e n "

Effects of soil amendments and drought on Zinc husbandry and grain

quality in Sahelian sorghum

2006

SN {§14s24



Tropical Resource Management Papers, No. 74 {2006); ISBN 90-8585-067-3
Also published as thesis (2006), Wageningen University ISBN 90-8504-437.5



Effects of soil amendments and drought on Zinc husbandry and grain

quality in Sahelian sorghum

Karim Traore



Acknowledgements

My thesis wouldn’t be possible without the assistance of many people. 1 am grateful to
Wageningen University especially the INREF program for the PhD sandwich fellowship,
which allowed me to stay in Wageningen and to support my field and laboratory activities. A
special thank to my first promotor prof. Lec Swoosnijder (head of the ESW Group) who
accepted me as a PhD student and assisted me throughout this thesis. Many thanks to my
second promotor prof. Paul Struik (CWE Group) and to my supervisor in the Netherlands dr.
Tjeerd-Jan Stomph. Your comments, field trips to Burkina and stimulating discussions have
guided me all over the current thesis. I am deeply indebted to my supervisors in Burkina: dr.
Hien Victor (Head of GRNSP Department) and dr. Hien Fidéle. Thanks for your scientific
and social assistance during field and on-station experiments in spite of your many other
duties. A special thank to dr. Kambou N. F. who contributed a lot to the settlement of the field
activities. Thanks further to dr. Mando A. who contributed to the formulation of the current
PhD project: all the success with your IFDC program. Many thanks to my senior colleagues
in Lab. SEP: dr. Sedogo M., dr. Ouattara B. and dr. Lompo F., who represented scientific
advisors for me. Thanks to the other colleagues in Kamboinse: Bilgo A., Youl 3., Gnakambari
Z., Ouandaogo N., Sangare C., Mme Poda L. and Bandaogo A. 1 got scientific assistance from
my team in Bobo and many thanks to dr. Bado B.V. (WARDA) and dr. Traore O. (cotton
program) and my other colleagues in GRNSP Ouest. Special thanks to my field assistants
(Ouattara A. dit dr., Quedraogo H., Nikiema R. and Ouedraogo J.) who centributed a iot to
the achievement of my thesis. 1 am grateful to dr. Maja Slingerland, for her helpful
suggestions and her effonts to create a favourable ambiance inside the INREF group. Special
thank to Dirk Meindertsma for his assistance in providing facilities in the field and in
Wageningen. Thanks to Jolanda, ESW secretary for her administrative assistance.
Furthermore thanks to Jacquelijn, Piet and Jeremy for their effonis to make the field
equipments available. I have shared unforgettable moments with teachers and students from
the ESW Group. I special thank Jan de Graaff, Geert Sterk, Wim Spaan, Saskia Faye-Visser,
Helena, Olga, Aad, Luuk, Anton, Jakolien, Monique, Aklilu, Okoba, Bezuayvehu and Vaheid
my room mate. Thanks to African students in Bornsesteeg with whom I shared good times: O.
Neya, I. Cledjo, M. Ouédraogo, K. Polycarpe, A. Adomou, 5. Kondombo and S. Aliou.
Finally, my wife Traore W6 Diane Nadége deserves very special thanks for her patience and 1

apologize to our son Traore Zié Alassane Fabrice of being away for so long.



I dedicate this thesis to:
my late father, Traore Ardiouma
my son Traore Zié Alassane Frabrice

Finaricial support for the printing of this thesis was obtained from the Dr. Judith Zwartz
Foundation, Wageningen, The Netherlands : B



Table of contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

References

Summary

Samenvatting

General introduction

Sorghum quality, organic matter amendments and health:
farmers” perception in Burkina Faso, West Africa

Soil availability of Zn and P following the application of compost,
manure and Zn and P fertilizers to acidic soils in the Sahel

Combining Zn, P and organic amendments in sorghum production
in the Sahel

Combining Zn, P and organic amendments to enhance sorghum
Zn uptake from degraded Sahelian soils

Can sorghum grain quality be improved by applying inorganic
Zn and P fertilisers and organic amendments?

Effect of water stress on sorghum yield and grain quality
(P, Zn and phytate) in the Sahel

Synthesis

Annex | Field Questionnaire

Curriculum vitae

13

29

51

63

85

103

119

129

137

143

149

159



Chapter 1

General introduction







Chapter {

1. General introduction

1.1 Justification

Crop performance in the Sahel is limited by both water and nuirient availability (Stroosnijder
and Rheenen, 2001). The region is characterized by erratic climatic conditions. Total annual
rainfall is decreasing with a poor distribution (Zougmoré, 2003). Frequent droughts and
inappropriate use of natural resources have destroyed the vegetative cover which has expesed
the soils to wind and water erosion. As a consequence, soils are strongly weathered and
leached and often overlie ironstone hardpans which even feature at the surface in some places
(Ouedraogo, 2004). Soils are fragile and mostly of low to moderate inherent fertility (Mando,
1997; Bationo et al., 1998; Zougmoré, 2003; Ouedraogo, 2004). The shifting cultivation
system used by farmers in the past to replenish soil fertility was abandoned because of rapid
population growth. Continwous and intensive cropping without restoration of the soil fertility
has depleted the nutrient base of most soils (INERA, 2003). Nitrogen and phosphorus are the
plant nutrients most limiting crop production in the Sahel (Hien, 1995; Compaore et al., 2001;
Quedraogo, 2004). For many cropping systems in the region, nutrient balances are negative
(Bationo et al., 1998).

Soil organic matter {SOM) content is low (<1%) and determines largely the cation
exchange capacity (Ouedraogo, 2004), hence the stocking and buffering capacity of soils for
nutrients. Maintaining adequate SOM level in the soil is a challenge for sustainable crop
production in semt arid Africa.

After the recurrent droughts of the 1980s and 1990s, farmers in parts of the Sahel have
adopted soil and water conservation (SWC) techniques {(stone lines, planting pits, half moons,
mulching, etc.) to restore the productivity of degraded lands (Reij et al., 1996). The use of
SWC techniques has improved both water and nutrient availability and thousands of hectares
of degraded land have been brought back to productivity. Adoption of SWC techniques was
accompanied by systematic adoption of organic soil amendments (QAs) (Reij et al., 1996).
Farmers whose catile used to be herded by herders now keep their animals at the homestead in
order to benefit from manure production. Numerous studies (Roose et al., 1993; Kaboré et al.,
1994; Zougmoré, 1995; Reij et al., 1996, Maatman et al,, 1998; Ambouta et al., 1999,
Zougmoré et al., 1999) were carried out on SWC technigues and OAs with the objective to
improve land productivity and cereals yield in the Sahel. So far the emphasis has been on
increasing productivity of the land, with a major effort placed on staple foods.

Sorghum (Sorghum bicolor (L.) Moench) is the main crop grown in the Sahel because
of it adaptation to erratic climatic conditions and to low soil fertility conditions. In Burkina
Faso, the sorghum production area is 1.3 million ha with a total production of 1.2 million tons
(Ministére de I’ Agriculture, 2000). It represents the first cereal of the country and the total
production was increased with about 70% from 1984 wo 1998 (Daho, 2004). The entire
production is exclusively destined to household consumption. Farmers in Burkina Faso use
about 35 sorghum varieties (traditional and improved). Breeders select for varieties with high
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‘yield, resistance to Striga, with good grain propemes for makmg tlie local porridge (Té) and
:drought tolerance (Pinkert, 2004). :
Despite impressive increases in agncu]tural productlon in some <countries, malnutrition

- persists in developing countries. This is not only due to low energy and protein intake but also

to chronic micronutrient deficiencies. The latter is caused by the fact that in developing
countnes the population consumes diets’ mamly con51stmg of cereals and legume seeds (Bouis
et al,, 2000). These plant foods have high: ‘concentrations of-anti nutritional compounds
' (phytates polyphenol) which reduce; the . blO -availability of ‘micronutrients for human
‘metabolism (Cakmak et al., 1999; Bouis, 1999 Frossard et al., 2000). These deficiencies -
particularly of vitamin A, iron and zinc — are ‘believed to cause or contribute to more than
.30%. of child mortality. They also lead to- 1mpa1red mental and physical development and
" decreased - work output, and they contribute -to morbidity from infections. Where poverty
. alleviation is impossible in the short term, 1rnproved rmcronutnent concentration or rather
" mass fraction in staple foods and/or 1mproved ‘availability of rmcronuments from staple foods
wotld already significantly contribute to an “improvement ifr. ‘public health. This can be
achieved through among others agricultural-practices (Bouis et al., 2000).

OAs as advocated for soil and water conservatton reasons capb also change the
. icronutrients availability in the soil. OAs'inot only mcrease soll organic matter content
acting as a source of nutrients (Bationo et al., 1998) but also, lmprove soil chemistry (pH,
redox- potenttal) and enhance blologleal acuvnty thus improviiig micronutrient availability. In
addition, mproved soil physical properues -(porosity, structure; water holding capacity) can
. increase micronutrient availability (Shelton,“1991 Kiu et-al., 199? Cuedraogo et al., 2000).
‘F:Many studies (Grusak et al., 1999; Buekert etal., 1998; Rengel-et al., 1999; Rupa et al., 2003)
have cencluded that QAs either applled alone or combmed with inorganic fertilizers can
‘improve micronutrient mass fractions (MFS) in cereal grains. Analysis of the use of different
'QAs has mainly focused on their ecologlcal and econonuca! sustainability, so on yield levels
and input costs in terms of labour and moheyf Micronutrient'ava_'i']ability and iptake by cereals
- and the effects of changed soil chemj'cel_'.':properties ttiere_z_on' have so far received little
-attention. The exact release pattern of micronutrients from-QAs, nor the temporal pattern of
changes in soil chemical conditions have: been studied. Given the erratic rainfall, the impact of
- OAs on micronutrient MFs in-cereal graiﬁs; needs to be ¢onsidered in conjunction with the
effect of drought spells. Furthermore,’ it..can be expected that effective improvement of
” .mlcronument uptake by cereals is relatedf to the phenology of the crop. High. phosphorus
~ levels can affect soil properties which i in-firn may influence the Zn availability to plants and
the levels of phytates in the seed. Changes in chernical properties brought about by phosphate
additions, can alter the equlllbnum ofiZi" in the soil, leadlng to a redistribution of Zn in
different soil fractions. Numerous studles on P and Zninteractions have been conducted but
have shown conflicting results (Rupa et, ali, 2003). These 1ssues will be central points in the
_ current thesis with a special emphasrs on’ Zn and P.
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1.2 The study area

1.2.1 Climate and weather

On-farm experiments were carried out in farmers’ fields in the villages of Somyaga and
Gourcy in northern Burkina Faso (13°06°-14°26" latitude North, 1°43°-2°35 longitude West)
(Figure 1.1), in the soudano-sahelian zone, an area where SWC techniques have been adopted.
Annual rainfall is between 400 and 700 mm with a cropping period of 4 months (June-
September). The suitable period for sowing sorghum is June because then rainfall exceeds the
evapotranspiration (Figure 1.2),
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Figure 1.2 Average monthly rainfall and evapoiransration ([]) (1961-1990 average) in Gourcy and
Somyaga { Data from National Meteorological Station).
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Figure 1.3 Monrhly rainfall in Somyaga in 2002, _2@3 and 2004

Rainfall distribution is very poer in the area \\?ith many drought spells during the cropping
period. Rains have a high intensity causing damage to the soil structure (Nicou et al., 1990;
Guillobez and Zougmoré, 1991). leading to hi gh runoff and erosion. Rainfall dlstnbunon over
the three cropping seasons during which expenme_ms for this thesis were carried out shows an
almost norma! distribution in.2002. Rainfall d-i_:_sl;ributions in 2003 and 2004 were comparable
with in both years an early ending of the crop_pi_}i'g season {Figure 1.3).

Average temperature is. around 25 °C during the cold dry season (December -
February) and 33 °C during the hot dry season (April - June), Temperatures are also very high
during the growing season’ which reduces’. the efficiency of rainfall due to the high
evapotranspiration. These high temperatures also speed up the microorganism activity leading
to a high decomposition rate of the soil organié matter.

1.2.2 Soils

The main soil types present in northern Burkina are (FAO/UNESCO classification) luvisols
and regosols (39%), Leptosols and Plintosols (26%), Gleysols {13%) and Vertisols and
Cambisols (11%) (Mando, 2000). All thes¢ soils are characterized by their bad structural
stability and low organic.matlér content (~0.75%) (Pieri, 1989). Heavy rainfall, wind and high
temperatures created extensive physically degraded zones {crusted, compacted). Yearly soil
losses due 1o erosion (-walér and wind) _-wcné estimated to be 0.5 t ha' under natural
vegetation, 73 t ha'! under sorghum and 25 t ha” on bare soils (Roose, 1981). The high
population growth rate has’increased the pressure on the natural resources. About 51% of the
area is’ under cultivation and 46% is degraded and uncultivated. The cuitivated land is
imensively cropped without much fertilization, Various indigenous and improved soil and
water conservation (SWC) techniques are’ being tested by farmers in order o stop land
degradation, These techniques include: stone lmes mulching, planting pits, vegetative bands,

half moons and earth bunds. These techniques are often more successful when they are '
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combined. In most cases these soil and water techniques are also combined with organic
amendments (Reij et al., 1996), implying that from zero fertilization farmers gradually
convert to fertility management. The added fertility is largely or fully based on the use of
organic soil amendments, including return of previously harvested material.

1.2.3 Crop production

Crop production is the main occupation in Burkina Faso (89 - 94% of the population) and it
contributes to 37% of the gross domestic product (Zeugmoré, 2003). The cropping system is
an extensive system and the cultivated area is exclusively allocated to cereal production
{millet, sorghum, maize). Crop production is rainfall dependent causing cereals production to
be highly variable from year to year. This in its tumn leads to a highly insecure food sitwation
at household level in rural areas. Sorghum and millet are the most important crops and
represent 90% of total production. The size of the farms varies from 2 to 6 ha and the fields
are distributed all over the village territory. In order to increase the productivity of their land
and reinforce the effect of SWC techniques, farmers have started to use different types of
OAs. These include farmyard manure, compost, crop residues and household refuses. The
maost widely used in our study area are compost and farmyard manure {Chapter 2). Because of
the harsh production conditions farmers are ready to try any technique that enables them to
tmprove the productivity of their land or 10 make mote land switable for crop production.

1.3 Cultivation system

The culuvation system used in our field experiments was the planting pit system locally
known as zai. This zai technique is the most widely adopted SWC measure in the Sahelian
zone of Burkina Faso. The technique originated from the Dogon area in Mali and was
improved in Northern Burkina by farmers after the drovght during the 1980s and
(re)introduced in Mali and Niger (Dakio, 2000). The fundamental reason for its success is the
combination of soil fertility improvement with water conservation leading to an improved
(and more secure) productivity, while inputs are all locally available. According to INERA
(2003) the zai technique allows a yield increase between 57% and 131%. The zai technique is
used by more than 80% of farmers in the semi arid zone of Burkina. Many research activities
were initiated by the government, NGOs and farmers in order to improve the efficiency of the
technigue (Roose et al., 1993; Keni, 1999; Dakio, 2000).

Zai is a planting pit with a diameter of 20-30 cm and a depth of 10-20 cm.
Dimensions vary according to the type of soil. Pits are dug during the dry season from
November until June. The number of zai pits per ha varies from 12,000 to 25,000 (Reij et al.,
1996). After digging the planting pits, farmers add organic matter to the pits which is covered
again with a thin layer of soil. After the first rainfall seeds are planted in the middle of the pit.
The average quantity of organic matter applied per pit is around 0.6 kg pit”’ (Some et al.,
2000). The excavated earth is put down-slope which adds to the capacity of the pits to retain
water. The pits concentrate rainfall and run-off and for that reason crops are less susceptible
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to dry pericds within the rainy season. The planting pits combine three types of conservation
practices on degraded crusted soils, i.e. water conservation, soil fertility enhancement and
erosion proteclion.'-"-ZaT also concentfates. manure (compost, animal manure and household
waste) where plant robts are most abundant and is therefore a means of economizing on its
use, This is pamcu]arly attractive to farmers with few livestock (Keni, 1999; Dakio, 2000).
Using this zaf techmque many hectares .of degraded tands were brought back to productivity
(Mando et al., 1996; Quedraogo et al., 2000). The planting pit technique is suitable for the
entire soudano-sahelian zone with annual rainfall between 500 and 700 mm. In arcas with
more rainfall there is a risk of flooding whereas in areas with less than 500 mm rainfall, the
crops are often burned from too much concentration of OA. The major consiraint for its large
scale application is the availability of labour for pit preparation. In some areas the availability
of organic resources is another limiting factor for zai. Because of the wide- sp'read adoption of
the technique almost all farmers in the study area are nowadays breeding livestock for manure -
production.

1.4 Theoretical background .
1.4.1Zn deﬁcieﬁéj:;fin humans in":Burfkina Faso

Little information is available on- Zn‘and other micronutrients deficiency in humans in
Burkina Faso. Nevértheless many diseases reported by the Ministry of Health in Burkina Faso
are due to micron utnent deficiency. These diseases are more prevalent in infants, children and
women of child beanng age. According to the Ministére de I’ Agriculture (2000) more than
29% of chlldren under five years.in-Burkina Faso are affected by growth retardation, 13% are
stunted and 30% have inadequate weight. The sahelian zone is the most affected area with
31% of the total cases of growth retardation and 24% of cases of diarrhea (Ministére de
I’ Agriculture, 2000) Growth relardatwn is 1.5 times more important in rural areas than in
towns. This sludy focuses on Zn. as next to being important in humans, Zn also plays an
essential role in crops and has been reported potentially limiting crop performance (Frossard
et al., 2000; Katyal, 2004). -

142 Zn deﬁci_é‘r_lcy in the soil and plants

In the sqil, Zn“i'sf found in many different forms that differ in plant availability. Zn can occur
as (Erenoglu, 20b2): '

- complexed with both inorganic and organic ligands in the soil sotution;

- adsorbed on the surface of soil aggregates and exchangeable;

- assoc:aled with organic mattcr,

- assocnated with oxides;
- fi xed in primary n'unerals and secondary alumino silicate minerals.
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Most of total soil Zn is in the unavailable form. Adsorption is a major contributing factor to a
low conceniration of Zn in solution in soils with fow Zn availability. The major factors
contributing to Zn adsorption are; mineral clays, hydrous oxides and organic matter
(Erenoglu, 2002). Low Zn availability in the soil occurs under many different soils chemical
and physical conditions (Chuan et al., 1996; Rengel et al., 1999; Armnold, 2000). Zn deficiency
in the soil is high on alkaline soils (calcareous soils, sodic and saline soils, peat soils) with
high available P. Zn deficiency is also found on intensively cropped, highly weathered and
acid soils (Rengel et al., 1999}, In the soil, Zn is considered deficient when Zn(EDTA) is
below 1.5 mg kg™ or Zn (0.IN HCI) is below 2.0 mg kg, In the plant, the ranges of Zn
deficiency in the whole shoot during vegetative growth are as follows (Dobermann and
Fairhurst, 2000):

- <10 mg kg definite Zn deficiency:

- 10-15 mg kg™’ Zn deficiency very likely;

- 15-20 mg kg'' Zn deficiency likely;

- >20 mg kg Zn deficiency unlikely (sufficient).
In the seeds, Zn is considered poorly available when the molar ratio phytate: Zn is above 15
(Buerkert et al., 1998) or 20 (Cakmak et al., 1999). Phytate or phytic acid, myo-inositol
1,2,3.4,5,6-hexakis (dihydrogen phosphate), is the main phosphorus store in mature seeds.
Phytic acid has a strong binding capacity, readily forming complexes with multivalent cations
and proteiné (Frossard et al., 2000). Over 85 percent of the total phosphorus in the whole
grain is bound as phytate phosphorus. Most of the phytate-metal complexes are insoluble at
physiotogical pH. A significant grain increase in jonizable iron and soluble Zn content may
improve human Zn bio-available.

Low Zn availability is under some conditions effectively corrected by soil Zn
application (Cakmak et al.,, 1999, Srivastava et al., 2000; Alam and Raza, 2001; Katyal,
2004). Because of its high water solubility, Zn sulphate is the most commonly used Zn
fertilizer. Fertilizers that generate acidity (e.g., replace some urea with ammonivm sulphate)
and organic manure improve the availability of the micronutrient. In rice application of 5-10
kg Zn ha'' as Zn sulphate, Zn oxide, or Zn chloride, incorporated in the soil before seeding or
transplanting or applied to the nursery seedbed a few days before transplanting is already able
to correct Zn deficiency (Dobermann and Fairhurst, 2000). The effect of Zn application can
persist up to five years depending on the soil and cropping pattern. On alkaline soils with
severe Zn deficiency, the residual effect of applied Zn is small, and therefore Zn must be
applied to each crop. On most other soils, applications of Zn should be made every two to
eight crops (Dobermann and Fairhurst, 2000). Zn deficiency is also tackled by growing Zn-
efficient varieties that are tolerant of high HCO® and low plant-available Zn content
{Dobermann and Fairhurst, 2000).

The challenge for the current thesis is to go beyond the effect of Zn application on
grain yield. Our objective is to link the effect of Zn and P application on improving food
quality and productivity since improving only food quality is not going to be enough of a
selling point for a new technique as the influence on health is not to be seen immediately.
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143 Sﬁil;;'organic and inorganic amendments: soil Zn availability and plant uptake

OAs have the potential; to influence “the availability of Zn by changing soil chemical
properties_i.- Soluble organics may raise the carrying capacity of the soil solution for Zn by the
formalion__'i‘of soluble orgario—metaltic complexes (Almas and Singh, 2001). There are also
indications that QAs chgt_ng.g'thc distribution of Za in the scil and an important part of Zn in
the oxidéj form may rﬁdvé- into the organic fraction making it available (Rupa et al., 2003).
Furthermore, nﬁcm-oréan_is_rhs in OAs improve the Zn availability by synthesizing and
releasing metal chelat-infg compounds, called sideriphores, easily taken up by roots (Rengel et
al., 1999). Many studies (Rengel et al., 1999; Grusak et al., 1999; Rupa et al., 2003) have
reported-that Zn usé efficiency is increased when OAs are combined with inorganic Zn
fertlllzer Srivastava et: al. (2000) have obtamed a higher rice grain Zn-MF when Zn fertilizer
was - cofmbined with farmyard manure than when Zn fertilizer was applied alene. In
conclumlon, OAs have\ an important potential for Zn supply to the soil and the impact of OAs
incréases with the simulianebus application of inorganic Zn. However, the uptake distribution
and remobilization of the rhicronutrients include processes that take place both in the soil and
in the plant. In fact, plants suffering nutrient deficiency during reproductive development may
rely totally on reserves within the roots, stem and leaves for nutrient content of seeds (Grusak
et al.; 1999). Therefore an adequate supply of micronutrients during that period will ensure a
higher-Zn-MF (Cakmak et al., 1999),

1.5 ;Thesis objeéti;es-.and outline

This thesis analysésfth_e-Zn and P husbandry in the sorghum production systems of Burkina
Faso by analyzing tﬁc_-_cffects of organic soil amendments and Zn and P fertilization on the
availability of Zn and P.in the soil, the uptake of these nutrients by the plant, the allocation of
thesé .nutrients to’ the, harvestable plant parts (the grains), the accumulation of Zn, P and
phytate in the grains ‘and consequences of these processes for the quality of the grains for
hurnan consumption: ;The main objectives of the current study were to:
. .1~. assess the effects of different OAs, as practised by farmers in the Sahelian zone of
- Burkina Fa's_:p;':'under erratic rainfall and poor soil fertility conditions on yield and Zn
- mass fraction (Zn-MF) of sorghum grain;
:2. identify poésiblé inorganic amendments (Zn and P) that can be used in combination
- with most promising OAs to increase both sorghum grain yield and its Zn-MF under
prevailing énvironmental conditions.
At the same time we wanted to acquire understanding of:
. _‘3‘ Zn availability (in the soil) and uptake (in the plant) as influenced by type of OA and
_-  Znand P fertilizers application;
4. the relation bétween amount and timing of amendments (organic and inorganic) on
Zn-MF i"nAsorghurn grain; - -
" 5. the relation between drought stress and Zn-MF in sorghum grains;

i . 6. the chances that modified OAs will be adopted by farmers.

10
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The methodology adopted in order to reach the above objectives was a combination of field
monitoring, on-farm experiments and on-station pot experiments in the greenhouse,

In the first vear (2002) a number of “base-line” studies was carried out in order to
further underline findings from the literature and to pinpeint the details of the field and pot
experiments in the second and third year. The first baseline study was a farmers’ survey in
two Sahelian villages (Somyaga and Gourcy) to collect information on:

- farmer’s perceptions of sorghum grain quality;
- farmer’s perceptions of the effects of OAs on yield and grain quality;
- farmer’s knowledge of the relation between sorghum grain quality and health of
children and adults.
The survey was carried out in June 2002 and the results are summarized in Chapter 2. The
second baseline study was a preliminary experiment on zai pits differing in soil type and OA.
This experiment {reported in Chapters 3, 4, 5 and 6) was initiated to provide information on:
- the quality of OAs that are being applied;
- changes in soil chemical characteristics;
- sorghum grain yield;
- plant Zn uptake and Zn MF;
plant P uptake;
- levels of phytate in the grains;
- the grain phytate/Zn molar ratio,
The results have been used for the design of further field and pot experiments.

In the second year (2003), pot and field experiments were carried out. In the pot
experiment, the effects of fertilization timing on Zn availability in the soil, Zn uptake by
sorghum and Zn-MF in sorghum grain were tested. In the field experiment, the effect of
management on Zn availability, on sorghum gratn vield, on Zn uptake and Zn-MF was
studied with one OA (compost) and one soil type (sandy).

In the third year (2004), field and pot experiments were set up to reinforce the findings
from the 2002 and 2003 experiments. Differences were expected because of rainfall pattern
differences and management differences between farmers. The field experiment was carried
out to quantify sorghurmn yield and quality as influenced by organic and inorganic amendments
and farmers’ management. Treatments consisted of all combinations of two P fertilizer levels,
two Zn fertilizer levels. These treatments were applied under two soil types (gravelly and
sandy) and with one quantity of one OA (compost). The pot experiment was carried out to
determine the effect of water stress on Zn availability, Zn uptake and Zn-MF as influenced by
organic and inorganic amendments. The results from 2004 pot experiment are discussed in
Chapter 7. The results of the field experiments in 2003 and 2004 are presented together with
the results of the 2002 field experiment in Chapters 3-6.

Chapter 8 gives a synthesis of the main results of all experiments and an cutlock on
the development options that appear from these results.

The research described in this thesis was part of a larger research program described
on pages 161 and 162 of this thesis (cf. Slingerland et al. 2006).

il
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2. Sorghum quality, organic matter amendments and health:
farmers’ perception in Burkina Faso, West Africa

2.1 Introduction

About 2 billion people, mainly pregnant and lactating women and young children, suffer from
iron or zinc deficiency. The supply of Fe and Zn falls short when consumed foods have low
iron or zinc content and/or when absorption of iron or zinc from the food is low due to its
complexation with the anti-nutritional factors phytic acid and polyphenols. Current
interventions consist of dietary diversification, supplementation, fortification or bio-
fortification. In the case of wesi-Africa these interventions have low chances of succeeding
due to low purchasing power of households, lack of elementary logistics, lack of central
processing of food and the high heterogeneity in production and consumption conditions. A
food chain approach focusing on the staple crop Sorghum and including local practices is
proposed as an altermative. The approach aims at elaborating a variety of technical
interventions (o increase the amount of bioavailable iron and zine in sorghum and to improve
iron and zinc intake by the vulnerable local groups. The approach allows to support informed
decision-making concerning where to intervene for highest impact.

The approach is implemented through an interdisciplinary research program, “From
natural resources to healthy people”, funded by Wageningen University. This program links
soil and plant sciences to food and nutrition sciences allowing to look beyond disciplinary
boundaries. Synergy and trade-offs resulting from the integrated interdisciplinary approach
show its added value compared to disciplinary approaches. At each level actors of change, be
it producers, processors or consumers, are incorporated in technology development. Execution
of the research is entirely done in West African villages assuring that ecological, cultural and
socio-economic aspects are directly taken into account.

Agriculture is the main activity in Burkina Faso: more than 80% of the population is
involved in farming. The agriculture is subsistence farming based on cereals (predominantly
sorghum, millet and maize). Most (88%) of the total cultivated land is under cereals.
However, crop performance is severely limited by water and nutrient availability
(Stroosnijder and Van Rheenen, 2001). Continuous and intensive cropping of soils with
inherent low mineral reserves such as Alfisols, Regosols and Luvisols without restoration of
the soil fertility has depleted the nutrient reserves of most soils (Mando, 2000). The cropping
land is very degraded and is characterised by a low organic matter content (less than 0.7%)
and poor physical structure (Lompo et al, 2000). The farmers have increasingly taken
marginal land into cultivation, but this has resulted in degraded bare areas.

Since the early 1980s, traditional soil and water conservation (SWC) techniques have
been rapidly adopted by farmers (planting pits or zai, half moon, mulching, stone line etc.)
and have improved both water and nutrient availability. With SWC technigues, runoff is
stowed down; more water infiltrates the soil and crops are less susceptible to dry periods
within the rainy season (Hien, 1995; INERA, 2001). In Burkina Faso, thousands of hectares
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of degraded land have been brought back to productivity using SWC techniques {Reij ef al.,
1996).

