina, is

gradually being discontinued. During fallow there is an accumulation of various plant nutrients that is

gradually used in subsequent years. This effect is missing in long-term experiments. Another reason for the

low yield that is external to the effects of the CSMP might be that we did not adjust our planting density.

Under improved water and nutrient conditions plant density should be increased to make full use of the

extra water and nutrients. We consider this a limitation of our study because with a higher plant density

effects of CSMPs might show up better.

7.4.2 Measurement accuracy

Little is known about the accuracy of the field measurements as weil as about Nitrogen determination in

the BUNASOLS laboratory. But since BUNASOLS is awarded by several Internationals prices, we had not

worried about the quality of the result and no cross-check analysis were done.

7.5 Recommendations for further research

7.5.1 Agricultural intensification: Legumes in the rotation

As mentioned previously, there seems to be c1ear benefits of cowpea in a rotation system due to its N

fixation and deeper root system. However, since cowpea fixes nitrogen, the carbon of the topsoil is

consumed to a greater degree than in the other rotations while the increase in and decay of root biomass

in the subsoil is responsible for the increase in C in the subsoil. This leads to a higher bulk density in spite of

higher soil biota activity. Another option is to aim at intercropping with a leguminous tree like Gliricidia.

Makumba et al. (2006) describe promising results of a maize-gliricidia intercropping system in Southern

Malawi. Ali these interactions with legumes can be subject to further research.

7.5.2 Long-term experiments

Since a metadata analysis (Corbeels, pers. comm.; Giller et al., 2009) shows that the benefits of CA only

begin to become apparent after 10 years, experiments of that duration have to be done very carefully. In

the case of Saria there are some bio-physical drawbacks to the very long-term experiments used in this

thesis, e.g. sail compaction, 1055 of the uniform 1.5% 51ope, etc. This research also shows that fauna

abundance and the fauna diversity decrease if a cropping system applies the same feed year after year to

the sail. This makes the system more vulnerable to other environmental changes. The same metadata show
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that effects occur much more quickly wh en N input> 100 kgN ha
l
{I. This information should also be taken

into account in future experiments.

7.5.3 Valorisation of unused water

Instead of considering mulch as a soil cover with the aim of reducing evaporation, it would be better to

consider, and experiment with, a cover- or inter-crop since there was unused water in ail our experiments.

The latter offers the opportunity to grow an additional crop that reduces soil evaporation and uses the

available water to produce a yield with some economic value. Our research suggests that the extra water

demanded for transpiration by the additional crop will be more than compensated for by the remaining

unused water, reduced runoff and decreased soil evaporation. This is an exciting opportunity for increasing

the productivity of cropping systems in Saria that deserves additional research.

7.5.4 Crop varieties

The SARIASSO 14 variety of Sorghum used in our experiment reacted to N application by increasing its root

density but not ifs rooting depth. Roots were concentrated in the first 20 cm depth which make the

Sorghum crop drought sensitive. Using varieties and/or soil management practices that stimulate a deeper

rooting beyond 30 cm should make the crop more resistant to a drought period and is a worthy topic for

research. A'lother interesting research area would be testing cultivars on their ability to extract N.

Experiments in Niger showed that there are large differences between cultivars and that their reaction to N

depends on the level of N supply (Maranville et al., 2002)

7.5.5 Plant density

As noted, t'le grain yield in our experiments was low given the controlled conditions 'on-station', the

improved variety and the level of inputs and ranged between just 0.25 and 2.5 Mg ha l yI. Soil water stress

was not serious and does not expia in the relatively poor growth and the low 3-year average WUE ratio

(transpiration/rainfalll of 14%. One implication of our results is that there is potential to use a higher (than

usual) plant density and gain a higher yield. Experimentation with plant densities is highly recommended, in

particular in cases where there is also the possibility for water conservation practices such as reduction of

runoff, soil evaporation and deep percolation.

7.5.6 Real tirne check on N uptake and leaching

Precision application of N, e.g. with micro-dosing (Twomlow et al., 2010), or delaying till 40 days after

sowing (Adu-Gyamfi et al., 1997a) holds potential for increasing N recovery. In order to optimize N dose

and timing there is a need to be able to monitor in real time the level of N uptake as is possible with a

chlorophyll meter (Pandey et al., 2000) and present-day hand held spectrometers (Li et al., 2008; Chen et

al., 2011). Research into this techniques, effectiveness, and practicality of su ch N monitoring is also

recommended.

Since the fate of the unused N is not exactly known (we have limited data on minerai N in the soil

profile to verify N leaching) it is important to add this type of measurement in any follow-up study.

7.6 Policy and extension recommendations

7.6.1 More research on CA before recommending CSMP

Differences in soil properties between treatments are smaller than expected after so many years of

applying different soil management practices in the treatments. An important conclusion from this is that

none of the practices can be promoted in isolation. It is better to wait for the outcome of tests on the more

complete integrated CA package where the possibility exists that synergy occurs between the CA
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components. Therefore this thesis recommends caution in promotion of CSMP along with support for more

extensive CA research.

7.6.2 Legumes

There are c1ear benefits of cowpea in a rotation system due to its N fixation and deeper root system. Based

on the outcomes of this thesis, it is recommended that cowpea (and probably any other N-fixing legume)

should always be promoted, in spite of certain side effects that need further investigation.

7.6.3 Check for possible negative aspects of tillage

Results on increased fauna and subsequent improved aggregation as a result of conservation soil

management are not convincing. Minimizing soil tillage increases abundance and diversity of soil fauna but

does not improve the efficiency of water and nitrogen use. However, increasing nitrogen and water use

efficiencies are essential for improving food security. This thesis recommends that other soil management

means that control soil aggregates should be taken to improve efficiency of water and nitrogen use. When

tractor ploughing is used, it is strongly recommended that it be accompanied by periodic assessment of sail

physical properties to avoid a) too great pulverization of the soil structure, b) negative changes in the soil

properties (Iike the formation of a hardpan) and c) increased soilloss due to wind or water erosion.