The introduction of SWC in Burkina Fase has also been accompanied by the
systematic adoption of compost pits (Reij er al, 1996). Organic amendments play an
important role in soil management in the tropics through their short-term effects on nutrient
supply and long-term contribution to soil organic matter (SOM) formation (Palm er af., 2001,
Janssen, 2002). The maintenance and improvement of SOM is a key to soil fertility
management across cropping systems and environments. :

So far, development efforts have focused on land productivity, i.e. on yields.
However, many essential nutrients such as Fe, Zn and Ca are often lacking in human diets,
either due to insufficient intake or to poor absorption from food. In developing countries,
deficiencies of Fe and Zn lead to much suffering and death, which has a negative impact on
socio-economic development (Frossard er al., 2000). Micronutrients deficiency in Burkina
has been evaluated by the Ministere de I’ Agriculture (2000). It reported that 29% of children
under 5 have growth problem, 19% are ¢maciated and 30% are stunted. Furthermore, 70% of
children under 5 and 40% of pregnant women are suffering from anacmia. These sicknesses
are attributed to the diet pattern based on cereals, rich in phytic acid and fibers which
decreases the bioavailability of micronutrients. Given this sitvation, the development of a
nutritious and safe food source must be a central objective of any research strategy for food
security and poverty alleviation in developing countries.

Fundamental to the development and improvement of technologies for managing soil

. fentility are farmers” knowledge and perception. Their knowledge, perceptions and attitudes

are increasingly being seen as an important resource for understanding technologies and
participating in their development. Fammers’ points of view can also guide the scientific

-assessment and they will only invest in a technology if the benefits of improvement or

maintenance for a given piece of land exceed the perceived costs that the individual has to
bear. .

This paper reports on a survey of Burkina Faso farmers’ perceptions on organic
amendments and the effect of such amendments on crop quality and human health. The
objective of the survey was to monitor farmers’ perceptions on cereal grain quality, the effects
of organic amendments on cereal yield and grain quality and relation between food quality
and health of children and adults. If these farmers are to participaie fully in the
implementation of an improved organic amendment strategy, their ideas on organic
amendment must be taken into account when developing such a strategy.

2.2 Materials and methods

The survey was done in the villages of Somyaga and Gourcy in Northern Burkina Faso. These
two villages were chosen because they were former soil and water conservation project
{Conservation des eaux et des sols phase II, CES II) experimental sites and the farmers are
used to pamapatory research tools. Here the annual rainfall is between 400 and 800 mm and
there is a four-month cropping period (from June to September). The rainfall is very uneventy
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distributed in space and time, with many spells of drought during the cropping season and
with very intense rain events that damage soil structure (Nicou ef al., 1990; Guillobez and
Zougmoré, 1991). The average temperature is 25 °C during the cold season (December-
February) and 33°C during the hot season (April-June). Two main soil types are encountered
in the area: Luvisols and Regosols (Mando, 2000).

The main economic activity in the survey area is the integrated production of staple
food and livestock. During the dry season, farmers engage in petty trade and in gardening
around wells and barrages. The population pressure on the natural resources is very high and
because of the shortage of fertile soils, the farmers have been farming marginal land, which
has degenerated and become virtuaily unreclaimable.

Prior to the survey itself, a meeting was organized with all the farmers from the two
villages to explain the objective of the survey, The following data were collected from the
civil services: .

- data on weather, crop preduction and livestock breeding (Direction Regionale de

I’ Agriculture, DRA; Direction Regionale des ressources animales, DRRA),

statistics on population, livestock and infrastructures (schools, health centers, roads,

etc.) (National Institute for Statistics and Demography, INSD),

- statistics on diseases and malnutrition (Direction Provinciale de la Sante, DPS),
- statistics on school attendance (Direction Provinciale de I’Enseignement de Base et de

I’ Alphabetisation, DPBA),

- data on envirorment {Direction Regionale des Eaux et Forets, DREF)
Fifty households were selected at random from the list delivered by the regional office for
agriculture (DRA, Enquete permanente agricele). The household was chosen as the reference
unit because it represents the basic socio-economic unit. Its members, who may be related,
live fogether in the same house or compound, share their resources and satisfy together their
need for food and other vital goods (Graaff et al., 1999).
Two investigators with secondary school level and previous survey experience were hired and
were trained one week on:

- how to organize the survey,

- how to carry out the survey in the field,

- how to fill the questionnaire.
Afier the investigators were trained the questionnaire was tested on farmers. This entailed
using the draft questionnaire to interview four households with different socio-economic
conditions. The questionnaire was then modified and tested again on four new households.
Only then was the final version printed (see annex 1). The study protocol has been approved
by the director of the ‘Institut de 1'Environnement et de Recherches Agricoles (INERA)Y and
informed consent was obtained from the farmers of Gourcy and Somyaga in Burkina Faso.
The survey started on June 15 and ended on August 5. The survey was done in local
language (Moore). Each investigator was assigned one village. Before starting the survey each
investigator organized a meeting with the farmers and made a round trip program per week.
Two households were interviewed per day (one in the morning and one in the afternoon). The
interview was organized at home with all the members of the household (men, women,
children, adults) present. Questions 34 and 35 were especially addressed to women. All the
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household héads were men because in our survey area the socio-culiural organization did not
allow women to be a head of houschold. The investigators. were supervised every week by
- two-supervisors from INERA (Institut de I'Environnement et de Recherches Agr_i_eoles). Data
from the survey were computed and analyzed with the statistic package WINSTAT 2.0.

2.3 Results and discussion
2.3.1 Organic matter production

The farmers'in northern Burkina use different organic resources as organi¢ soil amendments.
These include compost, farmyard manure, and crop and household wastes. In our two survey
villages the farmers indicated that the most important sources of organic matter in the area
were compost and farmyard manure. However, some of them apply crop and household -
wastes directly to the fields. Which technique -is used to apply the organic - amendment
depends on the available [abour and material and also on the possibility of transpomng the
input to the ﬁeld

To reduce the problem of availability of materials (mainly water) and' labour most of
the farmers usually preduce the otganic matter at home. Only 5% of farmers in Gourcy and
21% in Somyaga produce their compost in the field. When organic matter is produced at
home, the major problem is transporting it to the field. Therefore, most (60%) of the farmers
in both vlllages had bought or were negotiating the purchase of a cart. The cart has become
one of the most important items of equipment in the area because it serves not only o |
transport organic maiter from the home (o the field, but also to lransport' harvested products, -
crop residues, fodder and organic maiter from the field to the home.

The organic matter production technique’ preferred by all farmers (100% for both .
villages) is the compost pit. The reason for using the compost pit is the quality of the product.
The heat in compost pits destroys weed seeds. The size of the pit depends on the capacity of
the household. The method of- filling the pit was very similar for all farmers. Figure 2.1 shows

the arrangement of organic material described- by the farmers. The ‘objective -of such :

arrangement is to produce good-quality compost. The most important layer of the pit is at the
bottom, where farmyard manure must predominate. Farmyard manure represents-the most
important ingredient for the compost, The farmers were very aware of the risk associated with
applying the farmyard manure directly in the field. One of them when comparing the organic
matter types"said: “The farmyard manure brings weeds in the field, while crop residues have
Tow fertiliry. :The best organic matter remains the compost”. Another farmer said that crop
production would not be possible in the area without animals which shows the iiﬁportance of
farmyard manure, Farmers whose cattle used to be herded by herders now keep. lhelr animals
at the homestead
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Animals shed
\___‘___—___/

Compost pit

Figure 2.3 Organic matier flow chart designed by farmers in Somyaga and Gourcyv, 2002, Burkina
Faso. 1 = crop residues, 2 = manure household waste, 3 = fodder for animals, wood for fire, 4 =
animal food from factories, manure, 5 =household wasre, warer for compost maturity, animal manure,
ashes 6 = straw, clay, manure, 7 = local rock phosphate, manure, 8 = crop residues, 9 = manure, 10
= composi, 11 = grass for mulching

During the dry season the livestock is fed with this fodder and the resulting manure is used as
the first material in compost pits. The composting time and period varied between farmers
and villages. For 57% of the farmers interviewed in Gourcy, compost production starts in
January and ends at the beginning of the rainy season (May-June). For 42%, compost
production starts at the beginning of the rainy season (May-June) and ends at the end of the
rainy season (i.e. in September). On the other hand, in Somyaga, the composting period is not
limited and farmers in that village produce compost year-round. These different approaches
result in two products of different quality. Because of the shortage of water, the compost from
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" Figure 2.1 Structure of a compost pit as described by farmers in Gourcy and Somyaga, northern

Burkina Faso, 2002. The width of the rectangles represents the importance of each organic resource.
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The anirnals- are not only kept only for meat and milk but also for farmyard manure
production. The integration of livestock farming with crop production is becoming a necessity
for crop production (Sawadogo ef al., 2001).

Figure 2.2 shows the correlation between the size of the livestock herd and total
organic matter produced by households in each village. Figure 2.2 shows that compost
production increases with total number of animals (cows, sheep and goats) in the household.
However, when the number of animals becomes too high, the available labour limits the
production .of compost. This confirms the labour constraint to compost production that the
farmers and others (Reij et al., 1996; Keni, 1999) have indicated. Figure 2.3, based on
information supplied by the farmers, shows the flow chart for all the organic matter sources
entering the household, Human excrement is not used in the system, for cultural reasons. This
means that human consumption of harvested products is a crucial sink of nutrients and
organic matter. Figure 2.3 shows that livestock farming is closely integrated with cropping
activities. The farmers interviewed stated that they had adopted the flow of organic matier
since starting using SWC techniques. Increasingly, they harvest crop residues and natural
fodder at the end of the growing season and store them at home in the house, or on racks, on
trees, or in;sheds.
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the dry season is not completely decomposed and is of poorer quality compared to compost
made in the wet season,

All the farmers in the two villages agree that the suitable period for the start of
composting is the end of rainy season, when water and straw are still abundant. That period
corresponds to the end of the harvest and so labour is available for digging the compost pit
and transporting crop residues and manure.

The farmers carefully schedule organic matter application in the fields, to avoid losses.
If the organic resource is applied too early, it is exposed to animals and wind and thus some
will be lost. Organic matter is applied to the soil after the first rainfall.

When asked to compare organic materials, the farmers indicated that compost was a
superior organic resource to farmyard manure, to crop residues and household wastes. The
main reasons for this are compost’s ability to conserve more water in the soil and its freedom
from weed seeds. During droughts, creps on plots amended with compost suffer less. Often,
organic matter application is associated with a soil and water conservation technigue (stone
bunds, half moon, Zai, etc.).

The farmers’ perception of the benefit of applying organic material 1o the soil is
primarily that it supplies nutrients to the crop and so enhances crop production. Improving
soil quality is only a secondary objective. For 92% of the farmers in Gourcy and 76% of the
farmers in Somyaga the quantity of organic matter they produce is less than their actual needs.
The production capacity is limited by water availability and also for many producers by a
shortage of kabour and a limited number of animals.

2.3.2 Organic matter use

Although the farmers prefer compost, farmyard manure may also be used directly as organic
amendment in the field if the labour and material for compost production are not available. In
Gourcy, about 28% of the farmers interviewed applied farmyard manure directly 1o their
fields. In Somyaga, the percentage was much higher (60%). Household wastes are also used
directly in the field (2% of farmers interviewed in Gourcy and 20% in Semyaga); farmers
doing so have no livestock or only a few animals.

Using crop residues in the compost pit improves the guality of the compost and
allows enough organic matter to be produced to cover needs. Crop residues left in the field
will be destroyed during the dry season by grazing animals and bush fires.

The allocation of organic matter to fields is based on soil texture and the nature of the
crop to be grown. On gravely soils on which the very demanding crops sorghum and maize
are to be grown, compost is preferred. Some of the compost is also used for vegetable
production in home gardens. Farmyard manure is applied on sandy and sandy loam soils,
where the dominant crop is pearl millet. Farmers claimed that this distribution increases total
production most and improves soil fertility best. They also think that such a distribution could
help in reducing the effect of extreme weather. They are aware that using organic matter
(compost or farmyard manure) improves soil water retention and thus can help to reduce the
effect of drought.
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The technique of -organic application depends on the soil and water conservation technique .
being used. The farmers are increasingly using the traditional technique of Zai: planting pits -
in which the Qfganic matter is applied: directly to the seedbed. The average rate of organic
matter used in that system has been estimated to be 7.5 t ha™' (Dakio, 2000) which is hjgher'
than the 5 t ha'' recommended by the extension office. :
The frequency of organic matter application is variable. For 60% of the farmers in- -
Somyaga and 76% of the farmers in Gourcy, the organic matter is applied at two-year ™
intervals. For 40% of the farmers in Somyaga and 24% of the farmers in Gourcy the organic ™
matter is-applied each year. - : -
Since the total organic matter production is unable to supply all the fields, some fields
are never fertilised by 65% of farmers in Somyaga and 21% of farmers in Gourcy. A few
farmers buy or loan organic matter from acquaintances. Farmers with high income fertilise -
their fields with inorganic fertilisers. But the use of such fertiliser is very low (less than 10 kg~
ha™"). s

2.3.3 Food quality and human health

" The majority of farmers in both villages indicated their food production was below their

household’s needs. Indeed, more than half of the households in the two villages have
difficulty feeding their family during the entire rainy season. According to Africare (2000); (a

* project working on food security in northern Burkina), the food production of households will

only cover the food need during seven months of the year. So, the first objective of farmers'in
adopting a technology is to increase the total crop production. Their motivation for using
organic’ resources is primarily associated with that objective; the quality of the food is"the
second objective, and for that, the main criterion is flavour.

The farmers grew cereals (sorghum and miilet) solely for home consumption; none of
them sold cereals during the dry season. On the other hand, over half of them (52% for
Gourcy' and 80% for Somyaga) bought cereals during the year. The farmers did sell peanut
and cowpea in local markets; these are the cash crops in the area. However, the proportion of
tand cropped with these crops was very limited, so the income from these sales was low. - - .

. The houéeho!d meals are cereal-based and are mainly composed of cereal (sorghusi. or
millet) porridge with meatless sauce and sometimes with fish. The number of meals per. day
was two for most of farmers (72% for Gourcy and 48% for Somyaga), with three meals:per
day for 32% of the farmers in Somyaga and 28% in Gourcy. The number of meals is
associated with the level of self-sufficiency and habit. The farmers in Somyaga havé been
using SWC measures for a long time. They have a higher production capacity than the Gourcy
farmers, who have only recently started using SWC techniques (Dakio, 2000). Because of the
proximity -of Ouahigouya (the most important town in the area) the farmers from Somyaga
can sell their products (small ruminants, garden produce} more easily and at a higher. price
than farmers in the other rural zone. Their purchasing power is higher than that of farmers in

Gourcy. . .

All the farmers associated organic matter with a good crop production and a good
grain quality, especially when it is applied in the form of compost from the com[')ost pits.
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They evaluate the quality of the crop by the physical appearance of the grain and the quality
of the food produced with it. For them, superior sorghum has large, well-coloured grains. The
grain is also good when the porridge made from it is solid.

All the farmers in the two villages were aware of the quality of their organic matter and use
this knowledge to allocate the material to the different fields or areas within the fields. They
indicated, for example, that using farmyard manure for maize or sorghum production would
result in small ears of poor quality grain. The farmers carefully balance the allocation of
organic matter to fields to optimise food production and grain quality.

When asked about common diseases and their causes the farmers came up with the
following classification;

- The first cause of sickness is food of bad quality or the over-consumption of food. The
farmers ascribed malaria to the over-consumption of sugar or vegetable oil,
- The second cause of diseases is a change in the weather (cold season, hot season,
dust).
- The last cause of sickness is the hygiene of households. When the home environment
is dirty, children tend to have diarrhoea and stomach-ache.
Thus, according to the farmers the most important cause of sickness is food quality. They are
sufficiently aware of the effect of food quality on their health status. The illnesses associated
with poor-quality food are colic and diarrhoea; they occur throughout the year, i.e. are not
associated with a specific period. When the farmers are sick they first try local or
pharmaceutical remedies; if these fail, they go to a health centre.

Though the farmers did not establish a direct link between food quality and
micronutrient deficiency, they indicated some illnesses cormresponding to the effect of these
deficiencies. They indicated, for example, fatigue in adulis, stunted growth of children and the
incapacity of many children to follow the regular school programme. The main health
consequences of a deficiency in micronutrients (especially in Fe and Zn) indicated by many
authors is the decrease in mental and psychomotor development in children. Micronutrient
deficiency reduces growth and the immune system (Frossard ef af., 2000; West and Verhoef,
2002). 1n connection with this, farmers were asked about problems their children were having
at school. In more than half of the households interviewed at least one child had been absent
from school during the 2001 — 2002 school year. Data collected from the regional directorate
for primary education and health confirmed this. Figure 2.4 shows that the schools most
affected are in the rural area. The lowest percentage was found in Ouahigouya A, which
corresponds to the large town of Ouahigouya.

When asked why their children had missed school, the first reason given by most
farmers (53% in Gourcy and 80% in Somyaga) was the inability of the children to follow the
regular school programme. For the farmers that inability has to do with deficient intelligence
and lack of income, which means they cannot afford school books or coach the children at
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. home. Other reasons for their children being not successful at school were thelr behaviour at
- school and frequent sickness. :

[

From the farmers’ responses it is clear that they are aware of some of the-
consequences of micronutrient deficiency. But they did not associate food qu_alny with this. -

- Micronuirient deficiency in the area is becoming a development problei‘n and has been
- reported by 1nany authors (Ministere de 1’ Agriculture, 2000; Africare,’ 2000 Direction. :

Régionale des BEtudes et de {a Planification -Nord, 2001). Some surveys by the health offcef '

~and Zandoma food security project (PSAZ), on malnutrition in northern Burkina Faso found .

that more than 25% of children under 10 years have a growth problem and 10% were

presenting malnutrition symptoms. The fundamental conclusion of these §u;’veys was that'

children éltend_ing hospitals for malnutrition problems live in villages. Thu:s_., in the speciﬁe_:}' -

_ case of ‘the survey on malnutrition, the results showed that 70% of nutrient-deficient children':
attentding Ouahigouya hospital were from villages around Quahigouya and only 30% of them T
. were from the town of Cuahigouya. ;

‘As noted above, the only source of nutrients is the porridge from cereals (mostly

sorghum). The farmers rarely eat animal products rich in micronutrients. The livestock is sold -

in the local market and the money is used to buy cereals during the growing season: A
suslamable way to improve the micronutrient status of the population in the area is to 1mpr0ve :
the level of micronutrients in the cereals. The farmers are aware of the.. :consequernces of .

“malnutrition and are determined to try or test any technique in order to 1mprove their famlly s
health and lhelr knowledge and to eat good food. )
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2.3.4 Validation of farmers’ perception

During our survey, organic resources (compost and farmyard manure} were collected from the
farmers and analysed for their nutrient content. Table 2.1 shows the nutrient contents for the
two most important organic resources. The nutrient contents of these two organic resources
differed; the results are similar to those found by others (Janssen, 1993; Hassen ef al., 1997;
Gomez, 1998; Palm et al., 2001; Lupwayi er al., 2000). As Table 2.1 shows, toral nitrogen
conteat is higher for farmyard manure than for compost. The possible reason for this could be
the important proportion of litter and moisture in farmyard manure. On the other hand, the C:
N ratio is better for compost than for farmyard manure, which shows that compost is better for
soil amendment. The decrease in organic carbon in compost is associated with the loss of CO,
during the composting period (Janssen, 1993).

Table 2.1 Nutrienr content as a function of organic resource tvpe, data averaged from 4 farmers in
northernt Burking, 2002.

Compost Manure
C-total (g kg™') 77 (25.6)% 108 (1.5)
N-total (mg kg'") 5(L.4) 61(0.9)
C:N 14 (1.6) 18 (2.4)
P-total (z kg™) 1.6 (0.7) 1.3 (0.3)

* Values in brackets = standard deviation

One of the characteristics of the farmyard manure we collected was the important proportion
of non-decomposed crop residues rich in lignin and other structural carbohydrates. Applying
such material without additional inorganic fertiliser could create a nitrogen shortage at the
beginning of the season (Janssen, 2002). The farmers had implied this by stating that
farmyard manure has a lower fertilising capacity than compost. When asked to compare
organic resources, all the farmers reported that the besi one was compost. Farmyard manure
came second, because of its lower fertilising capacity. The farmers had noticed that vegetative
development in manured plots was poor. At the beginning of the growing season this is due to
the nitrogen shortage created by micro organistn activity. The mineralization process
consumes nitrogen, creating a nitrogen shortage for plants (Delville, 1996). Using the
farmyard manure directly in the field at the beginning of the growing season would only be
effective if chemical nitrogen were applied at the same time, but this is beyond the means of
our farmers, Therefore, the extension office recommends applying organic soil amendments at
lcast one month before planting, so that the micro organisms’ activities in the organic resource
have finished before the crop is planted.
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Table 2:2 Zai pit murrient content as a Junction af organic amendment. an_d soil texture, dafa averaged
from sixteen samples from Somyaga and Gourcy, 2002, Burkina Faso. e

Gravely . Sandy
. .+ Compost Manure Comp;)st Maﬂure i
C-oal (gkg")  97823)* 87239 TILED  12QT
N-total (g kg™) 0.63(02)  0.62(0.3) 0.50 (1) 0.52 . 1)-__'_-_.
P-total (g k&™) _, 036 (0.1)  029¢0.1) 029(0:1) 024(0:1) .
PHH20) .F .718(04) 6587(04) 729405) 673(0.5).%

PHEKC) ... 649(06) 599(0.4) 6.60 (0:6)
*Values.in brackets = standard deviation :

"Many previous studies have reported that phosphorus is the most limiting nutrient in Sahelian
. soils, because of the continuous farming without replenishment of soil nutriéﬁts' {Bado and
~ Hien, 1998; Traore, 1998; Compaore ef al., 2001). According; to: Delvllle(1996) the regional
-balance for phosphorus is in general insufficient in a system -without 1norgamc fertiliser
(dep]enon rate of 5 to 20 kg ha'l y 1. In Burkina Faso, the average levcl of available - .

phosphorus has been estimated to be 1.12 mg of P per kg of soil, i.e. below the quantity
needed for plants to produce reasonably (Compaore e al. 2001) As compost : contams more
phosphorus than does farmyard manure (Table 2.1}, it is ane of.the most mtepestmg organic
amendments in the Sahel. The data in Table 2.2 confirm this; the compost-atmended planting
pits contamed more-P. Compost application increases the availablllty of soil phosphoms and
as.a result vegetatwe develepment and crop yield are nmproved ‘The results from expenments
carried oyt in northern Burkina Faso by INERA (2001) on the- cffect of fa:myard manure and

_compost on sorghurn production have shown that compost has a greater cffcct‘than farmyard

manure on sorghum grain and biomass production (Table 2. 3)

- - Table 2.3 Sarghum grain and straw yield as a function of organic resource type in plammg pits (Zai)
_ 'svs.'em Dam averaged ‘from 3 repetitions, Quahigouva, 1999, Burkina Faso. .

e \ Straw vield (kg ha™) Grain yield (kg ha’ 1)
Zai+compost 1637 a* 10422 PR
Zai+ manure : 1333 b 715b
Zai only . 88 ¢ - 00c - B

Meanis. i in- the same column followed by the same letter are not significantly d:ffcrent (p< 5%) Source:

INERA, 2001

Table 2. 3 shows that in the Zaf system, crop production is thhly corrclated w1th the quality
of the organic.résource used. It is higher in the case of compostecl pits thzm in the case of
manured pits. These findings bear out the farmers’ perception. One of the farmers explained
that superior effect of compost by comparing the compost to “a food ready to eat and the

In the . appllcatlon of organic resources, another important factor_for good crop

o -productwn is the amount applied. Figure 2.5 shows the relation betweén'the. quanmy of
'orgam_c material applied and the yield. The amount currently used by farmers.(7:5 t ha’ 'y gives
' reasondble-grain yields given the level of the other inputs. Quce the input 4f:e.g. inorganic P
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and N is increased, optimal organic matter levels may rise (Wit, 1992). Figure 2.5 also shows
that the differences in dose affect the harvest index.

With the full rate (7.5 t ha™) farmers will not be able to treat their entire area. Given
the small effect of application rate on grain yield, using half the rate (3.75 kg ha™) will result
in better resource use efficiency. However, farmners are unwilling to reduce the rate because
they have not been informed of the beneficial effect of better resources allocation on total
crop production. For the farmers, the amount of organic matter applied depends on the size of
their planting pit: the larger the pit, the more organic matter is applied. Our findings suggest
that more needs to be done in order to increase farmers’ knowledge and improve the
micronutrient status in cereal grain in the Sahel. The amount of organic resource needed to
achieve good crop production should be determined in an experiment including treatments
with increasing amounis of organic matter.

Since farmers have no knowledge about sorghum grain micronutrient content, it is
essential to carry out a test on the impact of organic amendment on the level of micronutrients
in sorghum grain. If needed, an inorganic source of these micronutrients should be combined
with soil organic amendment.

35060 -
3000 -
2500
2000 -
1500
1000

a')

Sorghum yield (kg h

3.75kgha-1  7.5kgha-l

Compost dose

Figure 2.5 Sorghum straw and grain yield as a funcrion of organic matter dose. Average of 4
replications w siraw vield, 0 grain yield. Source, INERA, 2001.

2.4 Conclusions

The survey showed that farmers have good knowledge about ongoing land degradation. They
are also well aware of the necessity to restore the soil fertility in order to improve the total
productivity of the land. Organic matter preduction is now completely integrated in their
production system. The choice of organic matter to use and the allocation of organic resources
in the field are associated with the system they apply and the crop they are producing and — to
some extent — also with their strategy of avoiding setbacks from the weather. The production
of organic resources (both in terms of amounts produced and techniques used) is a function of
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the avlai']ability of animals, labour, and equipment. When one of thésé'_ elements is missing, the

farmer “applies a suboptimal system: for examp]c;;épplying the; farmyard manure directly
without composting, or using household or crop residies as a soil organic amendment.
" -Our survey resulis also showed that farmers practices and- percepnons are well

" - supported by scieniific research. The success of” the new orgamc ‘matter systems can be

attributed to the pro-active work of NGOs and- national extension offices and also to the
experience gained by farmers themselves during the many years.of irregalar rainfall. The
regional office of agriculture should integrate 'fa"rmers knowledge ‘on harvest quality and

. organlc amendment allocation to better focus their intervention in order to cover both quantity
_and quallty aspects. )

- The main objective of the farmers is suI] to meet their need for food. They also want

. to stay. healthy. They do not know enough about the lmk between- deficiencies in
- micronutrients and certain disorders, such as stunted growth, fatlgue i adults and poor school

performance of children. Yet these human problems have been- reported to be important not

.only by the farmers themselves but also by some NGOs (e.g;' Africare) and local

administration {e.g. regional health service for nonh;m Burkina). Fagmers aré very concerned
about these health problems because they impiede" the socio-economic development of the
villages;and the regions. When children miss school the appllcatlon of new technologies

becomes.difficult. All the farmers expressed their- w1llmgness to participate in any experiment
* directed to improving the wellbeing of their faniilies.
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Chapter 3

3. Soil availability of Zn and P following the application of
compost, manure and Zn and P fertilizers to acidic soils in the
Sahel

3.1 Introduction

Soils that contain insufficient levels of Zn are common throughout the world (Cakmak er «l.,
1999; Katyal, 2004). As a result, Zn deficiency is a widespread problem in crops, especially in
cereals. Zn is considered deficient in the soil when soil Zn EDTA is below 1.5 mg Zn kg™’ soil
{Dobermann & Fairhurst, 2000). The importance of plant food as a source of Zn, particularly
in the marginal diets of developing countries, is well established (Jonathan er al., 1998).
Improving Zn availability in soils may therefore potentially have both a positive effect on
plant production and on guality of human nutrition.

For the West African Sahelian zone limited information is available on Zn availability.
Continuous and intensive cropping without restoration of soil fertility has depleted the
nuirient base of most soils (Bationo er al., 1998). Furthermore, wind and water erosion have
removed the nutrient-rich topsoil from the low-fertility agricultural soils thus causing a
decline in the soil productivity (Zougmore, 2003). Since the early 1980s, improved soil and
water conservation techniques adopted by farmers in the Sahelian zone of Burkina Faso have
improved both water and nutrient availability in a careful balance. The adoption of these
techniques was followed by an increase in the use of soil organic amendments (Reij er al.,
1996). The attention of scientists in the area over the past decades was mainly focused on the
capacity of soils to release macronutrients especially N, P, and K. Analysis of soil organic
amendmenis and soil and water conservation practices has mainly focused on their ecological
and economical sustainability, so on yield levels, soit and water conservation effects and input
costs in terms of labor and money.

It is accepted that soil organic amendments increase organic matter content, act as a
source of micronutrients, change soil chemical properties {e.g. pH) and biological activities
and improve soil physical properties {porosity, structure, water holding capacity) (Kitt ez al.,
1997; Dougbeldji, 2002; Ouedraogo, 2004; Shelton, 1991). The changes in soil chemical and
physical conditions following soil organic amendments potentially affect Zn availability
(Marschner, 1995; Rengel er al., 1999). Among all soil factors, soil pH is indicated to have
the most important effect on Zn availability. In general, the lower the pH, the higher the Zn
availability (Frossard er af., 2000). Apart from soil pH, seil clay and organic matter content
are also important for Zn availability (Erenoglu, 2002; Rupa et ai., 2003). Meers et ai. (2002)
have indicated that the negatively charged clay minerals increase the binding capacity of soils
for Zn. The effect of organic amendments on micronutrients availability and, the amount of
nutrients released from organic amendments is influenced by the quality of the parent materiel
in the organic amendment (Gomez, 1998; Hassen er al., 1997; Nicholson et «l., 1999). Zn
availability is highly increased with the combined application of organic amendment and an
tnorganic source of Zn (Karyal, 2004; Rengel et al., 1999; Rupa er ai., 2003).
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Among all the macronutrients, phosphorus was indicated as the most limiting nutrient for crop
production in the-Sahel (Bado & Hién, 1998; Bationo et al., 1998; Traore et al., 2001
Compaore ef al., 2001). Using a source of P is then a key for sustainable crop production in
the Sahel. But, there are 1nd|cat10ns that P application can interact with micronutrients
especially Zn (Mc__ngq! & Kirkby, 19_.8_7r Marschner, 1995). The soils in the Sahelian zone are
characterized by their large vm‘i@bﬁity in chemical and physical conditions. In northern
Burkina Faso, crop production takes rﬁiiinly place on two soil textures: sandy soil and Gravely
soil. These two soil téxtures have different soil chemical and physical charactenistics which
may generate dlfferenl Zn avallablllty after organic amendment application.