7.6.4 Extend the rotation

This thesis shows that the balance between termites and earthworms and corresponding aggregate size

fractions is governed by the quality of the organic input. It is also shown that long-term application of the

same conservation soil management practice leads to an adaptation of the more competitive fauna taxa

and results in reduced fauna diversity. Therefore it is recommended that as much variation as possible in

crops and cropping techniques be practiced.

7.6.5 Increase the 'balanced' use of chemical fertilizers

N recovery as measured by NUE was low. This resulted in 1 kg added N providing about 9-16 kg of grain. It

is expected that greater N use and recovery will result in higher yields. Without an improvement of N

recovery, adoption of higher N use will be difficult, although Twomlow et al. (2010) found for Sorghum in

semi-arid Zimbabwe that obtaining between just 4 and 7 kg of grain per kg of N input was sufficient to

make a profit. N recovery can prabably be improved by fine tuning N fertilizer applications to crop N

demand and by taking residual nitrogen delivery into account. Therefore such advice is recommended.

ln addition, the results of this research indicate that there is no evidence to support the often

c1aimed synergy between organic and inorganic N-input in the case of Saria long term experiments. 50 the

lack of organic fertilizers should not be an excuse for not using chemical fertilizers in a well-timed way to

optimize crop production.

7.6.6 Critical attitude towards long-term trials

A c1ear finding of this thesis is that long-term trials suffer from soil degradation due to the length of

unchanged practices in the trials. Also, field experiments where treatments are not isolated from run-on

water fram neighbouring fields are useless because the runoff from a bad performing treatment may

infiltrate in a good performing treatment and mayas a result disturb the real treatment effect. It is

recommended that long-term trials be designed and maintained more thoughtfully and carefully.
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Summary

Sustainable land management aims at the win-win situation where soil properties are conserved and soil

productivity is improved. Out of many possible soil management practices we analyzed crop rotation,

mulch application and light soil tillage. These are the components of the popular 'Conservation Agriculture'

paradigm. To this end, three long-term trials established respectively in 1960, 1980 and 1990 in Saria (Ferric

Lixisol witb 1.5% slope) on the central plateau of Burkina Faso were evaluated. The first trial compares

three modes of rotation (continuous sorghum, sorghum-cotton and sorghum-cowpea) with organic and

minerai fertilizer applications. Ali plots receive 5000 kg ha-lof manure every two years, and 100 kgNPK ha-i

and 50 kgUrea ha-i annually. The second trial compares manure or straw amendment (10 000 kg ha-i) plus

or minus minerai N input. The third trial compares animal plow and hand hoe tillage. During three

consecutive years (2006-2008) the impact of rotation, tillage, organic and minerai sources of nutrients and

their interactions on crop yield and water and nutrient use efficiencies were assessed.

Chapter 2 deals with measurements of physical properties such as texture, aggregation, water holding

capacity and surface crust. We also determined chemical (NPK) and biological properties, i.e. rooting depth

and the presence of soil fauna. We compared the obtained values with corresponding values of fallow land

that we consider as our control plot. Results show unexpected small differences between treatments. Due

to the long-term permanent cultivation most properties show a decrease in soil properties if compared

with the fallow control. Therefore, continuing with these long-term experiments requests actions that

cou Id restore the basal soil properties.

Chapter 3 ,nvestigates the effects of long-term conservation soil management on termite and earthworm

abundance and diversity. In 2006/07 soil macrofauna was surveyed at the soil surface and in the upper 30

cm using transect and monolith sampling methods. A total of five termite taxa belonging to the family of

Termitidae. and two earthworm taxa from the family of Acanthodrilidae were found. Termite taxonomic

richness ranged between 1-4, while earthworm taxa ranged from 0-2. One termite taxa was identified in

plots under rotation, three taxa in organic amendment plots and four where tillage was practiced. For

earthworms no taxa were identified in plots under rotation, two taxa were identified in organic

amendment plots and one in tillage plots. The two types of fauna c1early responded differently to the

conservation soil management. Continuous sorghum farming triggered termite abundance. The use of

cotton and cowpea in the rotations led to reduced termite colonization but did not significantly impact

earthworm population. Manure application led to more earthworm colonization compared to the

application of sorghum straw which triggered termite abundance. Animal plowing and hand hoeing had

similar effects and increased both termite and earthworm biological components. Long-term practice of

rotation and application of organic amendments appears to lead to a specialization of the food type for the

macrofauna that result in a uniform family colonization. However, superficial tillage creates favorable

conditions for both termite and earthworm settlement.

Chapter 4 analyzes the relationship between soil aggregation and soil macrofauna. Large aggregates (2-8

mm), small macro-aggregates (2000 - 250 ~m) and micro-aggregates (50 - 250 ~m) were measured with a

manual water-sieving method. Termites and earthworms were collected from the uppermost 30 cm of the

soil, using transect and monolith sampling. Analysis of variance (ANOVA) was first applied to macrofauna

and aggregate variables per treatment. Then the effect of macrofauna on aggregates was established by

regression. Most (50-54%) aggregates were small macro-aggregates. The mean weight diameters of ail

aggregates together ranged from 0.45 mm to 0.66 mm. Individuals from five Termitidae taxa and two
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Acanthodrilidae earthworm taxa were identified. (rop rotation had little effect on aggregation. Under

sorghum monoculture there were more termites, presumably because the large macro-aggregates

contained more un-decomposed organic matter, which has a high (IN ratio. Termite numbers and

proportion of large aggregates were inversely related, however, there were very few large macro­

aggregates. Organic amendments led to the soil having higher ( and N contents and a lower (IN ratio,

resulting in more earthworms. Earthworm numbers and small macro-aggregates were inversely related.