The objectwes of the current study were to better understand: (1) Zn and P availability
after soil organic amendments as practised by farmers in northern Burkina Faso, (2) the extent
of increase in avéj;jal_ale P and Zn when 'organic amendments are combined with Zn and P
fertilizers, (3) chéﬁéés in Zn and P availability over the rainy seasons, and (4) the effect of '
organic amendmént dose and timing of Zn and P fertilizer on Zn availability. We assume that
soit organic amendments and Zn-and P fertilizers change soil pH and soil totat and available
Zn and P. We hypothesne also that these effects can differ between soil and organic
amendment type.. .. C o

3.2 Materials&inﬂ methods
3.2.1 Site descr‘i'pgén

On-farm experimenis were carried in farmers’ fields in northern Burkina Faso (13°06’-14°26’
latitude North, 1°43°-2°55 fongitude West), in the soudano-sahelian zone in 2002, 2003 and
2004. Annual rainfall is between 400 and 700 mm with a cropping season of 4 months (June-
Septernber). Two ~main soil types are present in the area: Luvisols and Regoso]s (Mando,
2000}); both types have a poor structure and low nutrient and organic matter contents (Pieri,
1989), : :

3.2.2 Experiment design

The ﬁeld experithents had a randomized block design; the size of each experimental unit was
25m* (5mx5 n’i) and the distance between the plots was 1 m, Treatments in all 3 years
included the four combinations of two levels of P fertilizer (no P or 86 kg P,Os ha™ as triple
super phosphate, TSP, 43%) and two levels of Zn fertilizer (no Zn or 3.5 kg Zn ha' as ZnSO,,
25%). The dosé .of P corresponded to the amount needed to correct soil P deficiency in the
area {Compaore et al., 2001).

In 2002, the four fertilizer treatments were combined in a 2 x 2 x 2 factorial set-up
with two organi¢ amendment types (compost, 15 ¢ ha and farmyard manure, 10 t ha™). These
treatments were.tested on both sandy and gravely Luvisols in fields of two farmers who
cultivated both-'g,oil textures. The nhumber of experimental units was 32.
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In 2003, the four fertilizer treatments were tested on fields of a single farmer in eight blocks
on a sandy Luvisol amended with 15t ha'! of compost. The number of experimental units was
32. In 2004, the four fertilizer treatments were tested again on both a sandy and Gravely
Luvisol in four blocks per soil texture. The eight blocks were distributed over the fields of two
farmers. Plots were amended with 15 t ha”! of compost. The number of experimental units was
32. Tables 3.1, 3.2 and 3.3 give selected properties of soils and organic amendments used in
the field experiments in 2002, 2003 and 2004,

Table 3.1 Chemical properties of sandy and gravely soil. Sonvaga, 2002, Burkina Faso

Soil texture OM (%) N-total (gkg"' ) P-total (zkg’) Clay pH-H20 pH-KCI

(%)
Sandy 0.50 0.32 0.09 18.5 5.25 4.5
Gravely 0.60 (.34 0.09 33.0 5.60 4.6

Table 3.2 Zai pit muarient content al sowing {see text for explanation) as a function of organic
amendment and soil iexture. Somyaga, 2002, Burkina Faso, n= 32

Gravely Sandy

Compost ~ Manure Compost Manure
OM (%) 1.60(0.03) 1.53(0.68) 1.17(0.25) 1.12(0.45)
N-total (g kg') 0.66 (0.02) 0.68(0.17) 054¢(008) 051(0.17)
P-total (g kg”) 0.33(0.10) 0.16(0.05) 022007 0.14 (0.06)
Zn-total {mg kg'*) 44,7 (4.85) 39.7(10.1) 21.1(8.63) 184 (6.06)
Zn-available (mg kg")  3.97(1.87) 1.85(0.10) 3.20(1.00) 2.12(0.62)
pH-H20O 7.56 (0.60) 6.77(0.26) 7.69(0.56) 7.01(0.03)
pH-KCl 6.97(0.87) 5.73(0.20) 690¢0.77) 6.02(0.13)

Values in brackets = standard deviation

Table 3.3 Chemical properties of compost and farmyard manure used in 2002, 2003 and 2004 field
experiments

Farmyard manure  Compost 2002 Compost 2003 Compost 2004

OM (%) 18.6 115 84 14.1
N-total (gkg") 6.0 5.0 43 5.7
P-total (g kg™ 1.3 1.6 1.26 1.28
Zn-total (mg kg’ 50.2 62.5 44,6 68.5
3.2.3 Crop husbandry

All management was done by the farmers, though supervised by research assistants, in order
to synchronize timing of operations between replicates, Plots were cultivated using the
traditional planting pits or Zai. The average planting pit was 25 cm in diameter and 15 cm
deep. The distance between pits within the row was 0.5 m and the distance between rows was
0.8 m, resulting in 25000 pits per ha. The pits were made by the farmers and organic
amendment and inorganic fertilizers were applied during the preparation of the pits. The same
volume of organic amendment was applied (two handfuls) per planting pit which
corresponded to 15 t ha” for compost and 10 t ha' for farmyard manure, i.e. the quantity
enough to support crop production according to estimates of local farmers {Dakio, 2000).
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Pits were sown with:3-5 seeds of the improved and drought tolerant sorghum (Sorghum
bicoloui‘(L ) Moench) variety IRAT 204, with a growing cycle of 90 days. The plant number
per pit Was reduced to two at the first hand weeding, 2 weeks after emergence. Plots were also
hand weeded at ﬂowermg and once more during grain filling. :

From each experimental plot, soil samples were taken at 0-10 cm at sowing, 50%
ﬂowenn_g and maturity. For each experimental unit, samples from five planting pits were
taken” at: random and thoroughly mixed. At sowing there was still a 2 ¢cm layer organic
améndmént on top of:the soil. Since sample depth is 10 cm, this included 2 cm organic
amendment and 8 cm soil. ‘At the second and third sampling organic amendment was already
completely worked in“the 5011 and no separate layers could be distinguished. Samples were
packed in 10 1 plastlc__bags_ and cartied to the Kamboinse Research Centire for drying and
chemical analyses. '

3.2.4 Greenhouse exﬁ’_ériﬂignt

In addition to the fu_élc'l_- experiments a greenhouse experiment was carried out at the Research
Centré of Kamboinse, 10 km north of Ouagadougou, Burkina Faso, in 2003. The experiment
staricd -on July 25, 2003 and ended on November 30, 2003. Plastic pots of 15 litres were filled
wnth a mixture of sandy acidic soil and compost on July 25, 2003. The pots contained 21 kg of
soil. The sandy soil -was -collected from the site where the field experiment of 2003 was
conducted The compost was collected from farmers and was similar to the one applied in the
field experiment of 2003. Before planting, all pots were waiered up to field capacity and were
re- watered back to ﬁeld capacity after wmghmg twice a day. The treatments included all
combmanons of two'compost doses (5 kg poi”, equivalent of 200-250 mg of total Zn and 10
kg pot’, equivalent of 400-450 mg of total Zn), three Zn treatments (no Zn, Zn at sowing or
Zn at anthesis; Zn applied as zinc sulphate, ZnSOq; 370 mg Zn pot’') and three levels of P (no
P, P at sowing or P :it_a_ntliesis; P applied as triple super phosphate, TSP; 3.44 g P pot™).

" Pots were wrandomly arranged in the greenhouse and all treatments were replicated
three times. In eaéh' p'ci't five sorghum (cv. IRAT 204) seeds were sown on July 27, 2003; 2
weeks after emcrgence the population was thinned back to two plants per pot. Soil samples
were taLen in the pots from the 0-10 c¢m horizon, at sowing, 50% flowering and maturity.

3‘.2,5,Sample ana'lgfgis'_‘ iy

The soil samples ‘were pre-dried in direct sun light and subsequently oven-dried at 60 °C for
48 hours. The samples were ground and sieved at 2 mm. The total Zn soil samples was
assessed after mmerallzatlon using a mixture of sulphurous acid (H;804) and salicylic acid
(C?HﬁO‘_’,) at the presence of hydrogen peroxide (H20;) and selenium (as a catalyst). Available
Zn was assessed using 5 g of the air dried sample placed in a 250 ml plastic bottle fitted with
an air-tight screw cap and after adding 50 mi of 1% EDTA. The suspension was mixed on a
reciprocating shz_akpr for 1 h and filtered through Watman paper No. 542 (Norveli, 1989).

“Total and availablé'-_ Zn were determined by Atomic Absorption Spectrometry (AAS) method.

Soil-total C, N and P were determined using respectively the Walkey-Black (Back, 1965),
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Kjeldahl and colorimetric methods. P available and soil pH were respectively determined by
Bray I method and pH meter (Peech, 1965).

3.2.6 Statistical analysis

Excel was used for primary data processing. The analysis of variance was performed using
GENSTAT (7™ Edition). The means were separated using the least significant difference
(LSD) at the probability of 5%. During the ANOVA, in 2002, farmers were used as
replications while in 2003 and 2004 blocks represented the replications.

3.3 Results

Rainfall differed between years (Figure 3.1). Total rainfall during the cropping seasons 2002
and 2004 was slightly lower (543 mm and 583 mm) compared to the long term average
(1961-1990) for the area (600 mm), while it was higher in 2003 (732 mm). Rainfall
distribution was poor during the cropping year 2003 compared to 2002 with recurrent drought
during the most sensitive growth stages. Rainfall distribution was fairly normal in 2002. In
2004 it was normal from sowing to flowering, but from flowering to maturity severe drought
occurred.

3.3.1 Soil chemical changes after organic and inorganic amendments

Zn and organic matter content of the compost that was used were comparable for 2002 and
2004 while they were lower in the 2003 experiment (Table 3.3). Organic amendment
increased soil organic matter, N total, P total and Zn total (Tables 3.1 and 3.2). Soil organic
amendments also increased soil pH by 2 units compared to the original soil pH. No significant’
difference was observed between sandy and gravely soil for soil organic matter, N total, P
total, available Zn and soil pH. The total zinc was higher in the gravely soil. Seoil pH
decreased from sowing to flowering and thereafter remained stable until maturity (Figure 3.2).
The same pattern was observed over the three cropping seasons and for the greenhouse
experiment in 2003 (Figures 3.2 & 3.3), There was a large difference between cropping
seasons for soil pH. Soil pH was lower in 2003 than in 2002 and 2004. Soil pH was not
affected by Zn or P fertilizer.
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ty was dlfferenl for the three cropping seasons and sampling periods (Figure 3.1)
'3) Zn avallablhty was not consxstently affcctcd by soil texture per se. The two

B Start
@ Flowering
0O Maturity -

ot

2002 2003 2004
Cropping yéars

Figure 32, Sod pH—KCe‘ at different growth siages in a sandy compost amended soil in Somyaga in
2002, 2003 and 2004. Bars are standard errors of means

O5kg |
W10 kg|

- Sowing Flowering Maturity
Sorghum growth stages

Flgure 3. 3 Seil pH-KCI changes during sorghum growth stuges, greenhonse experiment 2003, 5 kg=
5 kg of composr per pot, 10 kg = 10 kg of compost per pot. Bars are smndard errors of ineains




159a1eH

Furranoly

Mg Oy Apf anf ey

.
I Te

—_—
-
T

T

{(mm) nerape

T EEETETEEY

—

r

Jwmog

00C

FO0Z PUP £007 ‘2007 4t vEplwog w KBojouad doss pur uounquusip pofuipy 1o 2andiyg

¥y g Sy Apf o cmef g

L 1
|
4

ISIRIeH

Smsamoryg

dumog

€00

dg dy dipf amf fey

Lt
fﬂ___ il T

JSIIRY

Bunanogg

Jumog

w00T

- 01




Soil availability of Zn and P

Table 3.4 Zn availabiliry as affected by organic amendment type, soil texiure .and Zn andfor P
application at d{ﬁerem sorghum growth stages. Field experiment, Somyaga in 2002, n= 32. P o
-riprganic amendment, * = farmyard mantere. Ar sowing: LSD-main effect= 3.21, LSD-rwo way= 3.54,
. . LSD- three was= 6.43; At flowering: LSD-main effect= 2.88, LSD-two way= 4.08; Ar maturiry: LSD--
“* main effect= 5.57, LSD- 1wo way= 7.88

" Zh available (mg kg’ . _ .
' - - Zn _ __+Zn,

Growth " Soil OAl -p +P Mean -P . P - Mean
" stage | . texture : _
Sowing " Gravely  Compost 3.98 345 371 1.1 157 I64
o FYM’ 185 410 297 136 158 147
Mean 2.91 3.77 153 157
Sandy Compost 320 285 302 3657 402 384
FYM o 2.2 315 263 159 232 i9.6
o Mean 2.66 3.00 26.2: 317
- Zn: p <.001, Soil: p <.001, OM: p= 0.003, Soil x Zn: p <.001, Soil texture x
OM: p=0.014, So:leMxZn p—OOH . -
-Zn +7Zn’
_ _ -P +P  Mean -P 4P Mean
Flowering  Gravely  Compost 4,50 400 4.25 8.00. 800 800
FYM 200 300 250 750, 650 7.00
Mean 325 350 775 725
-Sandy Compost 450 - 500 475 200 205 202
FYM 2.00 3.50 275 5.00 11.5 825
_ Mean 3.25 4.25 12.5 16.0
OM: p= 0.007, Zn: p<.001, Soil x Zn: p= 0.033 , '
-Zn "~ +Zn’
) L -p +P Mean P +P Mean
© Maturity  Gravely Compost 2.00 3.00 250 1.0 205 157
' CoL FYM 1.00 200 150 6.50. 105 8.50
Mean 1.50 2.50 880 155
Sandy ~ Compost 2.50 300 275 3000 355 327
FYM 1.00 2.50 175 16.0:. 10.5 13.2
Mean 175 275 2300 230

—OM: p=0.015, Zn: p <.001, s0il texture: p= 0.050, OM x Zn: p= 0.032

At sowing in the 2002 cropping season, interactions were found between soil texture, Zn-
application and ‘organic amendment type. In no Zn application, gravely -;a_nd sandy. soils
showed comparable Zn availability and this was consistent over the organic amendment tyl‘}es.
With Zn fertitizer, Zn availability was higher for sandy soil than for the gravely soil when
applied togcther with compbst (from 38.4 vs 164 mg kg™ while it was not different when
applied with farmyard manure (19.6 vs-14.7 mg kg ). At flowering and in 2002 cropping
season, there was a significant interaction between soil texwure and-Zw fertilizer. With no Zn
fertlhzer, Zn avallablhty was the same for gravely and sandy soils. With Zn fertihzer, Zn
avmlablhty was higher for sandy soil (14.2 mg kg’ 1 than for gravely one (7 50 mg kg ) At
maturity the main effect soil texture affected Zn availability.

Zn availability was significantly affected by organic amendment type at all samplm g periods,
"but at sowing and at harvest the interactions overruled the main effect. Zn availability was
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higher in compost amended plots than in the farmyard manure ones at flowering (9.31 mg kg'
against 5.12 mg kg'). At maturity, a significant interaction occurred between organic
amendment type and Zn application: with no Zn fertilizer, Zn availability was comparable for
compost and farmyard manure. With Zn fertilizer, Zn availability was higher for treatments
with compost (24.2 mg kg') than for those with farmyard manure (10.9 mg kg''). Zn
application showed the most important impact on Zn availability for all sampling periods and
the discussed interactions never overruled the main effects (T'ables 3.4 and 3.5).

Table 3.5 Zn availability as affecred by inorganic fertilizers in compost amended sandy Luvisol at
different sorghum growth stages. Data from Somyaga, 2003, n= 32

Zn availability (mg kg

Sowing Flowering Maturity
-P +P Mean -P +P Mean -P +P Mean
-Zn 220 350 285 1.38 158 148 190 170 1.80
+Zn 283 256 269 127 832 105 149 125 137
Mean 15.2 4.5 703 495 840 7.10
Statistics  Zn: p< 001, Zn: p<.001 Zn: p<. 001
LSD=8.32 LSD= 3.95 LSD=4.70

In the 2004 field experiment, Zn availability was affected by soil texture only at flowering:
the sandy soil (2.67 mg kg") showed higher Zn availability than the gravel one (6.74 mg kg
In the same way as in the 2002 and 2003 field experiments, Zn application showed the most
important effect on Zn availability (Table 3.6). Zn application increased Zn availability from
3.5 mg kg 10 26.9 mg kg at sowing, from 2.61 mg kg'' to 15.3 mg kg at flowering and
from 2.60 mg kg'' to 15.0 mg kg'' at maturity.

Overall, Zn fertlizer showed the most important impact on Zn availability in all
cropping years studied. Figure 3.4 shows that with Zn fertilizer there was a linear correlation
between Zn total and Zn availability which was not found when no Zn was applied. For all
cropping seasons, Zn availability was not affected by P application.

3.3.3 Zn availability in the greenhouse experiment

In the greenhouse experiment of 2003, Zn availability was much higher than in the field
experiments (Tables 3.7-3.9). The results showed higher Zn availability at higher organic
amendment dose than with the lower dose at sowing (48.1 mg kg’ against 22.9 mg kg™,
flowering (53.8 mg kg'' against 40.4 mg kg') and maturity (51.1 mg kg™ against 38.7 mg kg’
') (Tables 3.7-3.9). At harvest, a significant interaction was found between organic
amendment dose and Zn application timing (Table 3.9). The effect of the higher compost dose
was higher when Zn was applied at anthesis than when it was applied at sowing or when no
Zn was applied. Zn application and timing showed the most important impacts on Zn
availability.
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applied at sowing independent of organic amendment dose; at 50% flowering (69.8 mg kg"
against 47.9 mg kg") and maturity (63.8 mg kg'lagainsl 45.9 mg kg"). As found in the field
experiments, P application did not affect Zn availability at all. At sowing, Zn availability in
the low compost dose with Zn application was comparable to Zn availability in the high
compost dose without Zn application.

Table 3.6 Zn availabiliry as affected by inorganic ferrilizers and soil texture in compost amended

Luvisol ai different sorghum growth siages. Field experiment, Somyaga, 2004, n=32
Zn availability (mg kg-")

-Zn +Zn
Growth stage  Soil texture -P +P Mean .P +P Mean
Sowing Gravely 230 420 325 233 258 245
Sandy 280 450 3.65 257 298 277
Mean 235 435 24.5 27.8
Zn: p<.00}, LSD= 7,09
-Zn +Zn
-P +P Mean _p +P Mean
Flowering Gravely 0.83 2.16 1.49 10.9 130 119
Sandy 2.12 385 2.98 16.6 16.1 16.3
Mean 147  3.00 13.7 14.5
Zn: p<. 001, LSD= 2.28; Soil rexture: p= 0.031, LSD=
2.28
-Zn +Zn
-P +P Mean P +P Mean
Maturity Gravely 1.90  3.00 2.45 16.4 137 150
Sandy 220 300 2.60 154 146 150
Mean 205 300 159 14}

Zn: p<.001, LSD= 4.64

4]



Soil availability of Zn and P

Table 3.7 Zn availability af sowing as affected by compost dose and P and Zn ferf:!wer timing.

- Greenhouse expenmem 2003, n= 54..

" Zn available (mg kg™

Compdst dose” P treatrment No Zn Zn applied at sowing  Mean

Skgpot' NoP =~ =~ 186 330 25.8 ;_
Patsowing 186 - 282 234 =
S Mean 186 306 :
“10 kg pot’! NoP 323 79.1. 557 _
: Patsowing 338 78.3 56.0 .'

Mean 33.0 78.7

Dose: p<.001, LSD= 5.19; Zn: P<.001, L§D= 5.51

_Table 3.8 Zn -availability at 50% flowering as affected by compost dose and P andfor Zn fertilizer
- timing. Greenhouse experimem 2003, n= 54
Zn avatlable (mg kg")

- Compost dose Ptreatment  NoZn Zn applied at Zn applied at Mean

g sowing anthesis : :
5 kg pot” No P 151 390 613 385
' - Patsowing 153 44.7 64.0 413
Patanthesis 160 435 64.2 _ 412
Mean - 155 42.4 63.2

10 kg pot™! NoP- 357 493 69.7 516
- Patsowing 310 513 785 . 536
Patanthesis 293 39.0 . 809 -. 56.4

Mean 320 532 76.3

Dose: p<.001, LSD= 2.70;
Zn: p<.001, LSD= 3.40

42 -



Chaprer 3

Table 3.9 Zn gvailability ar maturity as affected by compost dose and timing of P and Zn fertilizer.
Greenhouse experiment 2003, n= 54
Zn available (mg kg-1)

Compost dose P treatment  No Zn Zn applied at sowing  Zn applied at  Mean

anthesis

5 kg pot”’ NoP 16.5 420 54.2 37.6
P at 21.7 423 53.6 392
sowing
P at 19.8 42.7 55.7 39.4
anthesis
Mean 19.3 42.3 54.5

10 kg pol" No P 295 50.5 66.2 48.7
P at 31.2 50.5 74.6 52.1
sowing
P at 31.1 47.5 78.6 52.4
anthesis -
Mean 30.6 49.5 73.1

Dose: p< 001, LSD= 2.60;
Zn: p<.001, LSD= 3.18;
Dose x Zn: p=0.003, LSD= 4.49

3.3.4 P availability

P availability was different for identical treatments for the three cropping seasons (Tables
3.10-3.12). It was on average higher in 2002 than in 2003 and 2004. The soil texture did not
affect P availability for both the 2002 and 2004 cropping season.

Without P fertilizer, compost and farmyard manure amended plots showed comparable P
availability in 2002. When P was added, compost amended plots showed higher P availability
than farmyard manure amended ones. This was consistent over the sampling periods (Table
3.10). P application showed the most important impact on P availability for all cropping
seasons (Tables 3.10-3.12). Zn application did not affect P availability.

In the greenhouse experiment, organic amendment dose and P timing were important for P
availability (Tables 3.13-3.15). P availability was different depending on the timing of P, P
availability was always higher when P was applied at anthesis than when it was applied at
sowing (Tables 3.14 and 3.15). The higher compost dose gave higher P availabitity at sowing
and anthesis. A significant interaction was found between compost dose and P application at
mattirity (Table 3.15). Without P application the two doses showed comparable P availability.
When P was applied, P availability was higher for the high compost dose than for the lower
one.
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Table 3.10 P availability as affected by organic amendment type, soil texture and Zn andlor P
application at different sorghum growth stages. Field experiment, Somyaga in 2002, n= 32, FYM =
farmyard manure, OA = organic amendment

P available (mg kg

-P +P
- Growth - - Seil- OA Zn  +Zn  Mean -Zn +Zn  Mean
stage texture _

Flowering Gravely Compost 870 9.00 885 54.7 558 3525
' FYM 470 500 485 315 286 3005

Mean 6.70 7.00 43.1 42.2
Sandy Compost 900 900 900 5715 590 382
FYM 370 350 360 330 334 332

Mean 6.35 625 45.2 46.2

OM: p< 001, LSD=6.24; P: p <001, LSD= 6.24
OM x P: p< 0.001, LSD= 8.82

P available (mg kg'")

. -P +Zn
Growth.  Soil OA -Zn +Zn Mean -Zn +Zn Mean
stage - fexture
Maturity = Gravely Compost 7.30 820 775 48.1 50.0 49.1
FYM 330 370 350 250 23.3 244
. Mean 5.30 595 36.5 36.9
- Sandy Compost 850 790 820 50.1 485 493
FYM 260 300 280 173 184 178
Mean 535 3545 33.7 33.4

OM: p< .001, LSD= 5.46; P: p <.001, LSD= 5.46;
OM x P: p< 0.001, LSD= 7.73

Table 3.11 P availability as affected by :‘nérganic Jeriilizers in compost amended sandy Luvisol at
different sorghum growth stages. Field experintent Somyaga, 2003, n= 32 :
P available (mg kg-)

Flowering Maturity

-P +P Mean -P +P Mean
-Zn 6.50 36.2 213 550 31.0 18.2
+Zn - 6.60 396 231 530 276 6.4
Mean = 6.35 37.9 540 29.3

P- p<.00] LSD= 16.28 P: p<.00] LSD= 12.08
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Table 3,12 P availability as affected by inorganic fertilizers and soil texture in compost amended

Luvisol at different sorghum growth stages. Field experiment, Somyaga, 2004, n=32

P available (mg kg-')

-P +P
Growth siage  Soil texture  -Zn +Zn Mean -Zn +Zn  Mean
Sowing Gravely 540 510 525 687 705 69.6
Sandy 530 540 535 699 67.8 688
Mean 335  5.25 69.3 69.2
P: p<.001, LSD= 937
-P +P
Growth stage  Soil texture  -Zn +Zn Mean__-Zn +Zn __ Mean
Flowering Gravely 240 440 340 360 319 339
Sandy 350 420 3.85 362 371 366
Mean 295 430 36.1 34.5
P p<.,001, LSD= 11,82
-P +P
Growth stage  Soil texture  -Zn +Zn Mean  -Zn +7Zn Mean
Maturity Gravely 206 250 228 240 253 246
Sandy 247 300 273 211 204 207
Mean 226 275 22.5 22.8

P: p< 001, LSD= 255

Table 3.13 P availabitity at sowing as affected by compast dose and P and Zn fertilizer. Greenhouse
experimert 2003, n= 54

P available (mg kg™

Compost dose P treatment No Zn Zn at sowing  Mean

5kgpotT NoP 114 12.6 120
P at sowing 86.4 834 84.9
Mean 48.9 48.0

10 kg pot’ No P 15.6 15.4 15.5
P at sowing 105.7 107.2 106.4
Mean 60.6 613

Dose: p<.001, LSD = 1.68; P: P<.001, LSD = 1.78
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Table 3.14 P availability ar flowering as affected by compast dose and P andfor Zn fen‘dazer timing.
Greenhouse experiment 2003, n= 54

‘P available (mg kg-1)

compost dose P treatment No Zn Zn at sowing  Zn at anthesis  Mean

Skgpot' - NoP 1111 10.93 1.66 - 112
' P at sowing 70.13 674 69.09 . 689
P at anthesis 9047 91.34 903 . - 907
: Mean 57.2 56.5 57.1 L
10kg pot' - NoP 15.94 15.80 16.05 L 159
P at sowing 717 76.49 75.82 - 767
P at anthesis  108.01 105.09 105.28 L1061
Mean 67.2 65.8 65.7 P

Dose: p<.001, LSD = 1.31; P: P<.001, LSD = 1.61

Table 3.15 P avadabduy at mawueriry as affected by compost dose and riming of P and Zn femhz,er
. application. Greenhou.se experiment 2003, n= 54

P available (mg kg™)

Compost dose P treatment No Zn Zn at sowing  Zn at anthesis  Mean

“Skgpot” " NoP 945 9.03 9.68 T 938
. . Patsowing  46.80 47.6 45.2 46.5
Patanthesis  64.93 62.66 64.05 o 638

Mean 404 39.7 396
o NoP 12.31 12.30 1272 - 124
10kgpot! .  Patsowing 6438 66.85 69.04 667
" Patanthesis  76.68 80.23 8033 T 791

- Mean 51.1 53.1 54.0

. Dose: p< 001, LSD = 2.71; P: P<.001, LSD = 3.31
- Dose x P: P<.001, LSD = 4.69

3.4 Discussion and conclusions
3.4.1 Effects of Zn application and timing

The effeétiveﬁess of zinc sulphate in increasing Zn availability in agricultural soils ‘was
reported earlier (Frossard & Sinaj, 1997; Cakmak et al., 1999; Frossard er al., 2000; Kashem'
& Singh, 2002; Katyal, 2004). Also for Sahelian soils this was confirmed by our field and_
greenhouse experiments. Zn application showed the most important impact on Zn availability
compared to the other studied factors and independent of soil and organic amendment type.
Zn application in the Zai system seems therefore a most promising way to improve Zn
availability in these degraded soils of northern Burkina Faso as recommended also for other
' $6ils (Rengel er al., 1999; Rupa er al., 2003). Interestingly, the ratio available zinc over total
‘zin¢ was much improved by the Zn fertilizer application indicating that the buffer capacity of
the soil for free zinc sulphate was not large. This aveids that a large proportion of added '_'zi'ni:_
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was immediately immobilized and thus implies potentially a good uptake and productivity of
the applied zinc.

The results from the greenhouse experiment showed that Zn application at anthesis
makes more Zn available at flowering and at maturity than when Zn was applied at sowing,
This also indicates that the zinc applied at sowing was partially taken up by the crop or
gradually immebilized. In the latter case, applying Zn at anthesis would make more zinc
available during grain filling, which could be important for grain quality but this suggests
additional work for farmers and this is only possible if such a late Zn application
simultaneously increases crop yield.

3.4.2 Year to year variability

Zn availability after Zn fertilizer application differed between years for comparable soil
texture and organic amendments. The higher Zn availability in 2002 throughout the year does
not seem to be linked to the amount applied with the compost as the compost total Zn was
comparable between 2002 and 2004 (Table 3.3). The rainfall distribution differed between
years {Figure 3.1) and the drier soil conditions prior to sampling at flowering and harvest in
2003 and 2004 might be part of the explanation for the lower Zn availability ac those sampling
moments. Erenoghu (2602) based on a literature review indicated that under drought stress
conditions, Zn is bound to the soil particles which decreases the amount of free Zn in the soil
solution. Variability between years could have been created also by the fact that we have used
a new field every year. Therefore, soils may have been different in their capacity tp
immobilize the applied zinc. The pH patterns from sowing to maturity for the three cropping
seasons (Figure 3.2) do not show a clear correlation with the variability in Zn availability
between the cropping seasons. In the 2003 field experiment, the pH at sowing was lower
(~5.75) compared to 2002 and 2004 (~ 6.5) and normally in the best Zn availability range
(Rengel er al, 1999). The variabitity in rainfall patterm is therefore potentially an important
source of variability in Zn availability after Zn fertilizer application in the Sahel.

3.4.3 Soil texture

The original chemical and physical characteristics of the sandy and gravely soils affected Zn
availability. Available Zn was equal for the sandy soil and the gravely soil (Table 3.2} while
total Zn was higher in the gravely soil. A larger part of the total Zn was fixed by the gravely
soil probably by the clays minerals since the other factors susceptible to decrease Zn
availability (i.e., soil pH and organic matter) were similar for the two soil textures (Tables 3.1
and 3.2). Clay minerals are reported as effective in Zn adsorption (Rupa et al., 2003; Alam &
Raza, 2001; Erenoglu, 2002). Our results are supported by Rengel ez al. (1999) who reported
higher Zn availability for a Laffer sandy soil with chemical and physical characteristics close
to our sandy soil (pH: 5.8, low organic matter content} compared to Paaloa soil (pH 6.3),
because of the lower binding capacity of the sandy soil. The interaction revealed by our data
in the 2002 ficld experiment between Zn application, the two organic amendments and the
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two soil textures at sowing could be due to the fact that part of Zn supplied by the orgamc
amendrent was also fixed by soil minerals in the gravely soil.

3.4.4 Organic amendment type and dose

Zn availability after Zn fertitization was affected by organic amendments, This could bé partly
explained by the fact that compost supplies more Zn (o the soil (Table 3.2). The other soil
chemical characteristics (soil pH. organic matter) susceptible according to the literature to
. change the Zn availability were similar after the two organic amendments were applied. The
compost used in the field experiments was produced by farmers at home and is composed of
crop residues, farmyard manure, and an important proportion of household refuse, which may
have supplied more micronutrients to the mixture (Traore & Stroosnijder, 2003). Farmyard
manure is a mixture of cow dung, cow urine, and cereal straw (sorghum and/or mi llet):without
extra source of minerals. Gomez (1998) also found lower micronutrient eon&:t_l_t: in organic
manure from crop residues than in waste from households refuse. Illera et di. '(2000) have
reported that micronutrients are present in wastes and bio-solids as carbonates, sﬁlphides,
organically bound, adsorbed, or exchangeable forms. But, more lnvesllgatlon is.needed to
determine the chemical composition of the various compost ingredients.

From the greenhouse experiment it appears that doubling the organic amendment dose
over the current practice also increases Zn availability. Similar work reported by Dvorak ef al.
(2003) indicated significantly higher Zn availability with tripte sludge application dose than
with smgle dose. However, increasing the compost dose in the actual Sahel ‘production
conditions is not realistic because the total quantity of organic manure produced by farmers is
already insufficient to cover all their agricultural land (Traore & Stroosnijder, 2005)

3.4.5 Effects on P availability and P by Zn interactions

The phoéphorus balance is reported by many previous studies being negative for most of the
soils of West Africa and strongly limiting crop production (Bationo et af, 1998; Buekert ef al.,
1998: Cémpaore et al., 2001, Ouedraogo, 2004). For the Burkina Faso Sahelian zone, the total
P loss per hectare and per year was estimated at 4.17 kg (Bationo ez al., 1998) which shows
the importance of P application for a sustainable crop production in the area. P availability
observed in the control treatments in our field experiments are close to the: average value of
5.2 mg kg™’ of P Bray 1 reported by Compaore et al. (2001) for 36 soils in Burkma Faso. P
availability under organic amendment alone is too limited to support a good ¢rop production.
The application of P fertilizer is therefore necessary for improved crop productivity. P
availability after fertilizer application was higher for the compost amended plots than for the
_ fannyar‘d' manure amended ones. Compost application adds slightly more: Pito the soil and
mcreases. slightly more the soil pH than does farmyard manure (Tables 3. 2 & 3.3). The
difference does not translate into a significantly higher P availability in compost amended
plots unless P fertilizer is also applied (Table 3.10). There are some indications that the higher
P availability in compost amended plots is due to higher organic acid and humic substances
produced during compost decomposition than during animal manure decompasition (Mengel
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& Kirkby, 1987; FAQ, 2004). As with Zn the higher dose applied in the pot experiment leads
to a higher P availability, but the practical implications are minor.

No interactions was observed between P and Zn application and these results are
opposite to most of the results found in the literature on the combined application of P and Zn
fertilizers (Buerkert et af; 1998; Cakmak et al., 1999). We hypothesize that this is because
organic amendmeits have increased Zn availability already above the critical level of 1.5 mg
kg" (Dobermann & Fairhrust, 2000) leading to such interactions even though no critical level
was reported for the Sahel conditions.

3.4.6 Conclusions

In summary, we can conclude that Zn availability and P availability can be enhanced
independently through respectively zinc sulphate and TSP applications. The positive effects
on both Zn and P were such that more of the total Zn and P in the soil was available after
applications. When applied with compost on sandy soils the application of zinc seemed
slightly more effective, but differences were not such that application in combination with
either farmyard manure or on gravely soils should be avoided. Whether the positive effects on
availability do iranslate in higher uptake and biomass production will be reported in the
following chapters.
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Chapter 4

4. Combining Zn, P and organic amendments in sorghum
production in the Sahel

4.1 Introeduction

Crop production in the Sahel is strongly limited by water and nutrient shortage because it
takes place in areas with a low potential where soils are inherently infertile and rainfall is low
and erratic. A major challenge in the future will be to feed a population with growth rates
exceeding 3% per annum (Buekert et al., 1998). Continucus and intensive cropping without
restoration of the soil fertility has depleted the nutrient base of most soils (Bationo et al.,
1998). Soil organic matter, the most important source of nutrients for crop production in the
region, is almost lacking or very low (Pieri, 1989). The improvement of soil organic matter
content is therefore a key for soil fertility management across cropping systems and
environments (Ayuk, 2001). Moreover, external fertility will have to be added also to enhance
system fertility and compensate fertility that is exported through sale of preducts.

Since the 1980s, an increasing number of farmers in the Sahel have adopted soil and
water conservation measures and applied scil organic amendraents. This has improved soil
chemical and physical properties (porosity, structure, water holding capacity) (Mando and
Miedema 1997; Ouedraogo et al., 2000, Zougmore, 2003} and has resulted in higher crop
yields. Roose et al. (1992) reported that by using compost or farmyard manure in the planting
pit or zai system, sorghum yield was significantly increased.

One of the most limiting nutrients for crop production in the Sahel is phosphorus. The
P balance is negative for all cropping systems thus jeopardizing the sustainability of crop
production in the Sahel. Buekert et al. (1998) reporied that the application of phosphorus and
millet crop residues can increase millet grain yields several-fold and can enhance the
sustainability of the curmment production system. The combined application of organic and
inorganic amendments rerains the most promising way to improve cereal production in the
Sahel (Zougmore, 2003; Ouedraogo, 2004; INERA, 2003).

Many studies were carried out to evaluate the effect of soil organic amendments on
crop productivity in the Sahel (Bado and Hien, 1998; Buekert et al., 1998; Zougmore, 2003).
These studies have rarely associated the effect of micronutrients, such as Zn, with crop
productivity, although micronutrients are necessary to reinforce the effect of macronutrients
(Katyzl, 2004). According to Katyal (2004), Zn deficiency interferes with P metabolism, a
problem that can be countered by application of Zn fertilizer. Cakmak et al. (1999) in a
literature review reported that Zn fertilizer was able to significantly increase cereal yields.

Sorghum is the most important crop in the Sahel because of its adaptation te erratic
climatic conditions and to conditions of low soil fertility. In Burkina Faso, the sorghum area
is about 1.3 million ha with a total production of 1.2 million t yr’ (Ministére de I’ Agriculture,
2000). It represents the first cereal of the country and the total production was increased from
612,000 o 1,033,700 tons between 1984-1998 (Ministére de I’ Agriculture, 2000). The
production is mainly destined to consumption by households of producers, only a small
percentage is sold on the market.
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The objectives of the curtent study were to evaluate differences in effect on sorghum yield of
Zn and P fertilization alone or in combination. These effects were studied in conjunction with
(1) two types of organic amendments a’s 'practised by farmers; (2) organic amendments when
applied to different soil types and durmg different seasons, (3) different orgamc amendment
doses. :

We hypothesize that sorghum productlon is improved with the combined application
of Zn and P fertilizers and that effects are dependent on soil type, dose and type of organic
amendments and timing-of Zn and P-fertilizers, but quantification is needed to design
interventions aimed at small scale subsistence farmers.

4.2 Materials and methods
4.2.1 Field experiments.

Site description Lo

On-farm experiments were carried out in farmers’ fields in the village of Somyaga in northern
Burkina Faso (13°06°-14°26 latitude North, 1°43" — 2°55 longitude West), in the soudano-
sahelian zone in 2002, 2003 and 2004.. Annual rainfall is between 400 and 700 mm with a
cropping season of 4 months (June — Septémber). There are two main soil types in the area:
Luvisols and Regosols (Mando, 20'00). ‘Both have poor structure and a low mineral and
organic matter contént. (Pieri, 1989). Of these soil types we selected sandy and gravely
luvisols for our on-farm ‘experiments_._'gi_\?'cn their relative importance among agricultural soils
in Burkina Faso (Mando, 2000). '

Experiment design :

The experiment was a-randomized block design; the size of each experimemai unit was 25 m*
(5 m x 5 m) and the distance bet_w.:c-_:en the plots was 1 m. Treatments in all three years
included the four corh_binations of two levels of Zn fertilizer (no Zn and 3.5 kg Zn ha” as
ZnSO04, 25%) and two levels of P fértilizer (no P and 37.5 kg P ha™' as triple super phosphate,
TSP, 43%). The raic of applied P .corresponds to the amount needed to correct soil P
deficiency in the area. (Compaore et al , 2001).

In 2002, the. four fertilizer treatments were comblned ina2x2x 2 factorial set-up
with two organic manure types (compost 15 t ha™ and farmyard manure, 10t ha'). These
treatments were lested on both sandy and gravely Luvisols in fields of two farmers who
cultivated both soil types. B

n 2003, the four fertilizer treatments were tested in eight blocks on a sandy Luvisol
field of a single farmer amended with 15 t ha'' of compost.

In 2004, the four fertilizer treatments-were tested again on both a sandy and a gravely Luvisol
in four blocks per so_q_l type. The eight blocks were distributed over the fields of two farmers,
Plots were amended with 15 t ha™ of compost and 50 kg N ha™* (urea, 46%).

Tables 3.1, 3.2 and 3.3 give selected properties of soils and organic manures used in

field experiments in 2002, 2003 and 2004,
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Crop husbandry and sampling

All management was done by the farmers, though supervised by research assistants, in order
to synchronize timing of operations between replicates. Plots were cultivated using the
traditional planting pits or ‘zai” (Reij et al. 1996).

The average pit was 25 cm in diameter and 15 cm deep. The distance between pits

within the row was 0.5 m and the distance between rows was 0.8 m, resulting in 25,000 pits
per ha. The pits were made by the farmers and organic manure and inorganic fertilizers were
applied during the preparation of the pits. The organic manure was applied at two handfuls
per seedbed which comresponded to 15 t ha™ for compost and 10 t ha! for farmyard manure,
i.e. the quantity enough to support crop production according to estimates of local farmers
(Dakio, 2000).
Pits were sown with 3-5 seeds of the improved and drought tolerant sorghum (Sorghum
bicolour (L.) Moench.) variety IRAT 204, with a growing cycle of 90 days. The plant number
per pit was reduced to two at the first weeding, 2 weeks after emergence. Plots were also
weeded at flowering and a last time during grain filling.

From each experimental plot, sorghum plants were sampled at 50% flowering and at
maturity. Sorghum plants were cut at 5 cm above the ground and plants from five random
planting pits were mixed and represented the experimental unit. These samples were collected
in 10 | plastic bags and processed at Kamboinsé research centre (see below).

4.2.2 Greenhouse experiment

A greenhouse experiment was carried out in 2003 at the Kamboinsé Research Centre, 10 km
north of Ouagadougou, Burkina Faso. The experiment started on July 25 2003 and terminated
on November 30, 2003. Plastic pots of 15 litres were filled with 21 kg of a mixture of sandy
acidic soil and compost. The sandy soil was collected from the site where the field experiment
of 2003 was conducted. The compost was collecied from farmers and was similar 1o the one
applied in the field experiment of 2003. Before planting, all pots were watered to field
capacity and were re-watered back to field capacity after weighing twice a day during the
entire experiment. The treatments included all combinations of two compost doses (5 kg pot"
and 10 kg pot”', equivalent of 200-250 mg and 400-450 mg of total Zn, respectively), three
Zn treatments (no Zn, Zn at sowing and Zn at anthesis, Zn applied as ZnSOy; 370 mg Zn pot’
'Y and three levels of P (no P, P at sowing and P at anthesis, P applied as triple super
phosphate, TSP; 1.5 g P pot™).

Pots were randomly arranged in the greenhouse and all treatments were replicated
three times. In each pot, five sorghum (cv. IRAT 204) seeds were sown on July 27, 2003; 2
weeks after emergence, the population was thinned back to two plants per pot. Above ground
biomass (stem + leaves + panicles) was harvested at 50% flowering and maturity.
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4,2.3 Sample analysis and data processing

At malfuri_ty.;ﬁe grains were separated from the panicles and the emptied panicles were mixed
with stem-arid; leaves. The sf:_uijnples were pre-dried in direct sun light and subsequently oven-
dried at 60°C for 48 hours, Sorghurm grain harvest index was calculated by dividing grain dry
weight by total above ground biomass production. The analysis of variance (ANOVA) was
performed -uging GENSTA_T (7" Edition). The means were separated wvsing the least
significant difference (LSD) at P < 5%. During the ANOVA of the experiment in 2002,
farmers ‘were used as re:phcanons while in the experiments of 2003 and 2004 blocks
represented-the repllcatlons

4.3 Results
431 Rainfall dlstribution

As cxpected in the Sahel the. rainfall varied markedly over the years of experimentation
(Figure: 4. l) Total ramfal[ durmg the cropping seasons 2002 (543 mm) and 2004 (583 mm)
was slightly lower than’ ‘the long term average (1961-1990) for the area (600 mm), while it
was hlgher in 2003 (732 ‘mm). Rainfali distribution was fairly normal in 2002 while rain
events ‘were rare after flowering in 2003 and 2004, In 2003, only two rain events were
recorded after 50% ﬂowr;_rl_ng__(September 11): on September 20 (11.0 mm) and October 03
(14.4 m’i‘ri)- In 2004, only one rain event was recorded after 50% flowering (September 20):
on September 22 (23.2 mm). Especmlly in 2004 the crop suffered from severe drought and of
locusts in-the area. Grains on many sorghum piants were not mature at that time, especially
not on the sandy soil. . -

43.2 Tatal abave groﬁﬁd-' biomass

Sorghum biomass production differed between years (Tables 4.1, 4.2 and 4.3). At both
flowering ‘and maturity, biomass production was higher in 2004 (273 and 443 g m) than in
2003 (\l'NS"? and 378 g m?) and 2002 (140 and 310 g m™?). The effect of soil type on biomass
pmdué;tidi} was different for 2002 and 2004 and depended on time of sampling. In the 2002
field expérimem, biomal_s_s"pi"oduction at flowering was similar for sandy and gravely soils; at
maturity';-thc sandy soil (342 g m'2) had produced more btomass than the gravely soil (279 g
m?) (T: able 4. I In th'e 2004 field experiment, no significant differences were observed
between the sandy and the grave]y soils at flowering or marurity (Table 4.3). Data from the
2002 ﬁeld expcnmem ‘show at both sampling periods that biomass production was not
sngmﬁcamly different between compost amended plots and farmyard amended plots (Table
4.1). Effects of inorgaﬁjc:Zn and P application were most iinportant and consistent (Tables
4.1,4.2,;and 4.3). The increase obtained by both inorganic fertilizer applications depended on
the éft.jpé)ing $eason zmd Samp]in g period. In general, Zn application had a much smaller effect
on biomass production than P application, but both effects were highly significant in all three
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field seasons. Effects of Zn and P were largest in the 2004 field experiment. No significant Zn
x P interaction was observed in any of the field experiments.

The results from the greenhouse pot experiment in 2003 show that the effect of
compost dose on biomass production differed between sampling periods. At flowering, no
significant difference was observed between the higher (31 g pot’') and the lower (26 g pot™)
compost dose (Figure 4.1a). At maturity, the higher compost dose resulted in more (80 g pot”
'Y biomass than the lower (70 g pot’') one (Figure 4.1b). In the same way as found for field
experiments, Zn and P application increased biomass production independent of compost rate
with the largest effect of P application. The effect of both inorganic fertilizers was highest
when Zn or P was applied at sowing (Figs 4.1a and b).

4.3.3 Grain yields and harvest index

In 2002, the grain yield was between 0.44 and 1.87 ha™! while the straw yield ranged between
0.98 and 2.50 t ha™' (Figure 4.2). In 2003, the straw yield was higher than in 2002 ranging
between 1.54 tha”! and 3.56 t ha™* while the grain yield was lower (between 0.30 and 1.40 ¢ ha'
'Y (Figure 4.2). In 2004, the straw yield was much higher than in 2002 and 2003. Sorghum
grain yield in 2004 was comparable to the one in 2003 (between 0.34 and 1.40 tha™), so again
lower than in 2002 (Figure 4.2). The biomass in the greenhouse pot experiment cannot be
easily compared to that produced in the fields, but the slope of the regression lines of the
straw and grain yield as functions of total biomass produced are comparable to those observed
in the 2003 field experiment (Figure 4.3).

Only in the 2002 ficld experiment, sorghum grain yield was affected by soil
type: sorghum grain yield was higher for the sandy soil (1310 kg ha') than for the gravely
soil (998 kg ha™") (Table 4.4). No significant differences were observed between the two
organic amendment types (Tables 4.4). Zn and P fertilizer applications significantly increased
sorghum grain yield in all experimental years (Tables 4.4—4.6). The positive effect of Zn
application ranged on average from 195 to 222 kg ha’ whereas the positive effect of P
application ranged on average from 402 to 472 kg ha™'. No interactions between the two
nutrients were observed.
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Chapter 4
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Figure 4.1 Main effects of compost dosage (5 or 10 kg/pot) and P and Zn fertilizer application and
timing on sorghum biomass yield flowering (A) and maiuriry (B} and grain yield ar maturity (C). Pot
experiment, 2003, n= 54, , P-s = P at sowing, P-a = P at anthesis, Zn-s= Zn at sowing, Zn-a = Zn at
anthesis. Bars indicate LSDs for comparison between main effects, no significant interactions between
treatmenis were observed,
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Combining Zn, P and organic amendments in sorghum production

The results from the greenhouse pot experiment in 2003 (Figure 4.1c) also showed no effect
of- lhe ‘compost dose but confirmed that Zn and P application both 1mproved sorghum grain
yle]d Zn applied at sowmg generated a higher grain yield (30 g pot’ '} than when Zn was
applied at anthesis (27 g pot™). Also P application at sowing generated a higher sorghum grain
yield (32 g pot’ "y than when P was applied at anthesis (27 g pot'). When comparing the
averages of the identical treatments (compost sandy amended plots), sorghum harvest index
(HI) was always in the order 2002 >2003 >2004. This was consistent over Zn and/or P
feftilizer application. Only in 2004, soil type significantly affected HI with the HI being
highér for sorghum from the gravely soil than for sorghum grown on sandy soil (Table 4.9).
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" ﬁgure 4.2 Sorghum grain and straw yield as a function of toral biomass production. Field
" experiments, Somyaga, 2002. 2003 and 2004.
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Figure 4.3 Sorghum grain and straw yield as a funcrion of total biomass production. Greenhouse por
experiment, 2003.

Table 4.4 Effects of soil tvpe, organic amendment type and P and Zn fertilizers on sorghum grain
yield (kg ha*). Field experiment in Somyaga in 2002, n=32. OMan = organic manure; FYM =
farmvard manure.

-Zn +Zn

Soil type  OMan -P +P Mean  -P +P Mean

Gravely  Compost 638 1290 964 822 1530  1I80
FYM 642 018 780 873 1270 1070
Mean 640 1105 847 140!

Sandy Compost 1120 1560 1340 1250 1640 1450
FYM 790 1450 1119 1220 1470 1350
Mean 955 1500 1240 1560

Zn: p= 0024, LSD = 178;P: p<.001, LSD= 178;
Soil vpe: p = 0.002, LSD = 178

Table 4.5 Effects of P and Zn fertilizers in a sandy composted soil on sorghum grain yield (kg ha'').
Field experiment in Somvyaga in 2003, n=32.

-P +P Mean
-Zn 339 1170 o000
+Zn 985 1460 1220
Mean 912 1310

Zn:p = 0.035 LSD =204; P: p <001, LSD = 204

Table 4.6 Effects of P and Zn fertilizers and soil type on sorghum grain yvield (kg ha!). Field
experiment in Somvaga in 2004, n=32.

—Zn +Zn
Soil type —P +P  Mean -P +P  Mean
Gravely 799 1420 1110 1020 1470 1250
Sandy 680 1120 899 945 1350 1150
Mean 739 1270 983 1410

Zn: p = 0.035, LSD = 193; P: p <.001, LSD = 193
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Combining Zn, P and organic amendments in sorghum production

No significant difference was found between the two organic amendment types (Table 4.7).
Zn application increased HI only in the 2003 field experiment (Table 4.8). P application
increased HI in the 2002 and 2003 field experiments. [n the 2003 field experiment, the impact
of Zn application on HI was comparable to the .effect of P application. The three field
experiments did not show significant Zn x P interactions for harvest index. The harvest index
in the greenhouse pot experiment could be derived from Figure 4.3, but does not bear
agronomic relevance as the planis were not grown in a canopy struciure. -

Table 4.7 Effects of soil repe, organic amendment type and P and Zn fertitizers on sorghum harvest
index (kg kg"r}‘ Field experiment in Somyaga in 2002, n=32. OA = organic amendment; FYM =
Sfarmyard manure. '

- =Zn +Zn
Soil type OA -P +P Mean -P +P Mean
Gravely Compost 029 0.38 034 035 043 0.39
FYM 0.35 034 034 034 0.36 0.35
Mean 0.32 .36 0.34 0.39 :
Sandy Compost  0.35 044 040 037 0.39 0.38
FYM 0.34 039 037 038 04t 0.40
Mean 0.34 041 0.37 0.40

P:p=0.017 LSD =003

Table 4.8 Effect of inorganic fertilizers applied in a sandy composted soil on sorghum harvest index
{kg ke''). Field experiment in Somyaga in 2003, n=32.

-P +P Mean
-Zn . 0.24 0.29 0.26
+Zn . 028 0.34 0.31
Mean 0.26 .37

Zn- p = 0.009, LSD = 0.03;
P: p = 0.004,LSD = 0.03

Table 4.9 Effect of r‘riorgam'c fertilizers and soil rype on sorghum harvest index (kg kg™'). Field
experiment i Somvaga in 2004, n=32,

—Zn +Zn
Soil type -P +P Mean P +P Mean
Gravely 0.25 031 028 026 027 026
Sandy 0.20 023 021 023 024 (.23
Mean 0.22 0.27 0.24 0.25

Soil type : p=0.03, LSD = 0.04

4.4 Discussion
4.4.1 Sorghum production and rainfall distribution

Sorghum grain yield was variable over the field experiments carried out in different years.
The poor rainfall distribution (Figure 3.1}, especially after flowering in the 2003 and 2004
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cropping seasons, might have hampered normal sorghum grain production. This is also
indicated by the overall lower harvest index (Figure 4.2, Tables 4.7-4.9) in those years
compared to 2002. One of the most limiting crop production factors in the Sahel is indeed
water availability (Breman, 1997; Stroosnijder and Van Rheenen, 2001). The grain yield was
most affected by rainfall variation: during the two cropping seasons with lower grain yields,
severe drought stress very likely occurred after flowering, A drought experiment carried out
by Samarah et al. (2004) in a greenhouse showed that drought stress during the grain fitling
stage affects the number and the size of grains and reduces both grain yield and total dry
matter production. Farmers should avoid water stress especially during the grain filling
period. This can be done by improving further soil and water conservation measures in order
to increase water infiltration and reduce losses due to runoff. Further investigations in the
field of green water use efficiency (Stroosnijder, 2003) are needed 1o better underline the
options that avoid the impact of a water stress on crop production. The presented data show
that in years like 2003 and 2004 the intensive and otherwise effective zai system could not
avoid water stress. Interestingly, though, even under such relatively adverse conditions
nutrient application of Zn and P feitilizers alone and in combination gave higher grain and
biomass yields and thus also increased the water use efficiency.

4.4.2 Soil type and organic amendment type

In the 2002 experiment, sorghum grain yield was affected by soil type: the sandy soil gave
better yield than the gravely soil. This can be attributed to better availability and uptake of
nutrients when grown on the sandy soil than on the gravely one. These conclusions are
supported by Delville (1996) who found also higher sorghum grain yields on the sandy soil
than on the gravely soil. Initial chemical and physical characteristics of the seil are important
factors for crop production in the Sahel. In the 2004 field experiment, no significant
difference was observed between the sandy and the gravely soil. This was probably
associated with the drought stress at the end of the season which impeded the expression of
the soil effect. It could alsc be that the extra rainfall in 2002 was more effectively captured
and made productive on the sandy than on the gravely soil as in the course of the season the
pits in the zal system tends to become more shallow allowing more runoff. In 2004, also N
was added at sowing, but this cannot explain the observed lack of difference between the soil
types as inherent N was comparable between soil types. The extra N provided in 2004 could
be the cause for the higher total biomass (4470 kg ha'y and straw (3450 kg ha™") production
in 2004 compared to 2002 (3550 and 1390 kg ha™, respectively) and 2003 (3780 and 2500 kg
ha'', respectively). Potentially this could have resulted in a higher grain yield also in a more
favourable year.

No significant differences were observed between sorghum grain production after
application of compost or farmyard manure. These findings are in contrast to previous reports
from the same area {Dakio, 2000). A possible reason for this discrepancy could be that the
farmyard manure and compost used in the previous studies were from different farmers and
thus from different raw material, whereas in our experiments farmyard manure and compost
were produced by the same farmer and thus from the same basic material, This assumption is
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supported by‘ Hassen et al. (1997) and Gomez (1998) who claim that the response of soil
organic amendment is influenced by the quality of the parent rnaterlal of the organic
amendment, - : -

Among all factors studied, P application most strongly increased both sorghum grain
and straw yield.- Our results confirm the conclusions from previcus studies in the same
agroclimatic zone and soil chemical and physical conditions (Bado and Hien; 1998; Buerkert
et at., 1998; Traore, 1998; Compaore ¢t al., 2001; Mando, 2000): P application improved crop
yield as-almost all the soils in the Sahel are very low in available P (Bationo et al., 1998),
often to the extent that the uptake.of many other macronutrients {e. g N/ K} is-also impeded.
Zn application also increased sorghum grain yield but to a much lower extent than P
application. The combined application of Zn and P gave the highest grain yield, implying an
additive effect of the two fertilizers treatments in the tested range. :

The harvest index data (Figure 4.3 and Tables 4.7-4.9) indicate that improving total
biomass production implies improving the harvest index, even in the years with very poor
rainfall during grain filling. Therefore the chances of overuse of water early in the séason to
produce biomass at the expense of later grain production seem low. Soil organic amendment
combined with Zn and P fertilizer can therefore be attractive to farmers in the Sahel with self
food sufficiency as first objective. - .

Given the availability on the market of P and.not of Zn fertilizer the best option at this
moment for farmers (o increase production in the zal system seems to be P application, This
corresponds to earlier findings (Zougmore, 2003). Given the positive effect of Zn on
' producli@:rn" we ‘observed there seems a role for Zn fertilizers or at least Zn eariched P
fertilizers in the area. The fact that sorghum yield reacted positively to Zn application in the
tested system is an indication that P application alone will potentially lead to dilution of Zn in
the cereal and this may have a negative effect on grain Zn mass fraction (Buerkert et al,
1998). This in its turn could have negative effects on seed performance in a next year and on
the nutritional quality of the grain (Graham and Welch, 2000). Further research therefore on
the nutritional quality of sorghum produced in the different fertilization systems is on its way.
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Chapter 5

5. Combining Zn, P and organic amendments to enhance sorghum
Zn uptake from degraded Sahelian soils

5.1 Introduction

Zinc is essential for the normal healthy growth and reproduction of plants (Marschner, 1995).
When the supply of plant available zinc is inadequate, not only crop yields will be reduced but
also the quality of crop products for use as food or feed can be expected to be sub-optimal. In
plants, zinc plays a key role as a structural constituent or regulatory co-factor of a wide range
of different enzymes in many important biochemical pathways. Zinc deficiency in the plant
retards development and maturation of the panicles of grain crops (Alloway, 2004). Crops
grown on soils poor in Zn or with a low Zn bio-availability are also poor in this element. As
in soils and plants, Zn deficiency is also a common nuiritional problem in humans,
predominantly in developing countries where diets are rich in cereal-based foods and poor in
animal products (Cakmak ez al., 1999). Enhancing Zn in plant derived food is one way to
improve human health in developing countries where and when the local pepulation cannot
afford food sources from which zinc can be taken up easily in large enough guantities in the
human gut. Therefore research on bio-fortification carried out by many groups focuses on
options to improve Zn density and availability in cereals foods (Cakmak er af., 1999; Frossard
et al., 2000). Increasing Zn uptake from the soil is a first step to improve Zn levels in the food
chain.