The soil in the animal plowing and hand hoeing trial had the highest ( and N contents and the lowest (IN

ratios. These treatments had the most diverse and abundant soil fauna, presumably because they disturbed

the soilless than the tractor plowing used in the rotation and the organic amendment trials. It is concluded

that the contribution of soil fauna to aggregate building depends on the amount and type of organic

material available to the fauna as weil as on the soil management regime.

Chapter 5 studies the field water balance: P = R + E + T + U, for Sorghum where P is precipitation, R is

runoff, E is soil evaporation, T is plant transpiration and U is the unused water which is the sum of the

drainage below the root zone (D) and the change in soil water in the root zone, /'iSW. (alculation of

transpiration takes into account possible soil water stress in an implicit way since T is derived from the

increase in dry matter. The various terms in the above equation were either directly measured or indirectly

inferred from calculations using crop measurements. Excel was used to calculate the field water balance on

a daily basis. Our study covered three years (2006-2008) in which the total annual rainfall was close to the

long-term average and not statistically different. About 80% of this an nuai rainfall occurs in the growing

season that lasts about 120 days. The various terms of the water balance are inter- and often inversely

related. When there is vigorous growth, Twill be high and E will be low. When growth is limited, T and E

combined cannot deplete ail SW and U will be high. The 3-year average runoff is 45% of the precipitation in

the growing season. In the two rotations trial, sorghum grown in the sorghum-cowpea rotation always

shows the highest T. In the organic amendment trial, manure application increases T, while straw showed

unexpected and controversial results. We hypothesize that wh en the straw starts to deteriorate it increases

crust formation. Differences in T between fields tilled with animais or by hand are marginal. However,

animal and hand tilled fields are less susceptible to crust formation, i.e. soil structure is more stable due to

the absence of long-term tractor plowing and soil aggregation data show the highest value of stable micro

(50-250 !lm) aggregates. SW in the top 70 cm of the soil is always above the SW at permanent wilting point.

This suggests that, while plants may have experienced some growth reduction due to temporary water

stress, the stress was not great and does not explain the overall relatively poor growth. There is U in ail

treatments and in ail years, with the lowest being in 2007 because of low infiltration and high evaporation

losses. We conclude that crop management is not optimal which explains the low 3-year average green

water use efficiency (ratio T/P) of 14%. Instead of aiming at mulch as soil cover it wou Id be better to aim at

and experiment with cover crops or agroforestry systems since there have been unused water in ail our

experiments. This offers the opportunity to grow an extra crop that reduces soil evaporation. It is weil

possible that the extra use of soil water in T by the extra crop is more than compensated by less runoff and

soil evaporation. Under low input rainfed cropping systems of the Sudano-Sahelian zone, increasing

nitrogen use efficiency (NUE) and water use efficiency (WUE) are essential for improving food security.

Chapter 6 evaluates for three consecutive years the impact of rotation, tillage, organic and minerai sources

of nutrients and their interactions on crop yield and water and nutrient use efficiency. The analysis showed

that for ail three years and ail management options, N recovery was low: 30% on rotations, 18% on organic

amendment and tillage. Plant uptake of N averaged 39 kg N ha-1on rotation plots, 20 kg N ha-
1

on organic

amendment plots and 36 kg N ha-1on tillage plots. On rotation plots, grain biomass stored more N (70%)
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than straw (30%). The same trend was found for manure ( plus N or minus N) and straw minus N. For straw

plus N, however, more N was stored in straw (74%) than in grain (26%). In rotations, the WUE was 2 kgG

mm l for grain and 4 kgDM mm l for dry matter; in organic amendment plots the WUE was 1 kgG mm l for

grain and 3 kgDM mm l for dry matter, and in tillage plots the WUE was 2 kgG mm l for grain and 5 kgDM

mm.l for dry matter. The sorghum-cowpea rotation increased NUE, WUE and crop yield more than

continuou~ sorghum and sorghum-cotton. In the rotation treatments the N harvest index (NHI) for grain

was higher than that for dry matter. A similar result was found for the manure-N and manure+N

treatment~. Long-term application of manure and urea led to luxurious consumption of nitrogen (NHI grain

< NHI dry matter). Straw application did not improve the WUE compared with control plot results, and

adding N to straw Even caused NUE and WUE to decline. Animal plowing and hand hoeing did not differ

significantl~ in their effect on NUE and WUE but induced more unused N. Our results suggest that

systematic an nuai applications of N (organic and/or minerai) will probably cause more N waste. To improve

the efficiency of N fertilizer, the fertilizer application must be synchronized with crop-N demand and take

account of residual N.

Chapter 7 provides a synthesis based on the results found in Chapters 2-6. The most important findings are:

• Differences in soil properties between treatments are smaller than expected after 50 many years of

applyi'1g different soil management practices in the treatments.

• There are c1ear benefits of cowpea in a rotation system due to its N fixation and deeper root system.

• Results on increased fauna and subsequent improved aggregation due to conservation soil

management are not convincing.

• The balance between termites and earthworms and subsequently between aggregate size fractions is

governed by the quality of the organic input.

• Long-term application of the same conservation soil management practice leads to an adaptation of

the more competitive fauna taxa resulting in reduced fauna diversity.

• ln spite of the amounts of applied organic amendments used in our trials, the C-stock in the soil has

decreased at a rate of 0.25 % per year.

• Soil water stress was not too serious and does not explain the relatively poor growth.

• The 3-'{ears average of the ratio transpiration / rainfall was as low as 14%.

• Field experiments where treatments are not isolated from run-on water from neighboring fields are

useles·;.

• N recovery was low: 1 kg added N provides about 10 kg of grain.

• N recovery can be improved by fine tuning N fertilizer applications to crop N demand and by taking

residual nitrogen delivery into account.

• There IS no Evidence to support, the often c1aimed, synergy between organic and inorganic N-input.

• Minim,zing soil tillage increases abundance and diversity of soil fauna but does not improve the

efficiency of water and nitrogen use.