Low-input production of cereals on the predominantly acidic soils in the Sahel in West
Africa is affected by limited and erratic water supply and a low availability of nutrients of
which phosphorus is arguably the most important (Bado and Hien, 1998; Bationo et al., 1998;
Compaore et al., 2001; Traore et al., 2001). Compaore ef al. (2001) reported a P value (1.12
mg P kg'! soil) for the Sahelian zone of Burkina Faso, far below the critical value for normal
crop functioning (5 mg P kg soil). Recently adopted soil organic amendments, soil and water
conservation measures and the use of local rock phosphate have imnproved the crop production
in the Sahel (Bationo et al., 1998; Buekert et al., 1998). Much research and extension efforts
have been placed so far on macronutrients (NPK) and limited information is available on the
uptake of micronutrients from the current organic amendment as practised by farmers. To
what extent Zn can contribute to improving crop production in current production systems
developing in reaction to soil degradation in Burkina Faso is unknown. Many workers,
though, have reported a positive effect of soil organic amendment on Zn uptake (e.g. Rengel
er al, 1999; Almas and Singh, 2001). This was ascribed to the fact that micro organisms
release metal chelating compounds easily taken up by roots, rather than to the zinc applied
with these amendments. Rengel ef al. (1999) and Ehlken and Kirchner (2002) reported that in
general Zn uptake was affected by soil physical and chemical charactenstics, and that Zn
uptake was usually lower from soils with a fine texture (high clay content) than from soils
with a coarse texture. Also growing conditions modify Zn uptake (Katyal, 2004). The quantity
of Zn taken up and the speed of uptake are greatly influenced by soil moisture content. Callot
et al. {1982} reported that in soils with 20% moisture element diffusion is twice that in a soil

67



Combining Zn, P and organic amendments to enhance sorghum Zn uptake

. with 10% water. Such differences in water COntent are very common throﬁghout the rainy
season in semi-arid areas. Zn uptake can be increased potentially through inorganic Zn
appllcauon (Cakmak e al., 1999; Grusak er al., 1999; Rupa et al., 2003); The combined
application- of Zn and organic amendments was considered by Rupa ef al. (2003) as the
suitable way to’ increase Zir uptake ' -

Increasmg Zn uptake under Sahelian conditions requires an understanding of the
impact of soil organic amendments and of additional application of inorganic Zn on Zn
uptake. ln fact, the uptake of Zn by. cereals with the combined application of organic_ and
inorghni'c ‘P and Zn fertilisers has received little attention. It can be expected that effective
tmprovement of Zn uptake by cereals is related to the phenology of the crop so that timing of -
soil chemical changes in relation to timing of crop phenology will co-determine effectiveness
of soil orgamc amendments in relation with Zn uptake. As stated above P is the most llmnmg
macro- nutnent in the area. An interaction between Zn and P availability is hkely to occur with
P fertiliser application {Erenogtu, 2002). .

- The effects of Zn and P application -in combination with organic amendments on
sorghum pmductmly have been reported elsewhere (Chapter. 4). In thls paper we will
evaluate:Zn and P uptake by sorghum (Sorghum bicolor (L.) Moench) under field conditions

"in on-farm studies in northem Burkina Faso of: (1) the curmently used soil organic .
amendments, when used on (2) different soﬂs types and- in different rainy seasons, and
.combmed with.(3) Zn and P fertiliser applications. In addition a pot experiment was carried
out to assess differences in effect of different organic amendment doses applled in
'combmatlcm with-Zn'and P fertilisers at different phenological stages of sorghum growth.

.We hypothesize that at current Zn uptake levels, the observed changés in availability

' (Chapter 3y will not only enhance biomass and grain production (Chapter 4) but also improve
both Zn and P uptake by sorghum and Zn mass fraction (Zn-MF) in above ground dry matter. .

5.2 Materials and methods -
5.2.1 Field experiments

Site descrtpuon ]
In 2002; 2003 and 2004 on-farm experiments were carried out in farmers’ fields in the
) ‘soudano-sahelian zore in northern Burkina Faso, near Ouahigouya (l3°06’ 14°26° latitude
© North, 1°43°-2°55 longltude West). Long term average annual rainfall in the area is between
400 and 700 mm with a cropping season of 4 months (June - September). There are two main
soil types-in the area: Luvisols and Regosols (Mando; 2000). Both have poor structure and
low mineral and organic matter contents (Pieri, 1989). All experiments: were ‘done on
Luvisols, either the gravely. (gravel >25% in the top 20 cm) or the sandy soil type (Table 3.1).
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Experiment design

The experiments all had a randomized block design; the size of each experimental unit was 25
m’ (5 m x 5 m) and the distance between the plots was 1 m. Treatments in all three years
included the four combinations of two levels of Zn fertiliser (no Zn and 3.5 kg Zn ha™' as
ZnS0y, 25%) and two levels of P fertiliser (no P and 37.5 kg P hat as triple super phosphate,
TSP, 43%). The applied dose of P comesponds to the amount reported as sufficient to correct
soil P deficiency in the area (Compaore et al., 2001).

In 2002, the four fertiliser treatments were combined in a 2x2x2 factorial set-up with
two organic amendment types (compost, 15 t ha™ or farmyard manure, 10 t ha™'). These
treatments were tested on both gravely and sandy Luvisols in ficlds of two farmers who
cultivated both soil types.

In 2003, the four fertiliser treatments were tested in eight blocks on fields of a single
farmer. The sandy Luvisol plots were amended with 15t ha'! of compost.

In 2004, the four fertiliser treatments were tested again on both a gravely and sandy
Luvisol in four blocks per soil type. The eight blocks were distributed over the fields of two
farmers. Plots were amended with 15 ¢ ha™! of compost.

Tables 3.1, 3.2 and 5.3 give selected properties of soils and organic manures used in
the 2002-2004 field experiments.

Crop husbandry

All management was done by the farmers, though supervised by research assistants, in order
to synchronize timing of operations between replicates. Plots were cultivated using the
traditional planting pits or 'zai’ (Reij et al., 1996). The average pit was 25 cm in diameter and
15 cm deep. The distance between pits within the row was 0.5 m and the distance between
rows was 0.8 m, resulting in 25,000 pits per ha. Organic manure and inorganic fertilisers were
applied during the preparation of the pits. Both organic amendments were applied at two
handfuls per zai pit which corresponded to 15 t ha for compost and 10 t ha'! for farmyard
manure, i.e. quantities enough to support crop production according to estimates of local
farmers (Dakio, 2000),

Pits were sown with 3 — 5 seeds of the improved and drought tolerant sorghum variety IRAT
204, which has a growing cycle of 90 days. The plant number per pit was reduced to two at
the first weeding, 2 weeks after emergence. Plots were also weeded at flowering and half way
grain filling.

5.2.2 Pot experiment

In 2003, a pot experiment was carried out in a greenhouse at the Kamboinsé Research Centre,
10 km north of Ouagadougou, Burkina Faso. Plastic 15 litre pots were filled with a mixture
of soil and compost on July 25, 2003. The pots contained 21 kg of soil. The soil was collected
from a sandy field on the site where the 2003 field experiment was conducted. The compost
was collected from farmers and was similar to the one applied in the field experiment of 2003,
Before planting, all pots were watered to field capacity and twice a day during the experiment
pots were re-watered back to field capacity after weighing. The treatments included atl
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combinations of two compost doses (5 kg pot™', equivalent of 200 - 250 mg of.total Zn and 10
kg pot™!, equivalent of 400 — 450 mg of total Zn), three Zn treatments (no Zn, Zn at sowing
and Zn at anthesis, Zn applied as zine' sulphate, ZnSO4 at 370 mg Zn pot™) and three P
treatments (no P, P at sowing and P at anthesis, P applied as triple super phosphate, TSP at
1.51 g P pot). .

Pots were randomly arranged in the greenhonse and all treatments were replicated
three times. In each pot, five sorghum seeds (cv. IRAT 204) were sown on July 27, 2003; 2
weeks after emergence, the population was thinned back to two plants per pot.’

5.2.3 Sampling and analysis

In field and pot experiments, sorghum plants were sampled at 50% flowering and at maturity.
From each plot in. the field, plants from five planting pits were combined. Sorghum plants
sampled were cut 3 ¢m above the ground. At maturity the grains were separated from the
panicles and the empty panicle structures were mixed with stems and leaves.
* Samples were stored.in 101 plastic bags and dried at Kamboinsé Research Centl‘e

The samples were pre-dried in direct sun light and subsequently oven-dried at 60 °C for 48
hours. The samples were ground and sieved at 2 mm, The samples were digested using a
mixture of sulphurous acid (H;50y,) and salicylic acid (C;HgO3) at the presence of hydrogen
peroxide (H,0O;) and seleninm (as a catalyst). Total Zn was determined hereafter by the
Atomic Absorption Spectrometry (AAS) method. Laboratory analyses were carried-at INERA
¢(Institut de I'Environnement et de Recherches Agricoles} and BUNASOLS (Bureau National
des Sols) in Ouagadougou, Burkina Faso.

5.2.4 Data analysis
Zn and P uptake and Zn recovery were calculated usmg the following equatlons (for the pot

experiment the data were obtained pot ! rather than m):
Zn {or P) uptake (mg m ) = [Zn {or P} mass fraction in above ground plam patts {mg kg ) %

[dry weight of above ground plant parts (kg m?)]. (1)
Zn recovery (%) = 100 x [Zn uptake in withZn treatments (mg m" 5y~ Zn uptake in no-Zn
treatments (mg m" )f Amount of applied to with-Zn {mg m )] {2)

The change in uptake between flowering and maturity (AUP, mg m™) is therefore by
definition: . : . .
AUP = ADM x MFr ow + AMF X DMpow + ADM x AMF : B )]

With: - DMrow = dry matter at flowering (kg m™)
. MFp ow = mass fraction at flowering {mg kg")
ADM = change in dry matter between flowering and maturity (kg m™>)
AMEF = change in mass fraction between flowering and maturity (mg kg™
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The role of the change in dry matter {or mass fraction) in the total change in uptake is
calculated as the relative increase in dry matter (or mass fraction} divided by the relative
increase in dry matter plus the relative increase in mass fraction, so in formula:

[DMMAT - DMFLOW :|

Relative contribution of ADM to AUP = DM 1ow )
[DMW =DM o ]+ {M}
DM ¢y MFE o
[MFMAT - MFFLOW
Relative contribution of AMF to AUP = _ MFrioy = = (5
DMMAT - DMFLOW ] +[MFMAT ‘MFrww
| DM FLOW MFFI.OW

This by definition then partitions the effect of change in DM and MF through the term ADM
x AMF in formula (1) in proportion to their respective relative increase.

Excel was used for primary data processing. The analysis of variance (ANOVA) was
performed using GENSTAT (7" Edition). The means were separated using the least
significant difference (LSD) at 5% probability. For the 2002 experiment farmers were used as
replications.

5.3 Results

Zn mass fraction in above ground biomass (Tables 5.1, 5.2 and 5.3)
In all three years (Tables 5.1 — 5.3) the Zn-MF tended to be higher at maturity than at
flowering, while the overall levels were different between seasons. Soil type per se did not
affect Zn mass fraction in the above ground biomass (Zn-MF) in any year (Tables 5.1 — 5.3),
but a significant interaction was found between soil type and Zn application in the 2004 field
experiment (Table 5.3). Without Zn fertiliser, the Zn-MF was comparable between plants
growing on gravely soils (32.8 mg kg™') and plants growing on sandy soils (29.0 mg kg™).
With Zn fertiliser, the Zn-MF was higher when plants were growing on the sandy soil
(72.1 mg kg'") than when growing on the gravely one (60.1 mg kg™). The effects of Zn and P
application on Zn-MF gave a relatively simple picture in the 2003 experiment (Table 3.2),
Only Zn fertiliser enhanced the Zn-MF, both at flowering and at maturity and irrespective of
P application levels. A comparable simple effect of treatments can be seen at flowering in
2004. At maturity in 2004, neither the intcraction between Zn and soil type (sec above) nor
the interaction between Zn and P application changed the positive effect of Zn application on
Zn-MF. The effects in the 2002 field experiment were the most complicated to interpret due
to the interactions, but also in this year, Zn application always increased Zn-MF imespective
of the interactions.
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The application of P in 2002 incieased Zn-MF at flowering and at maturity, but at maturity
the effect was much stronger when P was applied in combination with compost and Zn, which
causes the two and three way.interactions with P. In 2004 the main effect of P was overruled
a by the interaction with Zn as P only increased Zn-MF when no Zn was apphed

The_ effect of compost Vs, fannyard manure (FYM) strongly dependecl on either .Zn
'applicauon (as-assessed at flowering) or both Zn and P application (as asscssed al maturity),
Compost tended to give a higher Zn-MF, but the effects were stronger -when Zn was applied
_ simultaneously. -

Zn uptake : : :
The average amount of Zn taken up-by sorghum at flowering, of lreatments that were used in
- all three .years (sandy soils, compost and different levels of Zn and P fertilisers) was slightly
hlgher m the 2002 field experiment (5.44 mg m” 7y than in the 2003 (3.46 mg m’ %) and 2004
(3.26 mg m o) experiments (Tables 5.4 — 5.6). Zn uptake between ﬂowenng and maturity was
much larger in all treatments than. uptake before flowering. Averaglng agam over comparable
treatments, Zn uptake at matunty was higher in 2004 (23.9 mg m') than in 2003 (11.9 mgm
2y and 2002 (14.9 mg m 3. The largest increase in Zn uptake was reached through Zn
appll_catjon in all years and imrespective of soil type and organic amendment type that was
applied (Tables 5.4 = 5.6). Also-Papplication had in most cases a positive effect on Zn uptake
but the effect was smaller. The significant interactions. in 2002 did not overrule the main
effect of ‘P but indicates the effect was larger in the presence of Zn fertilisation. The
significant interaction between Zn and P application observed at maturity in 2:004 (Table 5.6)
was due:to the slightly lower additional effect of P application on Zn uptake when Zn was
-also applied compared to the effect when no Zn was applied.

A-four-way interactions was found at maturity in 2002 between sml type,. orgamc
‘manure (ype and Zn-and P application. This overruled the main effects of organic manure type
~and soil 1ype and the: two- and three- -way interactions. With no Zn fertilisef, no significant
. dlfferences were observed between gravely and sandy Luvisols or between orgamc manure
types. The -positive effect of P on Zn uptake in the absence of Zn fertiliser was not significant
when applled on farm yard manure amended gravely soil. With Zn and P fertilisers, the
compostlamended sandy soil showed higher Zn uptake than the gravely one: The Zn uptake
was better from compost amended plots when Zn and P were applied and when Za was
applied without P on gravely soils. The two-way interactions at flowering in 2002 indicate
that Zn uptake from farmyard manure amended plots was lower than from compost amended
plots and "this effect. was larger when Zn was applied and it was larger ‘on sandy plots,
althoiigh the main effect of organic manure type was not compromised by the interaction.
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. - C_(_;irﬁ_biiiing'Zn, P and organic amendments to enhance sorghum Zn uptuke

Table 5 7 Zn upzake at 50% flowering as affecred by the dose of compost and the nmmg of P and Zn
fem!:ser supply Dara from the 2003 pot experiment, n— 54.
- Zn uptake (mg pot’ ]

: Compost dose Ptreatment NoZn | Znat sowmg Zn at anthesis  Mean
Skgpotl- © NoP -~ - 034 05 0.61 063
: .. Patsowing 0:58 1.52 116" i.09
7. Patanthesis 060 122 0.79 C087

" Mean: . oL ’ 051 123 ' 0.85
10kgpor"  TNoP 073 152 098 - 108
. m.. - - Patsowing 110 211 - . 1.46 1.56

L. .I. Patanthesis 1.1t . . 1.97 1.91 1.66

Mean = <5 : C - 0.98 . 1.87 1.45 :

T oM Znt Pk OM x P*

_LSD . s 0 g2 0.15 0.15 0.21

. “Table58 Zni uptake at m&mﬁ'ty as affected by the dose of compost and the timing of Pand Zn
: ferrmser supp!y Dafa from the 2003 pot experiment, n— 54,

. Zn uptake (mg pot™)

- Con‘lpost dese E_ﬁeatmém. No Zn Zn at sowing  Zn at anthesis . Mean
Skgpot' - :NoP . 1.99 3.29 - 335 .2.88
" P at sowing 3.12 447 477 .40z
.. o - P at anthesis: - 2.75 : 348 4.99 3.74-
- Mean [ . 262 3.75 4.37
. 10kgpot' NoP - - 274 5.89 6.27 497
' ~Patsewing 513 715 9.93 - 7.40
. - _ . ' Patanthesis  4.78 . 6.30 11.1 7.39
© Mean- . ' 4.22 . 6.45 9.10 -
: 'Zn** pr* OM x P¥* OM x Zn**  OM xZn x P¥*
- 031 0.31 0.43 . (.43 0.73
The poc expenment 2003

In thc pot: expenment in 2003 there was a clear positive effect of doublmg the compost dose

'_fmm 51010 kg- pot' on Zn- uptake, both at flowering (1.43 against 0.8 mg pot'') and at
-‘maturlty (6.56 against 3.59 mg pot” ", which was not compromised by the two- or three-way

interactions (T ables 5.7 and 5.8). Imeracuons between compost dose and timing of Zn and P

: appllcauon were found at maturity and between compost dose and timing of P application at

flowering. Al ﬂowenng, with the fower- compost dose, Zn uptake was higher when P was
apphed at sowmg (1.99 mg pot’!) than when it was applied at anthesis (0.87 mg pot™), while

'Zn uptake in pots without P application was lower than with the other two treatments (Table

5.7). With-the hlgher compost dose, Zn uptake was comparable when P was applied at sowing
or anthes:s All three main effects: were s:gmﬁcanl irrespective of the interaction. At maturity,

the three- way mteractlon was.significant as Zn uptake was higher at the ‘higher compost dose

with P when Zn-was applled at anthesis compared to Zn applied at sowing. The main effects
of- Zid and P apphcataon, though, were not compromised by-these interactions (Table 5.8). The
effects of mmng of application of Zn differed between.compost application dose and between

_'sampllng dates: Overall, the. effects of tlmmg of Zn were minor compared (6 the effects of

z;pplnqa;!on per se, whlle the effect of t_1mmg of P was not significant,
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Chapter 5

Zn recovery

The proportion of Zn recovered by the sorghum crop was less than 10% in all field
experiments. The fraction of recovered Zn was appreciably higher in 2004 (8.6%) than in
2002 (3.6 %) and 2003 (1.8%). The differences between years were larger than differences
within years and between treatments. No significant difference was observed between the
gravely and the sandy soil neither in 2002 (Table 5.9) nor in 2004 (Table 5.10). In the 2002
experiment, the fraction of Zn recovered was higher with compost than with farmyard manure
when P was also applied. Despite this interaction, the application of P improved the Zn
recovery in 2002 and 2004, but not in 2003 (1.55% in -P and 1.87% in +P).

Tahle 5.9 Proportion of Zn recovered as affected by soil type, organic amendment type and P
Jertiliser. Dara from the 2002 field experiment, n= 32.
Zn recovery {% of Zn applied)

Compost FYMm

-P +P Mean ~P +P Mean
Gravely 2,70 6.30 4.50 1.40 3.90 2.65
Sandy 210 7.10 4.60 2.10 3.80 2,95
Mean 2.40 670 175 3.85

OM: p= 0.001, LSD= 0.84;
P: p< 0.001, LSD=0.84;
OM x P: p= 0.048, L3D= 120

Table 5.10 Proportion of Zn recovered as affected by soil ype, organic amendment type and P
Jertiliser. Daia from the 2004 field experiment, n= 32.
Zn recovery (% of Zn applied)

-P +P Mean
Gravely 6.60 8.78 7.69
Sandy 7.62 941 8.5
Mean 7.1 9.09

P p=0.037, LSD=1.76

P uptake
For comparable treatments P uptake, like Zn uptake, was higher at maturity than at flowering
in all field experiments (Tables 5.11 — 5.13). P application significantly increased P uptake in
all the cropping seasons, immespective of observed interactions with either Zn or organic
amendment type. In the 2002 field experiment, an interaction was found between Zn and P
fertilisers at flowering and maturity as Zn only enhanced P uptake when applied together with
P fertiliser (Table 5.11). Zn did not affect P uptake in the 2003 experiment at flowering but at
maturity in the 2003 experiment and in the 2004 experiment Zn application enhanced P
uptake (Tables 5.12 and 5.13). In the 2002 field experiment, at maturity, an interaction was
found between otganic amendment and P fertiliser. Without P fertiliser, sorghum grown on
compost and farmyard manvre amended plots had comparable P uptake. When P fertiliser was
applied, sorghum grown on compost amended plots showed higher P uptake (Table 5.11). A«
floweting compost gave a higher P uptake irrespective of fertiliser applications.

In the 2004 field experiment (Table 5.15), the plants grown ‘on the sandy soil had
higher P uptake than those grown on the gravely soil at both flowering and maturity. In the
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Combining Zn, P and organic amendments to enhance sorghum Zn uptake

2002 fietd expenmcnt no sngmﬁcam difference was observed between the two soil types
" (Table 5:11). :

In‘the 2003 pot expenment both at flowering and at maturity, there was an interaction
between compost dose and P and Zn applications on P uptake (Tables 5.14 and 5.15). At both
sampling periods P. applled at sowing gave either as much or.more P uptake than when it was
applied at anthesis. The interaction made interpretation of the effect of Zn appllcauon or

_ doublmg the - compost dose less unambiguous. At flowering, the effect of P fertiliser

- application-at sowing on.P uptake. was higher when Zn was applied at scwvmg for the lower

" compost dose.. Wlth a hi gher composl dose, Zn fertiliser timing did not srgmﬁcantly affect P
uptake :

Rela_x_ive conr}'ibmiong of changes in dry matter and mass fraction to changes in uptake
"The; change in uptake of Zn between flowering and maturity was in three of the four
experiments mainly caused by the incredse in dry matter, rather than by the increase in ZnMF
- of ‘the above ground dry matter. Only in.the 2004 field experiment was the contribution of
- mcwase n ZnMF most important (Table 5.16). For P the trend was the same -in all
.  ~ expenments and dry matter contributed- most to change in P uptake in ail years. In the pot
' expenment even a decrease in the MF of P was observed between flowering and maturity as
mdlcated by the negatwe contribution of change in the MF of P to change in.P uptake (Table
5 16}

- 5'.4—-'Dis'cuss'ion

Uplake of Zn and P and above ground blomass Zn mass fraction (ZnMF) differed between the
. three cmppmg seasons, especially at rnatunty These differences seemed related to differences

_ in Tainfall dlStDbllthl‘l especially after flowering, as the lower uptake after ﬂowenng in 2003
and to somé extent also in 2004 correspond with lower Zn and P avallablhty reported in
Chapter 3. In all studies, most of the total Zn (>70%) and P (45 — 62%) in the crop at harvest
was taken up after flowering. The post-flowering Zn uptake was higher than the amount
needed for the biomass production during this period, leading to a simultaneous increase in
dry matter and .in ZnMF. Alsc the P uptake afler flowering was accompanied by both an
increase in dry matter and in PMF.

- 5.4.1 Zn_ 'and | u_ptake "and Zn and P fertilisers

The effecls of Zn :md P fertitisers ‘were different in magnitude between the seasons. When
cond1t10ns were, less favourable for production of biomass, like in 2003, both. uptake and Zn-
MF were low (Tab]es 5. 3 and 5. 5}. It has to be noted, though, that the rainfall conditions in '
2004 seemed equally bad, but uptake and MF of Zn were higher than in both 2002 and 2003 :
for comp_ai-ablé treatments. While also Zn availability at flowering seemed higher in 2004 than ~ ¥
" i 2003 (Chapter 3). The role the provided N application has played in this cannot be well - R
analysed.from the available data. =

T8


http://Table5.il

Chapter 5

In all the studies, Zn and P application generated significantly higher Zn and P vptake. The
interactions with factors like soil type (2002) and organic matter type (2002) did not change
this general picture much. The interactions between Zn and P in some of the experimenis also
did not change anything to the overall positive effect of Zn application on both Zn uptake and
sorghum biomass Zn-MF. The improvement of Zn uptake can be attributed to a higher
availability following the application of Zn fertiliser (Chapter 3).

When no Zn was applied, P application enhanced both Zn uptake and Zn-MF. The
effects on both improved uptake and increased Zn-MF implies that under the field conditions
tested, P fertiliser did not lead to a dilution of Zn over the larger amount of biomass as
observed by others (Erenoglu, 2002). The biomass production was enhanced in all three years
(Traore et al., 2006 b) and this explained 33 — 81% of the increase in Zn uptake while the
remaining 67 — 199% was explained by the enhanced MF. The positive impact of P fertiliser on
Zn uptake was also reported in earlier work (Mengel and Kirkby, 1987; Chowdhury ef al.,
1997; Gianquinto et al., 2000; Erenoglu, 2002).

Both P and Zn fertilisers proved to enhance P uptake. The enhanced uptake of P was
mainly concentrated during the period between flowering and maturity. P upiake was highest
when P and Zn fertilisers were combined. These results show that micronutrients are
necessary for better resource use efficiency of macronutrients which corresponds well to the
conclusions from Wit (1992) and Katyal (2004). As for Zn the effect of the fertilisers on
uptake worked both through enhanced biomass production (accounting for 17 — 62%) and
through enhanced biomass P-MF (accounting for 38 — 83%).
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Cambim‘ng Zn, P and organic amendments to enhance sorghum Zn np?gké

Table 515 P uprake at maturity as affected by the dose of compost and the timing of P and Zn
femhsers supply Dara from the 2003 por expertmem, n= 34. :
P uptake {mg pot’ h

-Corn'posl do_sc : Plreatment NoZn Znatsowing Znatanthesis  Meai -

" Skgpott .. -NoP - 11.9 16.0 16,6 14:95
T om0 YU Patsowing 20.5 228 22.7 220"
- o'.. " Patanthesis  18.2 19.3 18.8 188}~
_Mean . - , ... 169 19.4 194 S B
“{0kgpot' - ‘NoP 167 203 170 18.01 c
R - Patsowing 247 251 235 2445 Lo
C © ° -Patanthesis 189 222 223 21.:1':
- Mean. R 3 201 22.5 20.9 L
. o ‘:s..
- OM¥x - PR Zn* OM x Zn** Znx P¥¥ OMxanP**
LSD . . 067 - 08 08 1S 142 2.0 4

Table s 16 Relarwe conmbanon of chiange in dry matter (ADM) and of change in"mass fraction of o -
Zn (AZrMF).or P (APMF, } to the change in uptake of respectively Zn (4ZnUP) or P. (APUP) berween
ﬂowermg and mammy Sfor all treatments in the four different experiments

. . Contribution to Contribution to s
ST AznUP of APUP of "
. Experiment - .- ADM__ AZnMF  ADM APMEF : :
T 2002field . 066 0 0.34: 0.76 0249
© 2003 field T 0.59 0.41 091 0.09
12004 field - 0.16 0.84 0.84 0.16 -
2003pot 069 0.3t 1.13 -0.13

-5.:4_.2 Zn and'l"-.mass; fraction and uptake and organic amendment type"‘g’ﬁd dose

__Therc was 0. dlffemnce in Zn uptakc by the crops grown in 2004 on elther a gravely: or-
sandy Luwsol (Table 5.8) at any of the fertiliser treatments. The dlfference in Zn uptake n -
o 2002 betwecn crops-grown on a sandy soil compared to crops grown on'a gravely soil were -
: not accompamed by significant differences in biomass Zn-MF, and were accounted for' 83%_.\.
. by an enhanced biomass production. In face, the interactions in Zn -uptake belween 2,

" fertiliser, P fertiliser, organic amendments and soil type were such that only a slightly hlgher /

R

. Zn uptake was SIgmﬁcant on sandy soil when compost was applied as well as Zn and: P Tt
2 - general the dlfferences ‘between the soil types were therefore negligible and did not confound '
"% the fertiliser effects. The direct linkage between Zn and P uptake and ZoMF and procluct:on' '
. condltlons also 'seéems to be behind the interactions between soil types, types of -organic matler L .
s and P and’ Zn applications (the 2002 and 2004 experiments). The comparlson of composl and :
~ farmyard manure (FYM) amendments to both soil types showed always a higher uptake’ after,
‘compost application in combination with Zn fertiliser. Zn taken up from plots amended ,
. - compost was higher than Zn uptake in plots amended with farmyard maniire. These resulf .
. ‘mainly, related to the higher ZnMF (explaining 82% of the increase) for sorghum grown -on -
* compost amended plots than for sorghum grown on the farmyard manure ones (Table’ 3y
The possibility for compost to increase Zn uptake can be attributed to its effect ion Z "
vallabihty (Chapter 3). As soil pH and organic matter content after '1ppl:cat10n of the twb
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amendment types were comparable it seems plausible that the quality differences of the
organic amendments generated differences in Zn uptake, which is in line with the conclusions
from previous studies (Corey ef al., 1987; Balik et al., 2002).

The results from the pot experiment in 2003 indicate that Zn uptake can be improved by
increasing the organic manure dose which is in concordance with the results reported by
Mohamimad and Athamneh (2004} on sewage sludge. Increasing Zn uptake with increasing
organic amendment dose is an encouraging result since Zn uptake from the high compost dose
without Zn and P fertilisers was comparable to Zn uptake in the lower compost dose with Zn
and P fertilisers. But the results from the pot experiment are to be verified in field conditions.
Also, the optimization of the use of available organic manure resources to either fertilise a
lacger area at the current dose or to concentrate larger volumes on a smaller area will be
needed, rather a decision at farm level than at plot level (Chapter 2).

Changes in P uptake were in line with changes in Zn uptake. P uptake was affected by
soil type only in 2004 and no interaction was found between Zn and P feniliser application.
The sandy soil allowed higher P uptake than the gravely one mainly through a higher biomass
production (Chapter 4) on the sandy soil than on the gravely one explaining 73% of the
enhanced uptake. P availability, though, was comparable for the two soil types (Chapter 3). P
uptake was higher for sorghum grown on compost amended plots than for sorghum grown on
farmyard manure amended ones. This was in line with the higher P availability in compost
amended plots than in farmyard manure amended ones (Chapter 3). The higher availability
and related higher uptake of P with the use of compost was mainly due to an enhanced MF of
P (80%) and only marginally due to a difference in dry matter production (20%).

5.4.3 Zn and P vptake with Zn and P timing

Timing of Zn and/or P fertiliser application as studied in the pot experiment did seem to give
different Zn and P uptake and ZoMF in above ground biomass. The differences, though, were
rather small and extrapolation to field conditions is difficuit. The small difference in uptake,
which were not related to differences in biomass or grain yield (Chapter 4) and the
organisational difficulty to explain to farmers late fertiliser applications are enough reasons to
start with simple application of Zn fertilisers to enhance Zn-MF and biomass production (at
sowing} rather than to advocate late application in order to enhance uptake (Cakmak ef al.,
1999). Nevertheless, the pot experiment in 2003 indicated that further optimization of Zn
uptake and Zn-MF through 2 higher organic manure dose and a good timing of P and Zn
fertilisers is possible.

5.4.4 Zn recovery

The percentage recovery of Zn fertilisation by sorghum above ground biomass was very low
(less than 10%). An important proportion of applied Zn remained in the soil which is in line
with Rupa ef al. (2003). According to these authors, plants utilize only 1 to 4% of the freshly
applied Zn and the rest goes into the formation of different Zn compounds of varying
solubility and availability to plants. It can expected that Zn remaining in the soil can be used
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. by the silbset;uent crops (Cakmak et al., 1999; Rengel ef al., 1999; Frossard et al., 2000}, but
further ‘investigations are needed to assess the long-term effect of Zn application in the Sahel
. conditions. P fertiliser improved the fraction of Zn recovered which can be attributed to the
 positive impact of P fertiliser on biomass production and above ground biomass Zn-MF.

The reported studies have shown that application of Zn fertiliser in co’mbination with
organic amendments and P fertiliser improved availability and biomass and graln productlon
(Chapter 3, 4). With the effects on biomass mass fraction and uptake reported here it is shown

~ that 'the effects go beyond increasing biomass and in fact will lead to biomass with an
enhancéd P and Zn-MF which implies a higher quality of at-least the stover for animay
feeding. The consequences of the improved quality of the stover for animal fegd in terms of
digestib'i]ity and animal heaith cannot be quantified without further studies, but wounld make
an assessment of the economics of Zn fertiliser or Zn enriched P-fentiliser m_dre complete,
Finally the improvements in Zn mass fraction in the above ground ‘dry matter are
accompanied by higher sorghum productivity leading to improved food security. If it
* simultaneously would lead to more Zn in the grain it would have an addmonal nutritional
security effect. The analysis of the within-plant allocation to the grain and gram Zn mass
“fraction is therefore on its way.
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Chapier 6

6. Can sorghum grain quality be improved by applying inorganic
Zn and P fertilisers and organic amendments?

6.1 Introduction

Zn deficiency in humans is widespread throughout the world: an estimated two billion people
suffer from Zn deficiency (Rengel e al., 1999). It is most prevalent in human populations that
rely heavily on a monotonous diet of cereal-based foods (Bouis ¢f al_, 2000; Magen and Imas,
2004). Increasing the amount of micronutrients in plant foods for human consumption is a
challenge that is particularly important for developing couatries. Theoretically, this could be
achieved by increasing the total level of micronutrients in the edible part of staple crops, such
as cereals and pulses (Frossard er af., 2000). Consequently, a massive international effort is
underway to enhance Zn in major cereals in order to improve Zn quantities in the diet of
populations that do not have ready access to zinc rich food sources (White and Broadley,
2005). Increasing Zn concentration in cereal grain is in principle possible through agricultural
measures (Rengel er al., 1999; Frossard et al. 2000, Cakmak er al., 1999). Earlier studies
have shown that the easiest way to increase Zn concentration in the grains is Zn application to
the soil or on leaves (Cakmak er al., 1999; Grusak er al., 1999; Rengel ef al., 1999; Rupa et
al., 2003). The increase in grain Zn mass fraction (MF) resulting from Zn fertilisation is
influenced by soil chemical and physical characteristics and environmental conditions (Balik
et al., 2002; Erenoglu, 2002; Khairiah er al., 2004). Rengel e al. (1999) reported a lower Zn-
MF in wheat grains harvested from Paaloea soil than when grown on slightly acidic sandy
Laffer soil.

For farmers in northern Burkina Faso the major constraint to cereal production is
obviously not Zn. Soils are poor in phosphorus and nitrogen (Bationo ef al., 1998; Buekert et
al., 1998; Gandah et al,, 2003; Zougmore, 2003, Ouedraogo, 2004). Moreover, the low
organic matter content leads to soil erosion problems and poor soil water retention (Zougmore
et al., 2003). Developments in the area are an increased intensity of organic manure use {Reij
et al., 1996), and application of P fertiliser. Most of the studies undertaken in the area were
oriented toward the effectiveness of organic fertiliser and macronutrient supply in increasing
crop production in face of a rapidly growing population (Bationo ez al., 1998; Mando and
Stroosnijder, 1999; Buekert et al., 2000). No results are therefore available on the impact of
organic amendments as practised in the Sahe! on Zn-MF in cereals grains. Rengel er af.
(1999) and Rupa et gf. (2003) have reported that soil organic amendments improve Zn uptake
and accumulation in the grains, because of their important effects on soil chemical propetties.
They concluded that the combined use of organic and mineral fertilisers might be necessary to
increase micronutrient mass fraction in the grain. The improvement of cereal yield in the
Sahel by soil organic amendments either or not combined with P fertiliser may even lead to
dilution of Zn in the grains, necessitating additional Zn input into the system to avoid negative
health effects. However, it will be difficult to monitor these effects in the short term.
Nevertheless, it seems an important step to enhance our understanding of the Zn levels that
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could be attained and the role played by organic and inorganic fertilisation in determining
currently obtained Zn levels. -

Zn uptake in the human gut :s co-determined -by- several so-called anti nutritional
compounds (ANC). Among these’ -ANC, myo-inositol - 1,2,3,4.5,6-hexakis dihydrogen
phosphate (IP6), also known as phytate or phytic acid, is of great impartance (Buekert er al,,
1998). In small grain crops, from 64 1o .80% of grain P is stored as phytate (Raboy, 2000). IP6
is necessary for embryo protection and nutrition at the early growth stages of the plant, it is
considered an important antioxidant that suppresses lipid peroxidation in dormant seed and
prevents colon cancer in humans. The P and micronutrients locked up in IP6 are poorly
available to monogastrics. IP6 may therefore severely hamper the bio-availability of Zn
(Buekert et al., 1998). Phytate also includes the IP-5 or fower phosphate saturated inositol
forms. These forms are also relevant i in food but occur at very low levels in plant seeds before
the seeds germinate. -

Our study is focussed on Zn, [P6 and IP6: Zn molar ratios. P application - as is
introduced in the study area — is likely to enhance IP6-MFs in the grains (Buekert er af.,
1998). The exact effects of Zn and -'P_f-_application qngﬁl their possible interactions cannot be
easily predicted from cuerently available knowledge. N

This paper reports part of a comprehensive study for which effects of treatments on Zn
and P availability in the soil (Chapter. 3), crop vield (Chapter 4) and crop Zn and P uptake
{Chapter 5) have already been reported. Here the following research questions are addressed:
{1) how does Zn uptake in the grain relate to the.Zn taken up after flowering and the Zn
present in the straw or the biomass? (2) What are the Zn and IP6-MFs in sorghum (Sorghum
bicolor (L.) Moench) grains grown in the curzent production system; (3) What changes can be
obtained by the use of inorganic Zn and/or P application; (4) Do these effects change with the
timing of inorganic Zn and P application? (5) How' consistent are these effects over years,
organic amendment types and soii types relevant under current farming practices in the study
area. - '

6.2 Materials and methods
6.2.1 Field experiments

Site descriprion

On-farm experiments wete camed out in farmers’ fi elds in northern Burkina Faso (13°06’-
14°26" N, 1°43°=2°55 W), in the Soudano-sahelian zone in 2002, 2003 and 2004, Annual
rainfall in the study area is between 400 and 700 mm the cropping season is 4 months (June—
September). There are two main soil types in the area: Luvisols and Regosols {Mando, 2000),
of which the Luvisols are the more dominant agncuiturai soils. Both have poor structure and
low mineral and organic matier contem (Pren, 1989) Experiments were carried cut on
gravely and sandy Luvisols.
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Experiment design

In each year, the experiment was a randomized block design; the size of each experimental
unit was 25 m? (5 m x 5 m) and the distance between the plots was 1 m. Treatments in all
three years included the four combinations of two levels of Zn fertiliser (no Zn or 3.5 kg Zn
ha™ as ZnSO,, 25%) and two levels of P fertiliser (no P or 37.5 kg P ha™ as triple super
phosphate, TSP, 43%). The applied P dose corresponds te the amount needed o cosrect soil P
deficiency in the area (Compaore et al., 2001).

In 2002, the four fertiliser treatments were combined in a 2 x 2 x 2 factorial set-up
with two organic manure types (compost, 15t ha or farmyard manure, 10 t ha'), These &i ght
treatments were tested on both gravely and sandy Luvisols in fields of two farmers who
cultivated both scil types, providing a total of 32 experimental units.

In 2003, the four fertiliser treatments were tested on fields of a single farmer in eight
blocks on a sandy Luvisol amended with 151t ha'! of compost (32 experimental units).

In 2004, the four fertiliser treatments were tested again on both a sandy and gravely
Luvisol in four blocks per soil type (32 experimental units). The eight blocks were distributed
over the fields of two farmers. Plots were amended with S0 kg N ha™ in the form of urea and
15 tha' of compost

Properties of the soils and organic amendments have been reported earlier (Chapter 3,
Tables 3.1 -3.3).

Crop husbandry

All management was done by the farmers, though supervised by research assistants, in order
to synchronise timing of operations between replicates. Plots were cultivated using the
traditional planting pits or "zai” (Reij et al., 1996). The average pit was 25 ¢m in diameter and
15 cm deep. The distance between pits within the row was 0.5 m and the distance between
rows was 0.8 m, resulting in 25,000 pits per ha. The pits were made by the farmers and
organic manure and inorganic fertilisers were applied during the preparation of the pits. The
organic amendments were applied at two handfuls per planting pit which comresponded to 15 ¢
ha™ for compost and 10 t ha for farmyard manure, i.e. the quantity enough to support crop
production according to estimates of local farmers (Dakio, 2000).

Pits were sown with 3-5 seeds of the improved and drought telerant sorghum
{(Serghum bicolor {L.) Moench) variety IRAT 204, with a growing cycle of 90 days. The plant
number per pit was reduced to two at the first weeding, 2 weeks after emergence. Plots were
also weeded at flowering and during grain filling.

From each experimental plot, grain samples were collected at maturity and stored in
10 litre plastic bags and carried to a drying space at Kamboinsé research centre.

6.2.2 Greenhouse experiment
A greenhouse experiment was carried out at the Research Centre of Kamboinsé, 10 km north
of Quagadougou, Burkina Faso, in 2003. The experiment was sown on July 27 and harvested

on November 30. Plastic pots of 15 litres were filled with a mixture of sandy acidic soil and
compost. The pots contained 21 kg of soil. The sandy soil was collected from the site where
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the field experiment of 2003 was conducted. The compost was collected from farmers and
was similar to the one apphed in the field experiment of 2003. Before planting, all pots were
watered to field capacity and were re-watered back to field capacity after weighing twice a
day. The treatments 1ncIud§c_! all combinations of .
- {W0 compost rates: 5 kg pot”! (equivaleﬁt of 200-250 mg of total Zn), ot 10 kg pot”’
(equivalent of 400450 mg of total Zn); |
- three Zn wreatments: no, Zn, Zn at sowing or Zn at anthesis (Zn applied as zinc suwlphate,
ZnSOy; 370 mg Zn pot’); ancl
- three P treatments: no P P at sowmg ot P at, anthesis (P applied as triple super phosphate,
TSP; 1.51 g P por'®). -

Pots were randomiy arcanged in the greenhouse and all wreatments were replicated
three times. Number of experimental units, was 54. In each pot, five sorghum (cv. IRAT 204)
seeds were sown; 2 weeks ifter emergence, the population was thinned back to-two plants per
pot. At maturity, sorghum g:ain samples were taken from each pot.

6.2.3 Sample and data knalysis

The grains samples were pre -dried in cllrect sun Ilght and subsequently oven-dried at 60 °C for
48 hours. The samples were ground and sieved at 2 mm.,

Plant samples were digested using a mixture of sulphurous acid (H;SO4) and salicylic
acid (C7HsO3) in the presénce of hydro_gq'ﬁ- peroxide (H,O,) and selenium (as a catalyst). Total
Zn was determined hereafter by Atomic -):_\"b'sorption Spectromeiry (AAS).

For IP6 analysis dried powder of the g'rain samples was digested in 1 ml HCI (0.5N) at
100 °C for 15 minutes. The solution was diluted 10 x in mQ-water. Total 1P6 was determined
by HPLC-analysis on Dlonex AS11 coluinn Detection by suppressed conductivity.

IP6; Zn molar ratios were calculated assumlng a molar weight for IP6 of 651 and for zinc
of 65. -
Microsoft Excel. was used fdlj:;ijﬁlhary data processing. The analyses of variance
(ANOVA) were performed using GENSfFAT 8" Edition. The means were separated using the
least significant difference (LSD) at 5‘3‘_{::"?p}'dbability. In the ANOVA of the 2002 experiment,
farmers were used as replications while in 2003 and 2004 blocks represented the replications.
For analyses of the correlation between gain zinc yield and zinc uptake during different
periods of crop development the generalised finear models procedure of GENSTAT was used.

6.3 Results

6.3.1 Rainfall

The rainfall varied markedly over theyears of experimentation (Chapter 3, Figure 3.1). Total
rainfall during the cropping seasons 2002 (543 mm) and 2004 (583 mm) was slightly lower

than the long term average (1961-1990). for the area (600 mm), while it was higher in 2003
(732 mm). Rainfall hdi'_s.(ribution was. f;aj;l.y normal in 2002 while rain events were rare after
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flowering tn 2003 and 2004. In 2003, only two rain events were recorded after 50% flowering
{September, 11): on September 20 (11.0 mm) and October 03 (14.4 mm). In 2004, only one
rain event was recorded after 50% flowering (September 20): on September 22 (23.2 mm).
Especially in 2004 the crop suffered from severe drought throughout the grain filling period.

6.3.2 Sorghum grain Zn mass fraction (Zn-MF)

Year-to-year differences were large; comparison of equivalent treatments gives an average
grain Zn-MF of 41.1, 18.3 and 42.0 for 2002, 2003 and 2004, respectively. Organic manure
type, soil type and Zn and P fertiliser application all affected Zn-MF in the grain in 2002
{Table 6.1). Interactions were found between soil type and Zn and between soil type and P
application. Zn application increased Zn mass fraction (Zn-MF) on both soil types, but the
effect was larger on sandy soil {(from 22.4 to 56.7 mg kg") than on gravely soil (from 20.6 to
44.4 mg kg"). When no Zn was applied grain Zn-MF was identical for grain from both soil
types. P application increased grain Zn-MF less on sandy soil (with 15 mg kg™ from 32.1 to
47.1 mg kg'") than on gravely soil (with 20 mg kg™ from 22.7 to 42.4 mg kg™"). Also the main
effects of Zn and P application were highly significant. The main effect of soil type was
overmiled by the interaction with Zn but not by the interaction with P. Application of compost
resulted in a slightly higher grain Zn-MF (38.1 mg kg'") than application of farmyard manure
{34.0 mg kg''). This effect was consistent over the applications of Zn and P and independent
of the soil type.

Table 6.1 Sorghum grain Zn-MF (mg kg”' ) as affected by soil vpe, organic amendiment type and Zn
and P fertilisers. Field experiment in Somyaga in 2002, n = 32,
Grain Zn-MF (mg kg'' DM)

-Zn +Zn

Soil type  OM P +P Mean —p +P Mean

Gravely Compost 148 332 24.0 370 55.4 46.2
FYM 754 271 7.3 315 537 42.2
Mean 12 302 34.3 54.5

Sandy Compest 16,1 31.5 24.2 49.1 67.0 58.0
FYM 121 292 20.6 50.1 60.7 55.4
Mean 45 303 49.6 63.8

OM*  Zn** P  Soil rype™  Soil type X Zn**  Soil type x P*
LSD 2.27 227 227 22X 3.21 3.27
*  Significant at p<0.05

*#* Significant at p<0.01
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Table 6.2 Sorghum grain Zn- MF ( mg kg ') as affected by Zn and P fertilisers in a sandy composted
soil. Field experiment in Somyaga m 2003 n=32
Gram Zn-MF (rgg_ kg -DM)

. -P P 4P Mean
-Zn 159 e . 167
+Zn 192 {204 198

76 - F19.0%.

Mean _
f Zn: p< o.o,o;f';-‘-t.s.o =155

In the 2003 ﬁeld expenmcnt Zn apphcatlon had a highly 51gn1ﬁcant but rather limited effect

Table 6. 3L . }ghum grain Zn MF ( g kg) as affected by Zn and P fertilisers and sor! rype. Field
expenmem in Somyaga in 2004, = 32.

Lt Grain 'Zn—MF (mg kg DM)

=Zn C 4

-P +P: ,:' Mean P, +P Mean
9.30 300 472 8.6
18.9 526 622 574
4.1 . 41.3 547
anqﬂo.f LSD 4.38; P: p=<.00], LSD = 4.38;
Soil type:: --0007 LS8D =4.58

on thc gt.*aln Zn-MF. At the hlgher compost dose, P applied at sowing or anthesis had an equal
and sngmf“ cant effect on Zn MF when Zn was apphed at anthesis. General[y ranges of grain

field'ex 'n ments, and hlgher than in the 2003 fle]d expenment.
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Table 6.4 Sorghum grain Zn-MF (mg kg''} as affected by the dose of organic compost and the timing
of Zn and P fertiliser supply. Greenhouse experiment 2003, n = 54.
Grain Zn-MF (mg kg "'DM)

Compost dose P treatment No Zn Zn at sowing  Zn at anthesis  Mean
5 kg pot” NoP 19.1 222 25.0 22.1
P at sowing 18.6 22.5 338 25.0
P at anthesis 18.7 20.6 27.5 223
Mean 18.8 21.8 288
10kg pot'l No P 20.9 34.6 36.3 306
P at sowing 21.6 32.6 52.8 35.6
P at anthesis 229 37 599 40.0
Mean 21.8 34.8 49.7
OM*¥  Zp**  p¥x Zn x P**  Znx OM** P OM*  Znx P x OM*
LSD 310 3.80 3.80 6.59 5.38 5.3¢9 9.32
{0.05)

*  Significant at p<0.05
** Significant at p<0.01

Sorghum grain Zn yield and Zn taken up during different growth stages

The comelation between sorghum grain Zn yield and Zn taken up by the crop before
flowering, after flowering or during the full crop cycle differed both within and between
experiments (Figure 6.1 for 2002, Table 6.5 for all experiments). There was also a positive
correlation between zinc taken up after flowering and zinc taken up before flowering in all
experiments. In all experiments the correlation between grain zinc yield and zinc uptake was
strongest for zinc taken up after flowering and total zinc uptake. In the different experiments
different factors were included in the model that best accounted for variation in grain zinc
yield (Table 6.5), generally by allowing different intercepts for different treatments or
treatment levels, Only in four cases also differences in slopes were significant (P<0.05), i.e.
P*X (2002), Zn*X (2003, pot experiment) and twice OM*X (2002 and 2003 field
experiment) (Table 6.5). In the first two cases this concerned the correlation between grain Zn
yield and uptake before flowering, only the slope differences related to the organic matter
wreatments were relevant for the relation with total zinc uptake.

6.3.3 Sorghum grain IP6 mass fraction (IP6-MF)

Sorghum grain 1P6-MF was different for the three cropping seasons. Sorghum grain IP6-MF
for comparable treatmenis (sandy soil, compost, all combinations of Zn and P) was on
average higher in 2002 (5.32 mg g') than in the 2003 (2.98 mg g™") and 2004 (2.65 mg g)
field experiments.

Soil type affected serghum grain 1P6-MF only in the 2002 field experiment, and not in
the 2004 experiment. In 2002, the soil type main effect and two-way interactions including
soil type were overruled by the significant three-way interaction between soil type, organic
manure type and Zn application (Table 6.6). Sorghum grain IP6-MF was comparable for
sandy and gravely soil without Zn application. When Zn was applied sorghum grains from the
compost-amended sandy soil showed higher IP6-MF than the ones from the compost-
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amended gravely, soal Thls effect was not significant when farmyard manure was applied. An
-interaction was also observecl between organic amendment type and P and Zn fertlhsers
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_ Figure 6.1 Corre!ar:ons between grain zine yield and zinc uptake during different crop growth periods
. and between zinc. uptake after flowering and zinc uptake befove flowering for the 2002 field
experitnent. The statistics of the regression analyses are summarised in Table 6.5.

Compost z_ipplic’éﬁon resulted always in higher sorghum grain IP6 than farmyard manure

o application. ;But, when no Zn was applied the difference between the two organic manure

types was'highef without P application (1.82 mg g”') than with P application (0.97 mg g”).
When Zn was applied the opposite situation was observed and the difference beiween the iwo
organic n‘tanure types was higher with P application (1.64 mg g '} than without P application
(0.56 mg_g_. Y. The main effect of P application was significant in 2002 irrespective of the
above in.téil'g;aé_tipns and it significantly  affected grain IP6-MF in all the cropping seasons
{Tables 6.6-6.8). The main effect of Zn application on sorghum grain IP6 was only
significane:in ‘-t'he 2002 field experiment (Tables 6.6-6.8). The interactions with P application
in 2004 _ﬁoife_rr‘li_lgd the Zn main effect. Zn only affected IP6-MF whea no P was applied
simultaneously.
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Table 6.5 Summary of regression analvses of the relations between grain Zn yield and Zn uptake
before flowering, Zn uptake after flowering or Zn uptake during the full crop growth, and the relation
berween Zn uptake after flowering and Zn uptake before flowering in all three field experiments and
the 2003 por experiment.

model includes: Total Total df % variance
Variable (=X} variance F-value  accounted
Additional significant model rerms Residuals  Res. df for
2002 field, grain Zn yield (mg m?} (=Y) 9.709 31
Zn uptake before flowering {mg m™) 3.760 30 <0001 61.2
P, Zn, Soil type, Soil type* Zn, P*X, X° 0.482 24 <0.001 _ 95.0
Zn uptake after flowering (mg m™) 0.896 30 <0.001 908
X 0.595 29 <0001 939
Total Zn uptake (mg m™) 0.949 30 <0.001  90.2
OM, OM*X, Soil type 0.422 27 <0.001 957
2003 field, grain Zn yield (mg m?) (=Y) 0.643 31
Zn uptake before flowering (mg m?) 0.294 30 <0.001 54.2
P 0.254 29 0.02 60.4
Zn uptake after flowering (mg m~) 0.366 30 <0.001 430
P.Zn 0.191 23 0001 703
Total Zn uptake (mg m~) 0.252 30 <0001 60.8
OM, OM*X, Soil rype 0.174 28 0002 729
2004 field, grain Zn yield (mg m™) (=Y) 22.78 k) |
Zn uptake before flowering (mg m’’) 16.5 30 0001 275
Zn i3.7 29 0.01 40.1
Zn uptake after flowering (mg m™) 12.8 30 «0.001 437
none - - - -
Total Zn uptake (mg m™~) 12.0 30 <0.001 473
Soil rvpe, Soil tvpe*X - - - -
2003 pot, grain Zn yield (mg pot”) (=Y) 0.150 53
Zn uptake before flowering (mg pot™) 0.084 52 <0001 44.3
Zn, OM, P, OM*Zn, P*Zn, Zn*X 0.009 39 <0001 938
Zn uptake after flowering (mg pot™") 0.039 52 <0.001 742
Zn, OM. P, OM*Zn, P*Zn, OM*P 0.009 39 <0.001  94.1
Total Zn uptake (mg pot™) 0.010 52 <0001 932
Hone - - - -
Zn uptake after flowering (mg m™ or pot ) (=Y)
2002 field, Zn uptake before flowering{mg m™) i3.13 30 <0001 568
P, Zn, Soil tvpe, P*X 4.86 26 <0.001 840
2003 field, Zn uptake before flowering (mg m™) 8.64 30 0.005 208
none -
2004 field, Zn uptake before flowering (mg m™) 93.56 30 <0.001 30.8
Zn, P 11.36 28 <0.001  90.6
2003 pot, Zn uptake before flowering (mg pot™) 0.669 52 0.025 7.5
Zn, OM, P, OM*Zn, P*Zn, OM*P, OM*P*Zn,  0.009 33 <0001 987
Zn*xX
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In t:ﬁle--gfeenhouse experiment of 2003, the high compost dose gave higher IP6-MFs than the
lower :dose (Table 6.9). P application resulted in higher sorghum grain IP6 than no P
application. No significant difference was observed between P application at sowing o at

anthests

it

Table 6 6 Sorghum grain IP6-MF (mg g'') as affected by Zn and P fertitisers, orgamc amendmem
rype (md so:i type. Field experiment in Somyaga in 2002, n =32.

Sorghum grain IP6 (mg g

S —Zu +Zn
Soiltype . OM -P +P Mean -P +P Mean
" Gravely Compost  2.10 5.57 3.84 333 132 532
s FYM 0.50 4.50 2.52 313 6.38 4.75
Cal 1.32 5.03 3.23 6.85 :
 Sandy Compost 2,40 543 3.9 4.21 9.22 6.72
Lo FYM 0.33 4.56 245 330, 689 5.09
137 5.00 3.75 8.06
OM** Znp¥3 p*x §oj] Soil type x  Soil iype  Soil type . OM x Zn x P**
type** In** x OM* X OM x
oL Zn¥ .
CrLSD 0.23 0.23 023 023 .32 0.32 0.45 0.45

. Significant at p<0.05
o OrE S!gmf“cant at p<0.01

Table 6.7 Sorghum grain IP6-MF (mg g} as affected by Zn and P fertilisers in a sandy composied

: sod Ffefd experiment in Somyaga in 2003 n=32,

Sorghum grain [P6 (mg g”)
P +P Mean
2.35 33 3.08
228 3.50 2.89
2.32 3.65

P: p<. 004, £L8D = 0.42

Sorghum grain IP6 (mg )

R —Zn +Zn
+ . -Soil type —P +P Mean -P +P Mean
s ._'_Gravely 1.21 314 218 221 429 335
- " Sandy 1.09 365 237 241 343 292
‘Mean 112 3.53 236 364 265

Zn: p = 0.021, LSD = 0.56; P p<.001, LSD =
0.56; Zn % P:p = 0.05, LSD = 0,80

%

Tahle 6.8. Sorghum IP6-MF (mg g') as affected by Zn and P fertilisers and soit type. Field
i expenmem in Somvaga in 2004, n = 32.
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Table 6.9 Sorghum IP6-MF (mg g’} as affected by composi dose and the timing of Zn and P fertiliser
supply. Greenhouse experiment 2003, n = 54

Sorghum grain IP6 (mg g)

OM rate P treatment No Zn Zn at sowing  Zn at anthesis  Mean

5 kg pot”! NoP 2.52 3.19 3.39 3.04
P at sowing 426 3.84 3.78 39
P at anthesis 429 3.9% 3.80 4.03

Mean 3.63 3.67 3.66

10 kg por”’ Ne P 3.40 3.12 3.33 3.28
P at sowing 5.39 5.69 503 5.37
P at anthesis 4.53 4.35 423 4.37

Mean 4.44 4.38 4,20

Sig Pk oM*

LSD 0.55 0.43

*  Significant at p<0.05
** Significant at p<0.01

6.3.4 IP6: Zn molar ratio

Considering comparable treatment combinations, IP6: Zn molar ratio in sorghum grains was
on average higher in the field experiment in 2003 (20) than in 2002 (16) and 2004 (8). As for
Zn and IP6 the results in 2002 were most complicated to interpret, Soil type did not affect the
ratio in the 2002 field experiment (Table 6.10). In the 2004 field experiment a significant
three-way interaction was found between soil type, Zn and P applications (Table 6.12), which
overruled the main effects of both Zn and P. IP6: Zn molar ratio was significantly reduced by
Zn application only on the gravely soil when no P was applied.

Table 6.10 IP6: Zn molar ratio as affected by Zn and P feriilisers, organic amendment (OM) rype and
soil rvpe. Field experiment in Somyaga in 2002, n =32.

IP6:Zn molar ratio

-Zn +Zn
Soil type OM -P +P -P +P
Gravely Compost 174 19.9 186 106 15.7 131
FYM 9.34 19.8 46 118 14.0 12.9
134 19.8 1.2 4.8
Sandy Compost  17.1 204 18.7 103 16.3 13.3
FYM 3.35 18.6 110 7182 13.4 0.6
i0.2 18.5 2.06 4.6
Significance Zn* P¥*  M¥* OM x Zn* OMx P*  OMxZnx P*
LSD 1.73 173 173 245 2.45 4.91

*  Significant at p<0.05
** Significant at p<0.01
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Table 6.11 IP6: Zn molar ratio as affected by Zn and P fertilisers in a sandy compos:ed soil. Field
experiment in Samyaga in 2003, n = 32. .
__1P&: Zn molar ratio

: . -P +P
T —Zn _ 17.6 26.0 218
+Zn . . 14.1 20.5 173
' 15.8 23.2

P: p<.001, LSD = 3.22;
Zn:p=0009, LSD = 3.22

Table 6,12 IP6: Zn molar ratio as affected by Zn and P fertilisers and soil rype. Field éxperiment in
Somyaga in 2004, n = 32. _ .
IP6:Zn molar ratio

: _ =Zn +Zn
Soiltype P +P -P +P
- Gravely 144 131 137 413 105 731
Sandy 7310 135 104 5TV 698 6.34
108 133 492 874

Zn: p = 0.002, LSD = 2.65:
. Prp=0014, LSD = 2.65;
Soil type % Zn X P:p = 0.045_LSD = 7.49

The three-way interaction between organic amendment type, Zn and P-in 2002 overruled the
main effect of organic amendment type and the two way interactions bétween organic
amendment and Zn and. organic¢ amendment and P, as well as the main effects of zinc and P.