• The grain yield in Dur experiments ranges between 0.5-2.0 Mg ha l y'l and is disappointing given the

controlled conditions 'on-station', the improved variety and the level of inputs.

• Long-term trials suffer from soil degradation due to the length of the trials.

• Increasing nitrogen and water use efficiencies are essential for improving food security.

129





Samenvatting

Duurzaam landbeheer is gericht op het creëren van een win-win situatie waarbij de bodemeigenschappen

wordt geconserveerd en tegelijk de productiviteit van de bodem wordt verbeterd. Uit vele mogelijke

bodembeheersmaatregelen analyseerden we het effect van vruchtwisseling (rotatie), het gebruik van

mulch en van niet mechanische grondbewerking. Dit zijn onderdelen van het populaire paradigma van

'conservation agriculture'. Drie lange-termijn veldproeven gestart in respectievelijk 1960, 1980 en 1990 in

Saria (Lixisol met 1,5% helling) op het centrale plateau van Burkina Faso werden hiertoe geëvalueerd. De

eerste veldstudie vergelijkt drie modi van rotaties (continue sorghum, sorghum-katoen en sorghum-cow

pea) met een combinatie van zowel organische ais minerale bemesting. Alle proefveldjes ontvangen 5000

kg ha'l organische mest om de twee jaar, 100 kgNPK ha'l en 50 kgUrea ha 1 jaarlijks. De tweede veldproef

vergelijkt toediening van mest met die van stro (10 000 kg ha'l) met of zonder minerale-N toediening. De

derde veldproef vergelijkt ploegen met dierlijke trekkracht met oppervlakkige handmatige grondbewerking.

Gedurende drie opeenvolgende jaren (2006-2008) werden de invloed van rotatie, grondbewerking,

organische en minerale bemesting op gewasopbrengst en de efficiency van het gebruik van regenwater en

nutriënten beoordeeld.

Hoofdstuk 2 behandelt metingen van fysische eigenschappen, zoals textuur, aggregatie, waterhoudend

vermogen en de verkorsting van het bodemoppervlak. We hebben ook chemische (NPK) en biologische

eigenschappen gemeten, zoals de beworteling diepte en de aanwezigheid van de bodemfauna. We

vergeleken de verkregen waarden met bijbehorende waarden van braakland dat wij beschouwen ais onze

'control plot'. Resultaten tonen onverwachte kleine verschillen tussen de behandelingen. Vanwege de

lange termijn van de permanente teelt op deze grond vertonen de meeste eigenschappen een daling in

kwaliteit in vergelijking met de braakliggende controle. Indien wordt doorgegaan met deze lange-termijn

experimenten zijn maatregelen nodig welke de oorspronkelijke eigenschappen van de bodem kunnen

herstellen.

Hoofdstuk 3 onderzoekt de effecten van lange-termijn bodembeheer op de hoeveelheid en diversiteit van

termieten en aardwormen. In 2006/07 werd de bodem macrofauna gemeten zowel aan het

bodemoppervlak alsook in de bovenste laag grond van 30 cm met behulp van transect en monoliet

bemonsteringsmethoden. In het totaal werden er vijf termieten taxa die behoren tot de familie van

Termitidae, en twee regenwormen taxa uit de familie van Acanthodrilidae gevonden. Taxonomische

rijkdom van termieten varieerde tussen de 1-4, terwijl die voor regenwormen varieerde van 0-2. Eén

termiet ta>a werd geïdentificeerd op het rotatie proefveld, drie taxa in de percelen met organische

toevoegingen en vier, waar grondbewerking werd onderzocht. Voor regenwormen werden geen taxa

geïdentificeerd op de rotatie perce len, werden er twee taxa geïdentificeerd in de mest/stro percelen en

één in de grondbewerking percelen. De twee soorten fauna reageerden duidelijk verschillend op

verschillend bodembeheer. Continue sorghum landbouw leverde een overvloed aan termieten. Het gebruik

van katoen en cowpea in de rotaties leidde tot een vermindering van de termieten, maar niet tot een

significant effect op de regenwormen populatie. Mest leidt tot meer regenwormen kolonisatie in

vergelijking met de toepassing van sorghum stro wat eerder een termieten overvloed activeert. Ploegen

met dierlijke trekkracht of handmatige grondbewerking hadden vergelijkbare effecten en verhoogden

zowel de hoeveelheid termieten ais regenwormen. Op de lange termijn lijken de praktijk van rotatie en van

de toedienil1g van organische bemesting te leiden tot een specialisatie van de type voedselaanbod voor de

macrofauna wat leidt tot een uniforme fauna kolonisatie. Oppervlakkige handmatige grondbewerking

schept gunstige voorwaarden voor de ontwikkeling van zowel termieten ais regenwormen.
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Hoofdstuk 4 analyseert de relatie tussen bodem aggregatie en de bodem macrofauna. Grote aggregaten (2­

8 mm), kleine macroaggregaten (2000 - 250 pm) en microaggregaten (50 - 250 pm) werden gemeten met

een handmatige water-zeef methode. Termieten en regenwormen werden verzameld uit de bovenste 30

cm van de bodem. Eerst werd een variantieanalyse (ANOVA) toegepast op de macrofauna en de

verschillende aggregatie variabelen. Daarna is het effect van de macrofauna op aggregaten door regressie

verkregen. De meest voorkomende (50-54%) aggregaten zijn de kleine macroaggregaten. HDe

gewichtsgemiddelde diameters van aile aggregaten samen varieerden van 0,45 mm tot 0,66 mm.

Individuen uit vijf Termitidae taxa en twee Acanthodrilidae regenwormen taxa werden geïdentificeerd.

Vruchtwisseling heeft weinig effect op aggregatie. Onder sorghum monocultuur waren er meer termieten,

vermoedelijk omdat de grote macroaggregaten meer organische stof bevatten, welke een hoge C / N

verhouding (onverteerd materiaal) hebben. Er is een negatief verband tussen aantal termieten en aandeel

van de grote aggregaten Er zijn echter maar weinig grote macroaggregaten. Toevoegingen van organische

materiaal hebben leiden tot bodems met een hoger C en N gehalte en een lagere C / N-verhouding. Dit

resulteert in meer regenwormen. Aantal regenwormen en kleine macroaggregaten waren omgekeerd

evenredig. Bodems onder dierlijk ploegen en hand schoffelen hadden de hoogste C en N gehaltes en de

laagste C / N ratio's. Deze behandelingen hadden de meest uiteenlopende en overvloedige bodemfauna,

vermoedelijk omdat ze de bodem minder verstoren dan het ploegen met een tractor zoals in de rotatie en

de organische amendement proeven. Geconcludeerd wordt dat de bijdrage van de bodemfauna aan de

bodem aggregatie afhangt van de hoeveelheid en het type van het beschikbare organisch materiaal,

alsmede van het soort bodembeheer.

Hoofdstuk 5 beschrijft de waterbalans voor sorghum op veldnivo: P = R + E + T + U, waarbij P neerslag, R

oppervlakkige afvoer (runoff), E de bodem verdamping, T plant transpiratie en U hete ongebruikte

bodemwater is. U is de som van de diepe drainage uit de wortelzone (D) en de verandering in het

bodemwater in de wortelzone, b.5W. De berekening van de transpiratie houdt op impliciete wijze rekening

met mogelijke bodemwater stress sinds T is afgeleid van de toename van de droge stof. De verschillende

termen in de bovenstaande vergelijking werden hetzij rechtstreeks gemeten of indirect afgeleid uit

berekeningen met behulp van gewas metingen. Excel werd gebruikt om de veldwaterbalans berekenen op

dagelijkse basis. Onze studie had betrekking op drie jaar (2006-2008) waarin de totale jaarlijkse

hoeveelheid neerslag dicht bij het lange termijn gemiddelde lag en onderling niet significant verschillend

waren. Ongeveer 80% van deze jaarlijkse regenval valt in het groeiseizoen, dat ongeveer 120 dagen duurt.

De verschillende termen van de waterbalans zijn aan elkaar, vaak omgekeerd evenredig, gerelateerd. Ais er

een sterke groei is, zal T-hoog en E zallaag zijn. Wanneer de groei beperkt is, zal T en E gecombineerd niet

aile 5W uit kunnen putten en zal U hoog zijn. De 3-jaars gemiddelde runoff is 45% van de neerslag in het

groeiseizoen. In de rotaties proef, vertoont sorghum verbouwd in de sorghum-cowpea rotatie altijd de

hoogste T. In de organische amendement proef, verhoogt het gebruik van mest T, terwijl stro onverwachte

en controversiële resultaten toonde. Onze hypothese is dat wanneer het stro begint te verouderen, het

korstvorming stimuleert. Verschillen in de T tussen de velden bewerkt met dieren of met de hand zijn

minimaal. Deze velden blijken wei minder gevoelig voor korstvorming, dat wil zeggen de bodemstructuur is

stabieler en dit is te wijten aan het ontbreken van het tractor ploegen. De bodem aggregatie gegevens

tonen de hoogste waarde van stabiele Micro (50-250 micrometer) aggregaten. De waarde van 5W in de top

70 cm van de bodem is altijd boven de 5W op het permanent verwelking punt. Dit suggereert dat, terwijl de

sorghum enige groeireductie ais gevolg van tijdelijke water stress kan hebben ervaren, die stress niet groot

was en geen verklaring is voor de relatief slechte groei. Er is U in aile behandelingen en in aile jaren, met de

laagste waarde in 2007 vanwege de lage infiltratie en hoge verliezen door verdamping. We concluderen dat

het gewasbeheer niet optimaal geweest is, hetgeen het lage 3-jarig gemiddelde voor de 'Green Water Use

(verhouding T / P) van slechts 14% verklaart. In plaats van het gebruik van mulch ais bodembedekking zou
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het beter zijn om te experimenteren met bodembedekkende gewassen aangezien el' sprake was ongebruikt

bodemwater in al onze experimenten. Dit biedt de mogelijkheid om m.b.v. zo'n 'caver crop' de

bodemverdamping te verminderen. Het is goed mogelijk dat het extra gebruik van bodemwater ais gevolg

van de T doer de 'cover crop' meer dan gecampenseerd wordt door een verminderde runoff en

bodemverdamping. Onder lage input regenafhankelijke teeltsystemen van de Sudano-Sahel-zane, zijn het

verhogen van het gebruik van stikstof efficiëntie (NUE) en watergebruik-efficiëntie (WUE) essentieel voor

verbetering van de voedselzekerheid.

Hoofdstuk 6 evalueert gedurende drie opeenvolgende jaren het effect van de rotatie, grondbewerking,

organische en minerale bronnen van nutriënten en hun interacties op gewasopbrengst en water en

nutriënten efficiëntie. De analyse toonde aan dat voor aile drie jaren en aile geteste opties voor

bodembeheer, de opname efficiëntie (recavery) N laag was: 30% in de rotaties, 18% in de organische

toevoegingen en bij de grondbewerking. Plantopname van N is gemiddeld 39 kg N ha 1 op rotatie percelen,