In the 2002 field experiment, the grains from compost amended plois had a h; gher ratio than

those from farmyard manure amended ones dnly when no Zn and no P were applied (Tabie
6.10). Zn application reduced the ratio only when combined with no P and with compost, or
when combined with P application and farm-yard_ manure. P application increa':sed the ratio in
2002 only’ when combined with farmyard manure at no Zn application or when combined
with compost and Zn application (Table 6.10): I 2003 (Table 6.11} the TP6: ‘Zn molar ratio
tncreased with P application, while the effect of Zn application was to reduce the IP6; Zn
molar ratio. :

Compost dose, P and Zn timing in the pot experiment all proved to_affect IP6: Zn
molar ratio, but interactions between Zn and compost dose and between Zn and P.overruled
- main effects of P, Zn and compost dose. The high compost dose showed lower IPS: Zn molar
ratio than the low compost rate when Zn was applied either at sowing or at anthesis. Zn
applied at anthesis showed lower IP6: Zn molar ratio than when it was applied at sowing,
" which in turn gave a lower ratio than when no zinc was applied, but only when P was applied.
The effect of P application was to increase the IP6: Zn molar ratio when no Zn was applied or
- when P was applied at sowing and Zn was applied at sowing {Table 6.13). Timing of P
applicatioh did increase the ratio slightly more when applied at sowing while no Zn was
applied.
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Table 6.13 IP6: Zn molar ratio as affected by compost dose and the riming of Zn and P fertiliser
supply. Greenhouse experiment 2003, n = 54.
IP6:Zn molar ratio

Compost dose P treatment No Zn Zn atsowing  Zn at anthesis  Mean

5 kg pot”" No P 15.7 17.0 16.0 16.2
Patsowing  27.0 204 16.7 i18.0
P at anthesis  27.1 230 13.3 211

Mean 233 201 53

10 kg pot”! No P 19.3 10.8 11.4 138
Patsowing 297 21.3 11.1 20.7
P at anthesis 227 12.6 833 4.5

Mean 23.9 14.9 10.3

Significance Zn¥*  PEE2 OM* Znx P*  7Znx OM*

LSD 242 242 197 418 342

* Significant at p<0.035
** Significant at p<0.01

6.4 Discussion
6.4.1 Zn mass fraction (Zn-MF)

Grain Zn-MF increases with both Zn and P fertilisers in most of the studied situations. This is
the consequence of the positive impact of these fertilisers on Zn uptake as reported in Chapter
5. These results are in line with those reported by Rupa et af. (2003) for soils with similar
chemical characteristics and Cakmak et al. (1999), Grusak er af. (1999} and Rengel er al.
(1999) for more alkaline conditions.

The s0il type affected sorghum grain Zn-MF differently only when Zn was applied.
The possible reason for that could be that the gravely soil with 78% more clay reduced the
availability and uptake of the applied Zn (Chapter 3 and 5), thus leading to a higher grain Zn-
MF for sorghum grown on the Zn amended sandy soil than for sorghum grown on the Zn
amended gravely soil.
The very low grain Zn-MF in 2003 (2 year with hardly any rain during grain filling) indicates
that Zn in the grain may primarily come directly from Zn uptake during grain filling, rather
than from re-translocation within the plant. The difference in grain Zn-MF in fact was
accompanied by a much greater relative difference in Zn uptake as reported earlier (Traore et
al., 2006c). This is probably why Grusak er al. (1999) reported that plants suffering from
nutrient deficiency during reproductive development may rely totally on reserves within the
roots, stem and leaves for nutrient content of seeds. It can be seen from figure 6.1 that in 2002
most zinc was taken up by the crop after flowering, this was also found in the other
experiments (data not shown). The combination of the much stronger correlation between
grain zinc yield and uptake after flowering on the one hand and much higher uptake afier
flowering on the other hand seems to indicate that the zinc allocated to the grain is mainly the
zinc taken up during grain filling. The clearly weaker correlation between grain zine yield and
zinc uptake in the 2003 and 2004 field experiments was observed in years when total uptake
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was 'much‘lower and more variable probably due 1o the dry conditions during grain; filling. .

This éuppprts the assumption that a limited amount of zinc can be accounted for by the zinc. . -
taken up. before flowering. Had more zin¢ be taken up during grain- ﬁllingI both the total. ~

~uptake and the correlation between grain Zn yield and uptake afier ﬂowermg had beén higher.
“The: lack: of differences in slopes of the relation between grain zinc yield and uptake after
flowering for the different levels of P or Zn fertiliser apphcatlon indicates the applications did
not affect the physiology of grain al location, but merely changed the uptake. .
The fact that in 2004, when rainfall during grain filling was also rather poot, gram Zn-
 MF was comparable to that in 2002 under. good. rainfall conditions is an-indication that
differences in weather conditions dre not easy to interpret, while also the added nitrogen in
2004 may have played a.role. The higher grain Zn-MF in 2004 was accompanied by a-much
higher Zir uptake {Chapter 5) The moderate effects on grain quality in:the 2003 experiment .
‘highlights the need for enough water in the soil during grain filling for an adequate Zn'u'ptake'
and allocation to the grain. This can be manipulated to some extent by farmers through
improved: soil and water conservation practices that allow capture of all rainfall, avoiding
runoff losses (Stroosnijder, 2003). As the Zn and P fertiliser effects on produg:tmly has been
positive even under those conditions (Chapter 4), the lack of effect on ‘quality in. years with
very poor. conditions during grain filling does not hamper the economic efﬁc;ency, while in
such years the quantity of food that'is available will be of more importarice [han the quality of
this food. The pot experiment has indicated that there may be advantage in. applying- more
compost than cutrent practice and that if this were done with Zn application at early flowering.
it would: further enhance grain Zn-MF: This does not at present seem a realistic :option,
though, .in" the context of these farming systems as compost is not readily available and
increasing application doses will be at the expense of the area that can be manured, while the
additional complication of applying fertilisers at flowering Slmply for the sake of quality does -
: not fit major goals of farmers (Chapter 2). :

6.4.2 S_orghum grain IP6-MF and Zn bio-availability

The improved mass fraction following organic and/or inorganic amendments does not
necessarily lead to more Zn bio-availability for humans consuming the grains. In fact, the

- enhanced grain Zn-MFs were always accompanied by an enhanced grainiIP(S-MF, though, this

is more strongly. so when P fertiliser was applied. The same results were reported by Buekert
et al. (1998) for pearl millet Pennisetum glaucum L. with the application of P and crop
residues to acid sandy soils in Niger. The IP6: Zn molar ratic has been indicated by Cakmak
et al. (1999) as a suitable estimation of Zn bio-availability in food and for risk of occurrence
of Zn deficiency in humans. The IP6:Zn ratio under farmers’ practices,' which include.either
compost or farmi(ard manure applications as used in the reported- ﬁe'ld experiments were
rather high given reporied critical levels of 15 for bio-availability to human consumers
{Rengel ef al., 1998). Addition of Zn alone could improve quality Jand yleld but as P
~ application has a larger effect on yield, this does not seem a logical option for farmers. As P

application alone enhances IP6- ME more than it does Zn-MF the ratio increases leading to” .

lower bloavallablhly of the extra accumulated Zn. When we consider the perlodlc food' _
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shortages in the Sahel (Buekert er al., 1998) because of erratic climatic conditions, any
discussion of possible negative effects of P-fertiliser application on the nutritional quality of
cereals can appear of minor impertance. This seems particularly true if one considers the large
benefits in terms of grain yield increases after the application of P and the fact that with larger
grain consumption also the total Zn intake increases {Buekert er al., 1998). The combined
application of Zn and P fertilisers keeps the TP6: Zn ratio roughly at its current level, but at
much higher yield levels (Chapter 4), and at much higher grain Zn-MF. The food quality of
such grains can be further improved by degradation of phytate prior to consumption and this
can be done by applying appropriate food processing methods.

The above on Zn and IP6-MFs holds for P and Zn application to compost amended
sandy soils. The reported interactions between these treatments and soil type or organic
amendments, though, do not make the general story very much different. Without Zn and P
application the soils and organic amendments give comparable results. With Zn and/or P
application the advantages for grain quality seem slightly less with farmyard manure and on
gravely soils, but the differences are not putting the advantages at stake altogether. Polycarpe
et al. (2006) reported a two-fold difference between sorghum aceessions (14.5 — 34 mg ke
in grain Zn-MF studied in northern Benin. This indicates that there may be further scope to
enhance grain Zn-MF if the here tested fertility management options were cembined with
different genotypes. Obviously, also further understanding of the applicability of these results
to other soils in the Sahel and at other rainfall patterns or for other cereals like millet or maize
is needed.

6.5 Concluding remarks

On the basis of the current study the most important conclusions are:

- Zn and IP6-MFs are increased with Zn and/or P application, but P application affects IP6-
MF more than it does Zn-MF, while Zn affects Zn-MF more than it does [P6-MFE;

- The combined application of Zn and P leads to the highest grain Zn-MF and generally
also to the highest grain IP6-MF;
1P6/Zn molar ratio is increased with P application and decreases with Zn application;

- At the tested doses of P and Zn fertiliser, the IP6:Zn molar ratio is of the same order of
magnitude when either no P and Zn are applied or when Zn and P fertilisers are combined;

- Rainfall conditions affect both Zn and IP6-MF leading to large differences between years
in both MFs and in their ratio, the latter as year-10-year changes in the MF are different
between Zn and IP6;

- The extent of the effect of P and Zn fertilisers on sorghum grain Zn and IP6-MF tends to
differ between soil and organic amendment type, but not the trend of these effects.

- The zinc allocated to the grains seems to come mainly from uptake during grain filling,
and fertiliser application did not change the relation between grain zinc yield and uptake
after flowering, but led to more grain atlocation through enhanced uptake.
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O\-;erall, brganic amendments associated 'with P and Zn fertilisers are good oﬁtions for higher
crop yield and reasonable grain quality. But for higher Zn bio-availability; the IP6 in the

. sorghum grain produced under such conditions should be degraded to IP-3 or lower saturated

IP forms prior to consumption. Proper food processing will be needed to counter the negative
effect of IP6 on Zn bic-availability, as the lower IP6:Zn molar ratio that éan be obtained
without P fertilisation would imply too high a cost in forsaken productivity.
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Chapier 7

7. Effect of water stress on sorghum yield and grain quality
(P, Zn and phytate) in the Sahel

7.1 Introduction

Crop production in the Sahel relies almost exclusively on erratic rainfall with poor
distribution in time and space. The consequence is a variable crop vield. Many studies have
revealed the negative impact of water stress on crop production in the Sahel (Graef and
Haigis, 2001, INERA 2003). Water stress due to droughi is a key factor constraining
economic development and threatening food security. Water stress has severe consequences
on both soil and plant factors. In plants, water stress corresponds fo the situation in which leaf
water potential and turgor are reduced enough to interfere with normal plant functions. For
Zhang (1997) temporary or permanent water siress ltmits the growth and the performance of
cultivated plants more than any other environmental factor.

Under severe water siress there is an amest of photosynihesis, disturbance of
metabolism and ultimately the plant dies (Zhang, 1997). Samarah et al. (2004) indicated that
walter stress reduces dry matter accumulation and the size and weight of seeds depending upon
the time, duration and severity of the stress. Nutrient availability, uptake and transport are also
impaired when water is insufficient (Mengel and Kirkby, 1987; Hesterman and Carter, 1990;
Isaakidis et al., 2004). Water stress also has an important impact on nutrient mass fractions of
the grain. Especially when water stress occurs during the grain filling stage it has been
observed to increase the concentration of nutrients in seeds of several crops (Farghali and
Saleh, 2001; George and Niessan, 2002, Samarah et al., 2004), including the concentrations of
micronutrients,

It is well documented that cereals may contain high concentrations of anti nutritional
compounds (phytates, polyphencls) which reduce the availability of micrenutrients for human
metabolism (Cakmak et al., 1999; Bouis et al, 2000; Frossard et al., 2000). From these
compounds, phytate is arguably the most important and will therefore be considered in this
study as well as the phytate/Zn molar ratio necessary to evaluate the Zn bio availability.
Phytate is a generic name used for inositol phosphates of which the inositol hexa-cis
phosphate (IP6) is the major component in dry seeds of cereals. The effect of water stress on
both micronutrients and IP6 mass fractions in grain cereals under organic and inorganic
amendments conditions has received little attention.

The main objective of the current study was to evaluate in a pot experiment, the effects
of combining soil organic and inorganic amendments on sorghum (Sorghum bicolor (L.)
Moench) grain yield and grain Zn and IP6 mass fractions under different soil water
conditions. We hypothesize that water stress changes: a) Zn availability in the soil, b) Zn
uptake by sorghum, ¢} sorghum grain Zn mass fraction, and d) sorghum grain phytate mass
fraction. We assume that the effects listed above will be different depending on whether water
stress is imposed during the early stages or during grain filling.
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7.2 Materials and methods
7.2.1 Experimental design

The experiment was carried out in a greenhouse at the Kamboinsé Research Centre, 10 km
north of Ouagadougou in Burkina Faso. The experiment was initiated on July 27 and
terminated on November 18, 2004. Plastic pots of 13 litres were filled with a mixture of sandy
acidic Luvisol and compost in a weight ratio of 2:1 on July 27, 2004. The pots contained 14
titres or 21 kg of medium (14 kg soil and 7 kg of compost). This soil/compost mixture was
chosen to simulate a farmers® practice called ‘za?’. In this soil and water conservation practice,
farmers do not broadcast organic amendments but mix organic amendments in the planting
holes. In the top 14 liters of these planting pits the soil/organic amendment ratio is comparable
to that in our pots. The characteristics of the sandy soil and compost are summiarized in Table
7.1.

Table 7.1 Chemical properties of the (sandy) soil and compost used in the greenhonse erpenmem
2004.

Clay C-total N-total P-totat  Zn-total pH-

(%) (%) (%) (gkg')  (mgkg!) water
Soil 18.5 0.92 0.06 09 2.7 5.25
Compost - 8.19 0.57 © 1.28 68.5 -

The soil and compost were collected from the site where a previous field experiment was
conducted (Chapier 3). The sandy acidic Luvisol was collected from a farmers’ field (Zorome
Boukary): in Somyaga in northern Burkina Faso. The compost used in the pots was produced
by a farmer (Zorome Boureima dit Barry) from the same village.

After filling with the mixture, the pots were watered till field capacit.y (FC'y and the
water was allowed to redistribute through the pots during 3 days before sorghum was planted.
A perforated PVC tube of 2 cm diameter was inserted in the middle of the pots:to facilitate pot
watering. Inorganic fertilizers (urea, triple super phosphate (TSP), and ZnSQs) were mixed
with this water.

Sorghum seeds of the cultivar IRAT 204 were pre-germinated to create uniformity for
all pots and four seeds were sown in the pots on August 1, 2004. Seedlings were thinned to
two per pot after two weeks,

Pots in well-watered treatments (NS) were daily watered till field capacity. The water
status of pots was monitored by weighing the pots twice a day (moming and -afternoon). Pot
weights were corrected for plant weight using an empirical relation between height and plant
weight that was determined i a separate experiment. It was made sure-that soil water

! Data from a previous experiment gave the following values for soil physical peoperties: pF 2.5 (field capacity,
FC,n=4)=16.6 £ 2.3 % weight (% w), pF 4.2 (permanent wilting point, WP, n =4) = 6.15 £0.2 % weight (%
w) and soil butk density (BD, n = 9) = 1.56 + 0.06 (g em™). The % volume at FC and WP were calculated as: pF
2.5 (% volume) = pF 2.5 (% weight) x BD = 6.6 x 1.56'= 25.9 % volume and pF 4.2 (% volume) = pF 4.2 (%
weight) x BD = 6,15 * £.56 = 9.6 % volume. Mass of water at FC =259 % x 14 000 (p;t volume fitled with
mixture) = 3630 g and at WP = 1350 g. '

106



Chaprer 7

conditions were always in the ‘readily available water’ (RAW} range (Figure 7.1). For
sorghum this RAW is assumed to be 55 % (Allen et al., 1998) of the total available water
{TAW). TAW is the amount of water between FC and wilting point (WP).

From September 7 to 17, 2004 (30-40 days after emergence, during early panicle
formation) 36 pots were exposed to a 10 days water stress (S1), From October 13 to 25, 2004
(70-80 days after emergence, during grain filling), a second set of 36 pots was exposed to
water stress (S2). In the water stressed pots, water stress was induced by withholding
irrigation. At the beginning of the stress periods, pots were left o dry till a predetermined
moisture content of 11.3 % (volume), determined by daily weighing. This value corresponds
to the situation where 90 % of the total available water (TAW) is depleted, see Figure 7.1,

Weight of water in

% Volume 141 of soil
259 FC 3630
AW
17.0 P=0.55 —[HIS—— ~ 2380
_ STRESSED
11.3 P=0.90 ... 1580
0.6 WP 1350

Figure 7.1 Moisture content limits that define stress in the por experiment. For explanation see text.

During the stress period the volumetric moisture content in the pots was kept between the
lower limit of 11.3 % (or 90 % depletion of TAW) and 17.0 % (or 55 % depletion of TAW).
With a medium volume of 14 liters this corresponds to amounts of water between 1580 and
2380 grams (see also Figure 7.1) or a difference of only 800 grams. This made it necessary to
weigh the pots wice a day and to irrigate small amounts when the lower limit was reached.
After each 10-day stress period, the stressed pots were again watered till field capacity.

Pots were placed in the greenhouse in six blocks (repetitions) and the treatments were
randomly placed within the blocks. The treatment structure consisted of all combinations of
two P levels (P, +P applied as TSP; 6.88 g P,Os pot™) and two Zn levels (-Zn, +Zn applied
as ZnSO4; 0.74 g Zn pot™'). All pots received 1.8 g N pot™! as urea.

7.2.2 Sampling and analysis
For each treatment, three soil samples were taken from three pots at random at 0-20 cm

before sowing sorghum (August 1, 2004), at 50 % flowering (September 25, 2004) and at
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maturity - (November 18, 2004). Three samples of sorghum above ground biomass were
collected at 50 % flowering and at maturity in three pots. For each treatment, sorghum grains
from three pots were harvested at maturity.

Soil ‘and plant samples were stored in plastic bags and sun-dried at lhe Kamboinsé
Research Centre and a sub-sample of 20 g was prepared for chemical analysis: These sub-
samples were ground over a 2 mm mesh sieve. Total soil and plant Zn was mineralized using
a mixture of sulfurous acid (H>S0O4) and salicylic acid (C;HgO3) in the presence of hydrogen
peroxide {H;07) and. selenium (as a catalyst). Zn available in the soil was analyzed using 5 g
of air dried soil placed in a'250.ml plastic bottle fitted with an air-tight screw cap and 50 ml of
1% EDTA. The suspension was mixed on.a reciprocating shaker for one hour and filtered
through Watman paper No. 542 (Norvell, 1989). Solutions for total and available Zn were
analyzed by Atomic Absorption Spectrometry (AAS). For phytate analysis a sample of dried
powder from grains was extracted in'I ml HCI (0.5 N} at 100 °C for 15 minuies. The solution
was diluted 10 x in mQ water. Total phytaté was determined by HPLC-analysis on a Dionex
AS11 column Detection by suppressed-conductivity.

Data were analyzed using analysis of variance (ANOVA) and the means were separated
using the least significant difference (LSD) at a probability of 5 %. Zn uptake Zn harvest
index and phytate/Zn molar ratio were catculated as follows:

- Zn uptake at flowering (mg pot™) = [Zn mass fraction in above ground plant parts (mg
kg™ x [dry weight of above ground plant parts (kg potH)],
+  Zn uptake.at maturity (mg pot™'} = [Zn in straw. (mg kg x straw dry weight (kg pot]

_ 4 [Zn in grain (mg kg™’ ) % grain dry weight (kg por ")),

Zn harvest index = Zn in grain (mg pot’') / [Zn in straw (mg pot’') + Zn in grain (mg
pot)),

- . Phytate/Zn molar ratios were calculated assuming a molar weight for IP-6 of 651 and
for zinc of 65.

7.2.3 Water stress measurement

To have an independent check of actual water stress levels, the water status of the planis was
mom(ored by measuring the leaf water potential. Leaf water potential was measured vsing a
leaf hygromcleripsychrometer model L-51 coupled with an HR-33T Dew Point Micro
voltmeter. The measurements were done on the two upper most developed leaves, in the
middie of the leaf every day from 10-14 h. The measurement concerned four stressed pots
and four non-stressed pots every day. One plant per pot was selected and the measurement
was repeated twice per day which makes for each water regime 4 plants x 2 leaves x 2
replications =16 values.

The section of the leaf tissue to be tested was cleaned with distiiled water then inserted in the
lateral slot .of the sensor body. A small bead of 90 % lanolin oil and 10 % wax wis placed on
the base of the chamber. The chamber was clamped and sealed to the leaf. The system was
allowed to reach equilibrium. Leaf water potential was calculated using the following
equation: reading value (mV) -0.47 mV bar N

108



Chapter 7

7.3 Results and analysis
7.3.1 Water stress imposition

Impact of water stress on leaf water potential
The application of the S1 was associated with an abundant rainfall period (early September)
with high air humidity and low incoming light. Therefore, the impact of S1 on the physiology
of the plants was only minor and the results show that the effect of this early water stress was
very low compared to the control sitwation. This is why nothing is reported here on leaf water
potential during that period.

Plants subject to water stress during grain filling (52) showed a gradual decrease in
leaf water potential from the first to the fourth day after stress imposition (from -2 bars to -5
bars) and a rapid decrease from the fourth to the fifth day, fell til -8.5 bars (Figure 7.2) and
then water was added. Leaf water potential in stressed pots remained between -4 bars and -8

bars over the 10 days stress period. For well-watered plants, leaf water potential was around -
2 bars.

Days after stress imposition
1 2 3 4 5 [ 7 ] 9 10

€
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; —0-- no stress
ﬁ§ —a— siress
-
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Figure 7.2 Leaf water potential (10-14 h} during water stress imposed at grain filling(S2) measured
by leaf hygrometer/psychrometer model L-51 coupled with an HR-33T Dew Point Micro voltmeter.
Por experiment, 2004, Average and SD of 10 measurements

Impact of water stress on sorghum straw dry weight and grain yield

At 50 % flowering sorghum biomass was only affected by P application. P application
significantly increased sorghum biomass yield (Table 7.2). Nor Zn application neither stress
imposition affected biomass vield at flowering.

At maturity beth straw dry weight and grain yield were affected by water stress and P
and Zn fertilizers (Table 7.3). A significant three-way interaction between water stress and Zn
and P fertilizers was found for the straw yield. Without Zn and P fertilizers, sorghum straw
vield was comparable for NS and S1 and higher than for $2. Without Zn and with P fertilizer,
the straw yield was in the order NS > 51 > 32, The same order was observed with Zn
application and without P. With the combined application of both fertilizers the straw yield
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was compérable for §1 and $2 and lower than for NS (Table 7.3). The main effects of stress,
P and Zn fertilizers were also significant.

Table 7.2 Sorghum biomass (dry weight} a1 flowering as affecred by water stress and Zn and P
fertitizers. Pot éxperiment, 2004. NS = no stress, 51 = 10 days stress during panicle formauon
Sorghum biomass yield {g pot”)

-Zn +7n

~-P +P Mean ~P " +P Mean
NS - - 9.93 11.7 108 111 133 122
S1- -~ 975 10.9 103 109 126 117
Mean . 984 i1.3 110 129

P: p=0.032, LSD = 1.55

- Table 7.3 Sorghum yield (straw and grain dry weight} at maturity as affected by water stress and Zn
and P fertilizers. Pot experiment, 2004. NS = no stress, $1 = 10-days stress durmg panicle formation,
852 = 10-davs stress during grain filling.

Sorghum yield (g pot™)

-Zn +Zn :
T - =P - P -Mean - P +P Mean
Straw NS 310. 367 33.8 342 36.2 35.2
- 8y 302 3.7 310 304 33.7 32.1
§2 203 247 225 231 32.1 276
Mean 272 310 292 34.1 :
Grain NS. 257 293 27.5 272 30.0 286
§1-- 248 260 254 252 283 26.7
52 . 152 19.1 AR 179 26.5 222~
Mean 210 - 248 234 8.3
Stress Zn P StressxZn Stressx P StressxZnx P
Straw *E() 8T KR *EQ7T ]2 wx [ 26 ** 178
Grain *F [ 51 * J23 k123 % 213 * 213 ns

* Significant at p<0.05, ** Significant ar p<0.01, ns= non significans, a= LSD

For sf)rg_hum grain j!ield, significant interactions were found between stress and P or Zn
fertilizers. Without Zn, sorghum grain yield was in the order NS > S1 > S2. With Zn
application, sorghum grain yield was comparable for NS and S1 and higher than for 52. This
was consmtem wnh of without P application (Table 7.3). -

732 Zn'availability as affected by P and Zn fertilizers and water stress

Zn availability in the soil was significandy increased by applying Zn fertilizer from sowing
until maturity (Table 7.4), independent' of P application. At flowering, Zn availability was
affected by the previous water stress, Zn. availability. was lower in the water-stressed pois than
in the controlpots (Table 7.4). At maturity, Zn availability was also affected by water stress
imposition and Zn fertilizer. Zn availability was higher in stressed pots than in the control pots
and was also higher after Zn application than withowt Zn fertilizer, An,interaction was
observed between water stress and Zn fertilizer, Without Zn fertilizer, Zn avatlability was in
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the order S2 > S1 > NS, With Zn fertilizer, Zn availability was comparable for NS and S1 pots
while it was highest for 52 pots (Table 7.4). At all sampling periods P application did not
affect Zn availability.

Table 7.4 Zn availability in the soil as affected by P and Zn fertilizers and water stress. Pot
experiment 2004, n= 36. NS= no stress, S1= I0-days srress during panicle formation, 52 = 10-days
stress during grain filling.

Available Zn (mg kg'")
-Zn +Zn
-P +P Mean -P 4P Mean
Start NS 224 214 219 63.6 68.0 63.8
Flowering NS 491 489 49.0 67.1 705 68.8
S1 306 32.4 315 59.7 573 58.5
Mean 9.8 40.6 63.4 639
Maturity NS 43.2 44.7 43.9 62,7 625 62.6
51 53.0 54.1 535 65.1 64.6 64.8
52 50.6 60.8 00.2 68.2 71.6 69.9
Mean 519 53.2 65.3 60.2
Stress Zn Stress x Zn
Start - “*14.3 .
Flowering *7.28° "7.28 Ns
Maturity %2 08 243 *4,2]1

* Significant at p<0.05, ** Significant at p<0.01, ns= non significant, a= LSD
7.3.3 Zn uptake as affected by P and Zn amendments and water stress

Water stress, Zn and P fertilizers all affected Zn uptake at 50 % flowenng (Table 7.5). A
significant interaction was found between water stress and Zn fertilizer and between Zn and P
fertilizers. Without Zn fertilizer, Zn uptake was comparable for NS pots and S1 ones. With Zn
fertilizer, Zn wptake was higher for NS pots than for St ones. This was consistent over the P
treatments. Without Zn fertilizer the effect of P was not significant, while with Zn fertilizr P
application increased Zn uptake. The main effect Zn application was significant despite these
interactions.

At maturity, Zn uptake was also affected by water stress, Zn and P fertilizer (Table
7.5). A significant interaction was observed between stress, Zn and P application, Without Zn
and P fertilizers Zn uptake was comparable for all the water regimes. Without Zn application,
but with P, Zn uptake was comparable for NS and S1 pots but higher than for 52 ones. The
same order was found when Zn was applied, but without P. With the combined application of
Zn and P, Zn uptake was not different for S1 and S2 pots but lower than for NS pots.
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Table 7.5 Zn upiake by above ground biomass {stem + leaves + panicle) at flowering and at maturity
as affected by P and Zn fertilizers and warer stress. Por experiment 2004 n= 24. NS = no stress, §1 =
10- days siress durmg panicle formation;, 52 = 10-days :.tres.\ during grain fitling.

Zn uptake (mg pot™)

-Zn +Zn

-P 4P Mean -P +P Mean

350% flowering NS 0.16 0.26 0.21 0.76 1.54 115
L 81 . 009 015 012 029 054 042
IR Mean 013 021 0.53 1.04
Maturity : NS 0.82 251 1.67 3.56 424 3.90
S Y| 069 228 1.49 3.07 3.62 335
52 033 134 0.94 2.08 3.58 2,83
Mean 063 2.04 2.90 3.81
. . “Stress Zn P StressxZn Znx P SiressxZnx P
Flowering = *%0.16° “0.16  ‘0.16  "0.22 022 ns
Maturify -. -**028 023 023 ns ns “0.57

*Significant af'p<0‘05, ** Significant at p<0.01, ns= non significant, a= LSD

7.3.4 Zn mass fraction in sorghum straw and grain as influenced by Zn and P fertilizers
and water stress

Zn mass fraction (ZnMF) in sorghum biomass was affected by stress, P and Zn fertilizer
(Tables 7.6 and 7.7). But the effect of stress was overruled by that of Zn application.

At flowering, ZnMF was higher for sorghum grown in NS pots than for sorghum
grown under the S} regime. The difference was much hi'gher with Zn application than without
Zn fertilizer. P application increased ZnMF only when Zn fertilizer was applied (Table 7.6).

.. At maturity, without Zn fertilizer, ZnMF in the sorghum straw was comparable for the
NS and St treatments but higher than for the 52 treatments. Once Zn was applied, ZnMF was
in the order NS > 81 > S2. The main effect of Zn application was significant, despite the
different interactions. ZnMF was increased by P application only when no Zn was applied.