20 kg N ha'l inzake de biologische amendement kavels en 36 kg N ha 1 op grondbewerkings percelen. Op

rotatie percelen, in graan wordt meer N (70%) opgeslagen dan in stro (30%). Dezelfde trend werd gevonden

voor mest (met of zander N) en stro zander N. Voor stro met N daarentegen werd meer N opgeslagen in

het stro (74%) dan in het graan (26%). In de vruchtwisseling, de WUE was 2 KgG mm 1 voor graan en 4

kgDM mm'l droge stof. In de biologische amendement plots was de WUE 1 KgG mm 1 voor graan en 3 kgDM

mm'l voor de droge stof. En in de grondbewerking percelen was de WUE 2 KgG mm'l voor graan en 5 kgDM

mm'l voor clroge stof. In de sorghum-cowpea rotatie zijn NUE, WUE en de gewasopbrengst hoger dan voor

continue sorghum en sorghum-katoen rotatie. In de rotatie behandelingen is de N oogstindex (NHI) voor

graan hoger dan die voor de droge stof. Een soortgelijk resultaat werd gevonden voor de mest-N en mest +
N behandelingen. Op lange termijn leidt de toepassing van mest en ureum tot luxe consumptie van stikstof

(NHI korrel < NHI droge stof). Het toedienen van stro levert geen WUE verbetering vergeleken met de

controle percelen. Het toevoegen van N aan het stro veroorzaakte zelfs een daling van de NUE en WUE

waarden. Ploegen met ossen en schoffelen met de hand verschillen niet significant in hun effect op NUE en

WUE, maar vertoonden meer ongebruikte N. Onze resultaten suggereren dat het systematisch jaarlijkse

toepassingen van N (organische en / of mineraal) leidt tot meer ongebruikte N. Ter verbetering van de

efficiëntie van de N kunstmest, moet de bemesting worden gesynchroniseerd met de gewasvraag naar N en

rekening houden met nalevering van N.

Hoofdstuk 7 bevat een synthese op basis van de resultaten gevonden in de hoofdstukken 2-6. De

belangrijkste elementen zijn:

• Verschdlen in bodemeigenschappen tussen de behandelingen zijn kleiner dan verwacht na zaveel jaren

van he! constant toepassen van dezelfde (maar tussen behandelingen verschillend) bodembeheer.

• Er zijn ::luidelijke voordelen van cowpea in een rotatie systeem vanwege de biologische N-binding en

het dieoere wortelstelsel.

• De toename van de bodemfauna en de ais gevolg daarvan verbeterde bodemaggregatie ais gevolg van

een op bodembescherming gericht bodembeheer zijn niet overtuigend.

• Het evenwicht tussen termieten en regenwormen en de daarmee gepaarde gaande verhouding tussen

de verschillende aggregaatfracties wordt beheerst doer de kwaliteit van de organische input.

• Langdurige toepassing van hetzelfde, op bodembescherming gerichte, beheer leidt tot dominantie van

de meer cancurrerende fauna taxa hetgeen resulteert in een reductie van de fauna diversiteit.

• In weerwil van, voor de regio, grote hoeveelheden toegediend organisch materiaal, daalde de C­

voorraad in de bodem met een percentage van 0,25% per jaar.

• Bodemwater stress was niet al te ernstig en geeft geen verklaring voor de relatief slechte

gewasontwikkeling en opbrengst.
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• Het 3-jarig gemiddelde van de verhouding transpiratie / regenval was maar 14%.

• Veldproeven waarbij er niet voor gezorgd is dat runoff water niet tussen veldjes met verschillende

behandeling kan stromen zijn waardeloos

• De verhouding 'opgenomen-N / toegediend-N' was laag: 1 kg toegevoegd N geeft ongeveer 10 kg

graan.

• N efficiëntie kan worden verbeterd door N bemesting beter af te stemmen op de behoefte van het

gewas aan N en door het in aanmerking nemen van de nalevering van Nuit bemesting in voorgaande

jaren.

• Er is geen bewijs gevonden ter ondersteuning van de vaak beweerde stelling dat er een synergie

bestaat tussen organische en anorganische N-bemesting.

• Het minimaliseren van grondbewerking verhoogt de hoeveelheid en diversiteit van de bodemfauna,

maar niet de efficiëntie van het gebruik van water en stikstof.

• De graanopbrengst in onze experimenten varieert tussen 0,5-2,0 Mg ha-1 y-l en is teleurstellend, gezien

de gecontroleerde omstandigheden van het 'on-station' onderzoek, het gebruik van een verbeterde

variëteit en het niveau van de input.

• Langdurige veldproeven hebben last van bodemdegradatie ais gevolg van de du ur van de proeven.

• Verhoging van het in de bodem beschikbare water en stikstof zijn essentieel voor een verbetering van

de voedselzekerheid in West Afrika.
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Sommaire

La gestion durable des terres vise à la situation où les caractéristiques du sol sont conservées et sa

productivité améliorée. Parmi les nombreuses possibilités de pratiques de gestion conservatoire des sols,

nous avons analysé la rotation culturale, le paillage et le travail du sol qui sont les composantes de

«l'agriculture de conservation». À cette fin, trois essais de longue durée établis respectivement en 1960,

1980 et 1990 à Saria (Ferric Lixisol avec une pente de 1,5%) dans le plateau central du Burkina Faso ont été

évalués. Le premier essai compare trois modes de rotation (culture continue de sorgho, rotation sorgho­

coton et sorgho-niébé) avec des applications de matière organiques (m.o.) et d'engrais minéraux. Le

traitement qui a été retenu dans cette étude reçoit 5000 kg ha! de matière organique tous les deux ans, et

annuellement 100 kg ha! de NPK et 50 kg ha'! d'Urée. Dans le deuxième la sélection a porté sur deux (des

quatre) modes d'amendement de fumier ou de paille (10 000 kg ha'!) combiné ou non à un apport d'urée

(46%). Le troisième essai compare le travail du sol à la charrue et le grattage à la main. Pendant trois

années consécutives (2006-2008) l'impact de la rotation, du travail du sol, des apports de sources

organiques et minérales et de leurs interactions sur le rendement des cultures, de efficacité de l'utilisation

de l'eau et des éléments nutritifs ont été évaluées.

Le chapitre 2 examine les effets de l'AC sur les propriétés physiques du sol comme la texture, l'agrégation,

la capacité de rétention d'eau et de l'encroutement. Nous avons également déterminé les propriétés

chimique (NPK) et les biologiques, c'est à dire l'enracinement et la présence de la faune du sol. Les valeurs

obtenues ont été comparées avec celles de la jachère, considérée comme parcelle témoin. Les résultats

montrent de manière inattendue, de petites différences entre les traitements. En raison de la culture

permanente en long terme (tems d'exploitation >15 ans). la plupart des propriétés du sol sur les essais

baissent en comparaison avec celles de la jachère. Par conséquent, la poursuite de ces essais à long terme

nécessite la prise de mesures appropriées pour restaurer les caractéristiques du sol

Le chapitre 3 étudie les effets de la gestion conservatoire des sols de longue durée sur l'abondance et la

diversité des termites et des vers de terre ou lombric. En 2006 1 7, deux méthodes de prélèvement; le

transect et par monolithe ont été utilisées pour évaluer la présence de la macrofaune à la surface et à 30

cm de profondeur. Un total de cinq taxons de termites appartenant à la famille des Termitidae, et de deux

taxons de vers de terre de la famille des Acanthodrilidae ont été identifiés. La richesse taxonomique des

termites est plus importante (1-4) que celle des vers de terre (0-2). La distribution par essai a été la

suivante pour les termites, un taxon identifié dans les parcelles en rotation, trois dans les parcelles ayant

reçu les amendements organique et quatre dans les parcelles où le travail du sol a été pratiqué. Pour les

vers de terre aucun taxon n'a été identifié dans les rotations, deux taxons ont été cependant identifiés dans

les amendements organiques et dans le travail du sol. Les deux types de faune répondent différemment à

la gestion conservatoire des sols. La culture continue de sorgho a positivement influée sur l'abondance des

termites. Mais l'introduction du coton et du niébé dans les rotations a conduit à une baisse de cette

colonisation des termites, mais n'a pas significativement influée sur celle des vers de terre. L'épandage de

fumier a conduit à la colonisation de plus de vers de terre par rapport au paillage qui a cependant

déclenché une abondante colonisation de termites. Le travail du sol par traction animal ou par grattage à la

main ont des effets similaires et ont permis d'augmenter à la fois les composantes biologiques des termites

que celles des vers de terre. La pratique à long terme de la rotation et l'application continuelle

d'amendements organiques semble conduire à une spécialisation du type d'aliment pour la macrofaune.

Ceci s'est traduit par une colonisation uniforme de macrofaune de même famille. Cependant, un travail

superficiel du sol crée des conditions favorables à la colonisation de diverses termites et d'importantes

colonies de vers de terre.
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Le chapitre 4 analyse la relation entre l'agrégation et la macrofaune du sol. Trois types de macroaggregates

variant entre 2-8 mm (macro agrégats), 2000 - 250 ~m (moyenne agrégats) et de 50 à 250 ~m (micro­

agrégats) ont été déterminés par fractionnement manuel à l'eau. Les termites et les vers de terre ont été

prélevés dans les horizons de 0-30 cm de profondeur, en utilisant la méthode du transect et du monolithe.

Une analyse de variance (Anova) a été d'abord faite pour déterminer les différences par traitement. Par la

suite, l'effet de la macrofaune sur le taux d'agrégation a été établi par régression. La plupart des agrégats

(50-54%) étaient des micro-agrégats avec un diamètre moyen (MWD) variant de 0,45 mm à 0,66 mm. Cinq

taxons de Termitidae et deux taxons de vers de terre d'Acanthodrilidae ont été identifiés. La rotation des

cultures a eu peu d'effet sur l'agrégation. En vertu de la monoculture de sorgho, il y avait plus de termites,

sans doute parce que les macro-agrégats contenaient plus de matière organique non décomposée, à un

fort rapport C/N. Toutefois, il y avait très peu de macro-agrégats et le nombre de termites et le taux de

macro agrégat sont inversement proportionnels. Les amendements organiques ont amélioré la teneur en C

et en N avec un rapport CIN faible, conduisant à plus de vers de terre. La relation nombre de vers de terre

et les moyens agrégats (2000 - 250 ~m) étaient inversement proportionnels. Les traitements de la traction

animale ou du grattage à la main présente la plus grande teneur en C et en N et le plus faible rapport C/N.

Dans ces traitements, plus de diversité faunique et d'individu par mètre carré ont été enregistré. Sans

doute parce que le type de pratique aurait favorisé de meilleures conditions de vie et augmenter les

possibilités d'alimentation des deux macrofaunes du sol. On en conclu que la contribution de la faune du

sol à la formation des aggrégats dépend de la quantité et le type de matière organique disponible pour la

faune ainsi que sur le régime de gestion des sols.

Le chapitre 5 présente les résultats du bilan hydrique réalisé sur une culture de sorgho selon l'équation: P =

R+ E+ T + U, où P est la précipitation, Rest le ruissellement, Eest l'évaporation du sol, T est la transpiration

des plantes et U l'eau non utilisée qui est la somme du drainage sous la zone racinaire (D) et de la variation

du stock d'eau du sol dans la zone racinaire, /J.SW. Le calcul de la transpiration prend en compte de manière

implicite le stress hydrique, puisque T est déduite de l'augmentation de la matière sèche. Les différents

termes de l'équation ci-dessus ont été soit mesurés, soit directement ou indirectement déduit de calculs en

utilisant des mesures de cultures. Une feuille Excel a été utilisée pour calculer quotidiennement le bilan

hydrique. Notre étude a porté sur trois années (2006-2008) au cours desquelles la pluviométrie annuelle

totale était proche de la moyenne à long terme. Environ 80% de cette pluviométrie annuelle se produit

dans le cycle cultural qui dure environ 120 jours. Les différents termes du bilan hydrique sont souvent

inversement proportionnels. Quand il ya une croissance vigoureuse, T sera élevée et E sera faible. Lorsque

la croissance est limitée, T et E combiné n'épuise pas totalement le stock d'eau du sol (SW) alors Usera

élevé. Le ruissellement moyen des 3 ans est de 45% de la précipitation dans la saison de croissance. Dans

les deux types de rotation, le sorgho cultivé dans la rotation sorgho-niébé montre toujours la plus haute T.

Dans les amendements organiques, l'application du fumier augmente T, tandis que la paille a montré des

résultats inattendus et controversés. Nous émettons l'hypothèse que, lorsque la paille commence à se

détériorer, il augmente la formation de croûtes. Les différences de T entre les traitements cultivés à

traction animale ou à la main sont marginales. Toutefois, les traitements à traction animale et le grattage à

la main qui présentent la plus forte valeur de micro (50-250 ~m) agrégats, sont moins sensibles à la

formation de croûtes, car la structure du sol est plus stable en raison de l'absence de labour au tracteur.

SW dans les 70 cm de profondeur est toujours au-dessus du point de flétrissement. Ceci suggère que, les

plantes ont quelque fois connues une période de réduction de la croissance due à un stress hydrique

temporaire. Cependant, ce stress hydrique qui n'était pas grand ne saurait expliquer la relative faible

croissance globale des cultures. Il y a U dans tous les traitements et toutes les années, la plus faible étant

en 2007 en raison de la faible infiltration et des pertes élevées par évaporation. Nous concluons que la

gestion des cultures n'a pas été optimale ce qui explique le faible niveau du rapport TIP de 14%. En lieu et
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place d'util'ser le paillage comme couverture du sol, il serait préférable d'expérimenter l'utilisation de

plantes de couverture car quelque soit l'année, un stock résiduel d'eau est toujours présent en fin de

campagne. Cette mesure doit être suivie d'un planning rigoureux car Il est bien possible que la demande

supplémentaire de l'eau par les plantes de couverture soit plus que l'eau résiduelle.

En vertu du faible niveau d'utilisation d'intrants dans les cultures pluviales en zone soudano-sahélienne,

l'augmentation de l'efficacité de l'utilisation de l'azote (EUN) et de l'efficience d'utilisation de l'eau (EUE)

sont essentiels pour améliorer la sécurité alimentaire. Le chapitre 6 évalue pendant trois années

consécutives l'impact de la rotation, du travail du sol, des apports organiques et minéraux et de leurs

interactions sur le rendement des cultures et l'efficacité d'utilisation de l'eau et des éléments nutritifs.

L'analyse a montré que pour toutes les options de gestion, le taux de recouvrement de N a été faible

pendant les trois années de mesure: 30% sur les rotations, 18% sur les amendements organiques et le

travail du sol. L'absorption de l'azote N par les plantes est en moyenne de 39 kg N ha! sur la rotation, 20 kg

N ha'! sur les amendements organique et 36 kg N ha'! sur le travail de sol. Sur les rotations, le pourcentage

de N stocké dans les grains est de 70% et 30% dans la paille. La même tendance s'observe dans les parcelles

ayant reçu le fumier (avec ou sans N) et sur les traitements paille sans apport de N. Pour le traitement paille

avec apport d'azote cependant, plus de N est stocké dans la paille (74%) que dans les grains (26%).

L'efficience d'utilisation de l'eau (EEU) mesurée dans les rotations est respectivement de 2 kg G mm! pour

les grains et 4 kg MS mm! pour la matière sèche. Dans les amendements organiques, elle est de 1 kg G mm'

! pour les grains et 3 kg MS mm'! pour la matière sèche. Dans le travail du sol elle est de 2 kg G mm'! pour

les grains et 5 kg MS mm! pour la matière sèche. La rotation sorgho-niébé a augmenté l'efficience

d'utilisation de l'azote (EUN), l'EUE et le rendement des cultures plus que la monoculture et la rotation

sorgho -coton. Dans les traitements de rotation l'indice de récolte de l'N (INSA) pour le grain a été plus

élevé que celui de la matière sèche. Un résultat similaire a été trouvé pour les traitements avec l'apport

organique l±N).L'application à long terme du fumier et de l'urée conduit à la consommation de luxe de

l'azote (grain INSA <IN5A de matière sèche). L'application de la paille n'a pas amélioré l'EUE comparés aux

résultats de la parcelle témoin. L'ajout de N dans le traitement en paille a même provoqué une baisse de

l'EUN et l'EUE. Le travail du sol par traction animal et le grattage à la main ne diffèrent pas

significativement dans leur effet sur l'EUN et de celui de l'EUE. Ce traitement a cependant induit plus

d'immobilisation dans le sol. Nos résultats suggèrent que les apports systématiques et annuels de N

(organiques et 1 ou minérales) causera probablement plus de perte de N. Afin d'améliorer l'efficacité

d'utilisation des engrais N, l'application d'engrais doit être synchronisée avec les besoins des cultures en

tenant en compte la présence résiduelle de N induite par les précédents apports.

Le chapitre 7 fait la synthèse sur la base des résultats trouvés dans les chapitres 2 à 6 dont quelques uns

sont énumérés comme suit:

• Deux principaux facteurs sont responsables de l'existence de relation entre l'agrégation du sol et les

composantes biomasses, diversité biologique et abondance des lombrics et termite: (a) la qualité de la

matière organique du sol et (b) l'intensité du travail du sol qui détermine la présence de la faune du

sol et de la qualité des agrégats

• Le travail de sol (manuel ou à traction animale) qui expose la matière organique accélère le taux de

dégradation du carbone organique (1.4%) comparé aux rotations culturales (0.25%), à l'incorporation

de la paille (0.85%).

• L'apport régulier de N, maintien le taux de carbone (taux de dégradation = 0%) comme l'a également

montré Mando et al., 2005c. Cependant, les apports annuels, réguliers et systématiques de N ne sont

toujours bénéfiques pour les cultures. Une meilleure efficience pourra se faire en tenant compte de

leurs besoins réels en N.
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