Sorghum grain ZnMF was also affected by water stress, Zn and P ferilizers. An
interaction was found between stress and Zn. Without Zn application, ZnMF was higher under
52 than under NS while S1 did not differ from either NS or 52. Once Zn was applied, ZnMF
was in the order NS < §1 < §2. The main effects of Zn and of P application were hlghly
; blgmﬁcant (Table 7.7).
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Tahle 7.6 Zn mass fraction in sorghum biomass ar 50 % flowering as affecred by water stress and P
and Zn fertilizers. Pot experiment 2004, n= 36. N§ = no siress, 51 = [0-days stress during panicle
Jormation, 82 = 10-days stress during grain filling.
Zn mass fraction (mg kg ™)
-Zn +Zn
-P +P Mean -P 4P Mean

NS 16.6 234 20.0 68.4 940 81.2

S1 9.60 13.6 1.6 270 426 34.8

Mean  13.1 i8.5 47.7 68.3

Stress**  Zn¥*¥  P*%*  Spessx Zn**  Znx P*
LSD 500 5.00 500 7.07 707

* Significant at p<(.05, ** Significant at p< 0.0

Table 7.7 Zn mass fraction in sorghum yield biomass at maturity (straw and grain) as affecied by
water stress and P and Zn ferrilizers. Pot experiment 2004, n= 36. NS= no stress, 51 = 10-days siress
during panicie formation, S2 = 10-davs stress during grain filling.

Za mass fraction (mgkg )

~Zn +Zn
-P +P Mean ~P +P Mean
Straw NS 17.5 50.8 34.2 83.9 89.6 86.8
S 12.8 46.9 29.9 68.9 78.8 73.9
52 11.2 346 22.9 57.0 61.9 59.5
Mean 138 44.1 69.9 768
Grain NS 154 18.0 16.7 265 332 29.9
S1 17.5 259 217 339 439 38.9
52 20.6 30.3 23.5 42.0 604 51.2
Mean 17.8 24.7 341 458
Stress Zn P Stress x Zn Znx P
Straw #4077 #4006 *4.06 *¥+7.03 **0 04
Grain G 30 FE5]0 *¥5 1) *8.92 ns

*  Significant at p<0.05, ** Significant at p<0.01, ns= non significant, a= LSD

Zn harvest index (ZnHl) differad between water stress treatments and P and Zn fertilizers.
ZnHI was on average in the order: 82 > S1 > NS. Stress imposition increased ZnHI (Table
7.8). A stgnificant interaction was found between Zn and P application. ZnH! was comparable
for all treatments receiving either P or Zn or both. Only without any fertilizer application the
ZnHI was clearly higher. This overruled the main effects of Zn and P fertilizers.
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7.3.5 P taken up in sorghum above ground biomass, sorghum grain phytate mass
fraction and Zn bioavailability as influenced by water stress and P and Zn fertilizers

Both P't;aken up and grain phytate mass fraction were affected by stress and P and Zn
fertilizers (Tables 7.9 and 7.10). Significant interaction was found between stress, Znt and P
fertilizers (Table 7.9). Without Zn and P fertilizers P uptake was lower for 32 than for NS and
st 5

Table 7.8 Zn harvest index as affected by P and Zn fertilizers and waier stress. Pot experiment, 2004,
n=36. N§ = no stress, S1 = 10-days stress during panicle formation, 82 = 10-days stress during grain
filling.

Zn harvest index (ZnHI)
-Zn +Zn
. -P +P Mean -P +P Mean
NS = 046 025 0.36 0.19 0.23 0.21
51 0.54 034 044 0.31 0.27 0.29
52 0.56 0.36 0.46 0.37 0.44 041
_Mean 0.52 ¢.32 . 0.29 0.31
. : Stress Zn P Znx P
-Significance *k K S *%
LSD 0.06 0.05 005 007

* Significant at p<0.05, ** Significant at p<0.01

Table 7.9 P uptake in sorghum above ground biomass as affected by water siress and P and Zn
fertilizers, Pot experiment 2004, n= 30. N§ = no stress, 51 = 10-days stress during panicle fonnanon
82 = 10-days stress during grain filling.

P uptake {mg pot - )

-Zn +Zn

. . -P " +P Mean -P +P Mean
NS 31.3 52.8 42.0 389 484 43.6
51 ) 32.6 35.1 339 336 43.8 38.7
s2 19.2 27.0 23.1 24.0 38.0 310
Mean 27,7 38.3 ' 321 43.4 :

Stress** Zn* Pr* Stress x Zn x P¥
CLLSD. 3.7 3.03 ‘3.03 7.43

¥ Significant at p<0.03, ** Significant ar p<0.01

. Withou | Zn and with P fertilizer P uptake was in the order NS > St > 52. When Zn was
. applied and without P fertitizer, P taken up was similar for NS and S1 and higher than for $2.°

e _ With the- combined application of Zn and P, P uptake was higher for NS than for S2 and

compatable for S1 and NS,
Phytale grain mass fraction was on average comparable for S1 (3.92 mg kg’ Y and s2 -

‘ _(3:.52-_mgvkg ) on the oné hand and between $1 and NS (4.18 mg kg™') on the other, bot was

significantly lower for S2 than for NS. Both P and Zn fertilizers increased phytate mass

fraction but the effect of P fertilizer was stronger than the effect of Zn fertilizer (Table 7.10), -
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Table 7.10 Sorghum grain phytate mass fraction as affecied by water stress and P and Zn fertilizers.
Pot experiment 2004, n= 36, NS = no stress, S = 10-days stress during panicle formation, 52 = [0-
days stress during grain filling.

Grain phytate mass fraction (mgg "' DM)

- Zn +7Zn
- P +P Mean -P +P Mean
NS 2.81 4.68 375 342 5.78 4.60
S 249 4.11 3.30 3.58 5.47 4,53
52 2.14 375 2.95 323 494 4.09
Mean 2.48 4.18 3.41 5.40
Stress*® Zn¥# P¥¥
LSD 0.46 0.37 Q.37

* Significant at p<0.05, ** Significant at p<0.0}

Sorghum grain Zn bio-availability was evaluated using the Phytate/Zn molar ratio as
recommended by many authors (Rengel et al., 1999; Cakmack et al., 1999; Bouis et al., 2000).
Phytate/Zn molar ratio was significantly increased with P application (from 12.3 to 16.6). In
contrast, the ratio was decreased by Zn application (from 16.0 to 12.3) (Table 7.11). Water
stress also affected the ratio and it was on average higher for NS (18.3) than for 52 (10.7),
while 51 (14.2) was intermediate and not significantly different from either NS or 52. These
effects of water stress seemed to be affected by the Zn fertilizer application, but the
interaction between siress and Zn fertilizer reatment was not significant.

Table 7.11 Sorghum grain phytate/Zn molar ratio as affected by water stress and P and Zn fertilizers.
Por experiment 2004, n= 36. NS = no stress, 81 = 10-davs stress during panicle formation, 52 = 10-
days stress during grain filling.

Sorghum grain phytate/Zn molar ratio

—Zn +Zn
-P +P Mean -P +P Mean
NS 171 234 202 3.3 19.6 16.4
St 143 14.7 14.5 10.2 17.8 14.0
52 1.1 15.5 3.3 7.63 B.46 8.04
Mean 14.2 17.9 10.4 15.3

Stress®  Zn* P¥
LSD 4.44 3.62 3.62

* Significant at p<0.03

‘7.4 Discussion

The water stress during grain filling was effective as shown by the decreased leaf water
potential during the stress period, while piants survived and panicles were not fully sterile.
The minimum leaf water potential value (—8.5 bars) in plants subject to stress is far above the
~15.7 bars reported by Sanchez-Diaz and Kramer (1971), the reason being that in our
experiment, the pots were not allowed to dry til] wilting point because the aim was that plants
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, sumved and produced seeds. mimicking often observed drought periods dunng gram ﬁllmg
in lhe ﬁeld :

7.41 Sot‘ghum "gr"ain yield, Zn and P fertiliz'ers and water stress
'The negatwe effects of water ‘stress on sorghum grain yield observed in thlS pot eX] eriment
. .are similar to those reported in field expetiments in northern Burkina Faso carrig
- INERA (2003) and Zougmore et.al. (2000). This pot expetiment showed also that the _negatwe .
- . * impact of water stress on sorghuin grain yield was more imporiant without Zn' ‘and P fertilizers
CFo -0 than with these fertilizers. These fertilizers especially the P are therefore of lmportance for .
' ' . sorghum, productlon in the Sahel as reported by previous workers-(Bationo et al., 1998 Bado
" and Hien, 1998; ‘Buekert et al., 1998). In combination with the earlier reported yleld effects of
~* Zn-and Papplications in the field (Chapter 4), even during adverse rainfail condltlons, we

- conclude that farmers do not risk crop failure due to Zn and P fertilizer applications. -

.7;_4;2'Zn._up_t='1ke und Zn mass fraction

Zn. uptake was hlgher for sorghum grown in NS pots than for sorghum grown in stressed (51

-t - and §2) po[s This can be explained by the lower Zn availability observed during :the
- . period- (Table 1.4): From. these results we can state that part of the applied Zn Was’
' ~soil pamcles during the stress period since the difference between the no stressand the
stressed pots was much’ higher with Zn than without Zn fertilizer. Furthermore, Ihe pots with

lower Zn: ta_ken up showed at maturity higher Zn availability. Our conclusions-are 1_:\1f.the same

- line with, those reported earlier for wheat (Erenoglu, 2002; Lower and Orians,:2003; Al-

 Karaki el al.; 2004) although these experiments were carried out under a_lkaline soil

conditions. - : :

o The analysm aof variance showed hlgher grain ZnMF for sorghum grown under stress
ez . . conditions than for sorghum. g grown under an optimal water regime (Table 7.7), But. sorghum
SR .gram yleld obtained under the stress COﬂdl[lOI‘lS especially under 82, was much “lower than
grain. yield- found ‘under the -well watered condition (Table 7.3). The lower ZnMF under
optimal’ water supply can be “attributed to a dilution of Zn in the well watered gram due 0 a
" “higher gram producnon (Table 7.3). The first objective of farmers in the Sahel is:food self
.. suffi mency {Chapter. 2); therefore a yleld decrease due to water stress wﬂl be negatlvely

= appremated by farmiers although thé ZnMF is increased. :

* The application of P and Zn significantly increased both sorghum gram yle]d and Zn
mass fraction and the effect of fertilizers was much higher under well watered-conditions than
under water stress condluons The use of P and Zn fertilizers is essential to support both good
crop producuon and Zn mass fraction. Improvements in soil and water conservation that lead
to enhanced water availability especially during critical growth stages would - enhance the
pasitive effects of fertilizers. Farmers should avoid water stress by using soﬂ “and water o
coriservation measures which reduce rainfall losses due to runoff. More 1nvest1gat10ns are

T needecl in the field of green water use efficiency (GWUE), being the ratio transplratlon over
G ramfall (Slroosnucler, 2003)
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7.4.3 Phytate mass fraction and Zn bioavailability

Phytate MF was decreased by water stress when it occured during grain filling and the
observed values were close to those found in the 2003 and 2004 field experiments during
which a drought was ohserved at the end the cropping season (Chapter 6). The lower phytate
MF in the water stressed sorghum grain can be attributed to a lower P uptake as shown in
Table 7.9.

The bioavailability of Zn was improved with water stress if we base our analysis on
the critical phytate/Zn molar ratio level of 15 reported by Cakmak et al. (1999). But, the
negative effects of water stress on sorghum grain yield are overruling any possibly positive
effects on sorghum grain quality.

7.5 Conclusions

The results clearly showed that the system that was used to impose a non-fatal water stress
worked well. The results showed also that Zn availability in the soil, sorghum grain yield,
ZnMF in sorghum above ground biomass, Zn and P uptake by sorghum above ground
biomass, sorghum grain phytate MF and phytate/Zn molar ratio were all affected by water
stress and Zn and P fertilizer application. Water stress negatively affected Zn availability in
the soil, Zn and P uptake and sorghum grain yield. These factors were significantly improved
with Zn and/or P fertilizer application independent of water regime. But the effect of the
fertilizers was much higher under well watered conditions than under water stress conditions.
Sorghum above ground ZnMF was lower for stressed plants than for the well watered ones.
The same was observed for grain phytateMF. The water stress on sorghum grain production
was larger than on sorghum Zn uptake leading to an improved nutritional quality of sorghum
grain by increasing the grain ZnMF and decreasing the phytate/Zn molar ratio. Bui the
negative impact of the water stress on sorghum grain yield obviously overrules any positive
effect on sorghum grain quality. The food demand in the Sahel and the necessity for rural
farmers to take up enough Zn would urge the use of Zn and P fertilizers in farmers’ field as
stated in Chapter 6. But, further investigation in the field of green water use efficiency should
be undertaken to better underline the possibilities 1o avoid water stress under Sahelian
conditions with the objective to both maintain the productivity and ensure a quality end
product.
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8. Synthesis

In this chapter the findings of all previous chapters are synthesized. In section 1 the problem
and the challenge, the research questions and the approach are recalled. Section 2 gives the
main findings on Zn husbandry. Section 3 explains which soil organic amendment (SOA)
might be attractive to farmers in the Sahel and why. Section 4 discusses what is needed for the
large scale adoption of the improved SOA. In Section 5 we elaborate on institutional and
policy implications.

8.1 The problem, challenge, questions and approach
8.1.1 The problem and the challenge

In developing countries, short Zn supply is limiting both crop yield and human health. Zinc
deficiency is believed to contribute to child mortality, to impaired mental and physical
development, decreased work output, and to morbidity from infections. Improving Zn in
staple foods and/or improved bio-availability of Zn from staple foods would already greatly
improve public health.

In the Sahel, agricultural development has so far only focused on increasing
productivity of the land, especially relating to the staple crops millet and sorghum. In Burkina
Faso, soil and water conservation (SWC) techniques adopted by farmers after the drought of
the 1980s and 1990s, have improved both water and nutrient availability. Adoption of SWC
techniques was accompanied by the systematic adoption of soil organic amendments (SOAs)
necessary to value the investment in SWC techniques. Using SWC and SOA increased crop
yield in the Sahel. Potentially, this improvement of yield may also improve Zn mass fractions
(MF) in the grains, or indeed may decrease it through dilution.

Zn bio-availability for humans is hampered when the phytic acid (IP-6, the main form
of phosphorus accumbiation in the grain) to Zn molar ratio is too high (Frossard et al., 2000).
P is one of the most limiting nutrients for crop production in the Sahel. Although its
application significantly increases cereal yield, there is potentially also an effect on grain Zn
mass fraction (MF) and grain IP-6 MF and on their ratio. Therefore, it is a major challenge to
design cereal production techniques resulting in a higher Zn MF in combination with a lower
{or at least similar} TP-6 MF. The main objective of the current PhD project was (o assess
possible effects of the application of SOAs (already part of farmers’ practices) and of
inorganic fertilizers on yield and quality (in terms of Zn MF and 1P-6:Zn molar ratio) of
sorghum in the Sahel.

8.1.2 The research questions and the approach
The current study addresses the following research questions:

1. How are Zn availability (in the soil) and uptake (in the plant} influenced by type of
SOA, Zn and P ferilizer application (amount and timing)?
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2. What are the effects of different SOAs and Znand P femhzers on yleld and Zn MF of
sorghum grain?
_ 3.' " Are there interactions between’ Zn and P fertilizer apphcatlons and between Zn
apphication and drought stress? -
4. What are possible modifications of SOAS, Aas practiced by farmers in the Sahelian zone
of Burkina Faso, which increase both sorghum grain yteld and its Zn MF‘?
" 5.~ What are the chances that modified SOAs will be adopted by farmers and what are the
institutional and policy implications? L :
The: methodology used to address the above. quesuons was a. combmauon of farmers’ field
monitoring, on-farm research and on-station greenhouse expenments :
* During the first year {2002), a farmers survey was camed out to investigate the
. farmers’ perceptions of sorghum grain quality; of the effects of organic amendments on yield
and grain quality and of the relation betwecn_sor;ghum grain guality and health of children and
adults. Also, a survey of planting pits, locally. called Za, with: differenl soil types and SOAs
was’carried out to provide information on sail chemlcal propemes ‘on Zn uptake and Zn MF
in sorghum,. - T '

In the second year (2003), field and pot expenments were camecl out.. In the field, the
effect of organic and inorganic soil amendments on sorghurn gram yield and Zn MF was
- studied, while in the pot experiment, the ‘effect of feruhzatlon timing on micronutrient
availability, uptake and MF was tested: Iii the third year (2004) field and pot experiments
further precised the findings from 2002 and 2003 N

8. 2 Mam findings in Zn husbandry
8 2 1 Zn availability in the soil

- Without Zn application no difference was éﬁéerved between the-sandy and the gravelly soil.
When Zn was applied, Zn availability w_asf;:_'ither the same. or higher for sandy soil than for
gravelly soil. P availability was comparable for both soil types.

' Zn and P application significantly increased Zn and ‘P availability and were higher in

- plots amended with compost than for, those amended with Farmyard manure. Zn and P
availability were higher for the high compost dose than for- thc lower one.

Zn availability was different for the three cropping seasons probably due to the

"combination of large variability in ra.j-nfall distribution :and in the quélity of organic
amendments used in the respective expetil ‘nts. In none of the experiments an interaction was'

. Observed between fertilizer treatment eff;éf;f_s'-on Znand P a_\}aijability.

' 8.2.2 Zn uptake

:Zn and P uptake varied between cropiﬁi’r‘_;'g seasons. Ifl'_'gz_aneral improved uptake followed
~ improved availability. When applied as -itiorganic fertilizer, more Zn and P were taken up
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from sandy soils than from gravely soils. Zn and P uptake from compost amended plots were
higher than from farinyard manure amended plots.

Sorghum grain and straw Zn yield (uptake) increased with Zn or P fertilizer. Zn
fertilizer increased straw Zn yield more than grain Zn yield. The highest grain and straw Zn
yield was cbtained when Zn and P fertilizers were combined.

In the pot experiment, the highest Zn uptake was obtained when P was applied at
sowing and Zn at anthesis, whereas the highest P uptake was generated by Zn and P fertilizers
applied at sowing.

The fraction of Zn recovered in above ground sorghum biomass was low and was
improved by applying P. More than 90% of the Zn applied remained in the soil.

8.2.3 Zn and IP-6 mass fractions

There were interactions with soil type and SOA type. Effects of fertilizer applications on both
MFs were generally larger with compost than with farmyard manure and larger on sandy than
on gravely soils. Grain Zn MF and IP-6 MF increased with Zn or P application.

With the higher compost dose in the pot experiment both Zn and [P-6 were further
enhanced. Timing of Zn application only affected Zn MF.

The IP-6:Zn molar ratio decreased with Zn application and increased with P
application, resulting in comparable ratios when no fertilizer was applied or when both
fertilizers were applied simultaneously.

8.2.4 Effect on yield

In 2002, biomass, grain and straw yields were significantly higher on sandy than on gravelly
soil. No significant differences were observed between compost and farmyard manure
application.

Zn and P application increased biomass, grain and straw yields but effects were
smaller for Zn than for P application. On average 210 kg ha™ extra grain was produced with
Zn application against 450 kg ha"' extra grain with P application. Zn application only
increased harvest index in the 2003 experiment. P application increased harvest index in all
three years. Interactions between P and Zn application were not significant.

In the greenhouse pot experiment no significant differences were found between the
high and low compost rate. Grain and straw yields were higher when Zn or P was applied at
sowing than when it was applied at anthesis.

8.2.5 Effect of drought

In the field experiments, sorghum grain yietd varied considerably between years, pantly due to
variation in rainfall distribution. In the 2004 pot experiment Sorghum grain yield was affected
by water stress and it was lower for plants subject to water stress at grain filling than for those
subject to a well-watered regime. The latter difference was associated with weather conditions
before flowering which were not conducive to stress induction.
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Important variability for Zn and :E availability : was: also observed between the cropping
seasons which could be related to dlfferent soil mmsture conditions due to large variability in
rainfall distribution. As a consequence Znand P uptake varied between cropping seasons.

A large inter-annual varlab_ll_lty was observed for Zn and IP-6 mass fractions, and for
their ratio. Grain Zn MF of 50 mg kg’ with an IP;6;Zn molar ratio of around 15 is possible
with Zn and P application in years: with favourable:rainfall distribution during grain filling. In
the pot experiment Zn uptake by sorghum was: 1ower for stressed plants; which left larger
quantities of Zn available in thie soil at maturity. :During the 2003 and 2004 rainy seasons
water stress occurred during graiii filling, but unidér ﬁeld conditions this did not lead to large
Zn availability at maturity. It hds (o-be noted, though ‘that in the pot experiment the soil was

re-watered for some time after the stress penod whlle there had been no recent rains at
maturity in the field expenments P

Sorghum grain Zn MF. and Zn harvest 1ndex -were higher for stressed plants than for
the well -watered ones which can be attributed; to a Zn dilution for the well ‘watered plants.
Alternatwely the ratio between. germ and endosperm could have been larger under stressed
conditions which would equailylead to 2 higher gram Zn MF. '

Water stress decreased sorghum grain IP-6 Zn molar ratio compared to well watered
grains. But the negative effect of the water stress on the sorghum grain yleld should be
regarded as a larger drsadvantage than the advanlage from the improved IP-6: Zn molar ratio.

8.3 Is improved nutrient _r-_)_ienagement}' #’ttrai:tive to farmers?

The cultivation system used ‘iri-our field expe ments was the planting plt system locally
known as Zai. This Zai techmque is the most wldely adopted SWC measure in the Sahelian
zone of Burkina Faso. The fundarnental reason “for- its success is the combination of soil
fertility improvement with water conservatlon leadmg to an improved (and more secure)
productivity. The planting plts ‘combine three types of conservation practices on degraded
crusted soils, i.e. soil conservatton, water conservatlon, and erosion protection. Zai also
concentrates manure {compost .animal manure: and household waste) and is therefore a means
‘of economizing on its use.. Because of the wide =spread - adoption of the technique many
Sahelian farmers are nowadays breeding Iwest@ck for inanure production.

The allocation of orgamc matter to dlfferent fields is aimed at increasing production
with the objective to meet the fzmuly food ne: d_s But, no significant difference in sorghum
grain yield was found between fields amended wlth compost or farmyard manure. However,
Zn MF for sorghum grain from compost amended plots was higher than for the sorghum
grains from farmyard manuré’ ‘amended ones;: Therefore compost amendment appears {o be
better to achieve both hlg_h_ grain yield an_d,.Zn ‘MF. During the farm survey, the farmers
reported the same choice but their preference Was based on total grain production and not on
arain quality. Nevertheless, thlS is a good entry pomt for participative development to show
farmers that the quality of the orgamc amenclmcnt is making a difference.

The ‘greenhouse expenmem of 2003 showed that sorghum grain Zn MFs were all
higher for the high compost dose than for the low one. These results hint the possibility to
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increase sorghum grain Zn MF further by combining an increased dose of organic amendment
with Zn fertilizer. Increasing the amount of organic amendment per ha does, however, mean
reducing the cropping area covered with organic amendments. As the grain production is not
enhanced equivalently this would lower total grain production for a household, which would
be unacceptabie.

Zn or P fertilizer combined with organic amendment significantly increased sorghum
grain yield, although the effect of P fertilizer was much larger (Chapter 4). This was
consistent over the two SOA types, and no interactions between Zn and P were observed. The
two fertilizers also affected sorghum grain Zn MF and it was highest when Zn and P fertilizers
were combined. However P fertilizer alone significantly increased sorghum grain phytate MF
which countered the effect of enhanced Zn, as the increased phytate:Zn molar ratio indicates a
loss in bio-availability of the Zn. Combined application of P and Zn fertilizer, on the contrary,
resulted in a comparable bio-availability of the Zn as indicated by the same phytate:Zn molar
ratio.

The current soil and water conservation system (Zai} does gain in productivity by
inorganic Zn and P application. As there are no interactions between the effects of these
fertilizers on yield and their effect was also observed in poor rainfaltl years there seems to be
scope for development of Zn enriched P fertilizers for the area. The additional advantage that
can be expected of such fertlizers over pure P fertilizers is an improved grain quality.
Increasing both grain yield and Zn MF with the Zn and P fertilizers could be attractive to
farmers.

Soil moisture conditions were decisive for both sorghum grain yield and Zn MF.
Sorghum grain vield was lower under water stress conditions than under well watered
conditions; especially when the stress occurred during the grain filling stage. The opposite
situation was observed for sorghum grain Zn MF, probably due to Zn diiution under well
watered conditions. In the Sahel an early ending of the rainy season is common and the
rainfall data of 2003 and 2004 cropping seasons are therefore no exceptions. Farmers should
avoid water stress especially during the grain filling period and this can be done to some
extent by applying soil and water conservation measures in order to increase water infiltration
and reduce losses due to runoff. Further investigations to increase the ratio between
transpiration and rainfall (green water use efficiency) are needed (Stroosnijder, 2003 and
2005).

In the light of all the conclusions, we can state that there is an improved SOA
combining good crop production and higher grain Zn MF and this SOA can be of interest to
farmers. The IP6:Zn ratio under farmers’ practices, were rather high given reported critical
levels of 15 for bio-availability to human consumers. Addition of Zn alone could improve
quality and yield, but as P application is more effective in yield increment, this does not seem
a logical option to farmers. However, P application significantly increases IP6 MF. As P
application alone increases IP6 MF more than Zn MF the ratio increases, leading to lower
bioavailability of the exera accumulated Zn. The combined application of Zn and P fertilizers
keeps the IP6:Zn ratio roughly at its current level, but at much higher yield levels (Chapter 6)
which can be attractive to farmers.
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Before farmers will: adopt an 1mproved SOA aiming for improved health, there are a number
of prerequisites: 37 :
1. they should a]so be convinced 6 he posntwe effect of the proposed SOA on both crop
yield and foed quahty, N
2. make fam':eré.- ‘meet” the advamages, while still working on 1mprovements like water
use efﬁmenc /6 avoid negalwe lmpact of a water stress on grain yield;
3. Znand P feruhzers should be accessible (physically and economically) to farmers; -
4. 'farmers should be aware of lhe'consequences of micronutrient deficiencies on their
family health and the re!auon between food quality and these deﬁmenmes

rates of return
e'nvironmental i_'

_objectwe best : gwén their owm resource endowmenis; constraints and : socio-gconomic
environtent in- whu:h they operate Proﬁlabillty is then one of the most important conditions
for adoptlcm De'plte the calcu]ated"- fann level rates of return the appllcauon of a modern_

cereals hn.ecau&:é:i fmers are ofléﬁ nal:_ple to sell the surplus production at a pnce that covers
their costs. _\ L

The apphcatlon of Iocal solutlons is therefore more likely to 1ncreasc the chance for
technologies adopnon For 1nstance “local rock phosphate (Burkina phosphate for Burkina)
‘can be used as: phosphorus femhzcr seurce to supply P at lower cost (6000 FCFA for 100 kg)
than water soluble P fertilizer (350{}0 FCFA for 100 kg} (Bationo et al., 1998; FAOQ, 2004). In
Burkina Faso, the ‘potential for rock ‘phosphate production exists at Kodjari (Northern Burkina
Faso) and it has been mined on‘a small scale (current production of 1000 t per year) (FAO,
2004). The - effectweness of - 'e' ‘rock phosphate can be significantly increased through
combination With compostmg (A ande et al., 2003). Composting organic waste with rock
already used by some farmers in our experimental area and this is a good

p0551ble solut:on. could be use of urban waste in farmers” compost pits to increase the !evel of
trie We hypothesrzed at the start of the research that industrial ‘activities would
-add an imp:)h' it quantity of Zn to_the irban waste. Unfortunately in Burkm_a Faso there are
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CBTM) in the urban waste are located in the western part of the country far away from the
sorghum production areas. So, the use of an organic waste rich in Zn in northem Burkina Faso
is not realistic at all because of the transport cost of urban waste from the western part of the
country 1o the northern part.

The second possibility to make Zn fertilizer available can be to fortify the local rock
phosphate with Zn fertilizer. Such Zn-phosphate fertilizer can be used in farmers’ compost pit
during the production of organic matter. Since Zn is not easily lost by leaching, the compost
produced under such condition will be rich in both Zn and P. More investigations are needed
to understand the conditions of production and use of Zn and P fortified compost in order to
supply the extension service with a decision support document.

Another possibility could have been the use of Zn-fortified seed to be distributed or
sold to farmers at an affordable price. Zn-fortified seeds were already tested on wheat and
were efficient in increasing both grain yield and Zn MF (Malakouti et al., 2003). But, no
results were reported for Zn fortified sorghum seeds and our production area conditions are
different (acidic soils) from those reported by Malakouti et al. (alkaline soils). Furthermore,
the formal seed supply system has failed in Burkina Faso to ensure farmers’ accessibility to
high quality seed of improved varieties. Hence the Zn-fortified seed solution will not be easily
accessible to farmers in the Sahel.

Overall, the use of Zn-phosphate fertilizer can be considered as suitable solution for
farmers in the Sahel. Before farmers can wse the Zn-phosphate fertilizer a number of
prerequisites will be necessary:

1. The relevance of the results reported here for a wider range of soils and agre-climatic
zones in the Sahel should be studied;

2. The methods, conditions of composting the Zn-phosphate fertilizer should be better
understood under Sahelian conditions;

3. Distribution channels of phosphate rock fortified with Zn should be well organized to
make it available to nsers at affordable prices.

4. Suwudies of application effects on 2" and 3" year crops and effects of repeated input are
also needed as the studies so far looked at effects of first time applications only.

8.5 Institutional and policy implications

Zn deficiency affects two billion people in the world and is more prevalent in developing
countries with an invariable diet of cereal based foods. These deficiencies are contributing to
lethargic national development efforts and a viscous cycle of poverty for massive numbers of
underprivileged people. At national and international levels efforts are made to overcome
micronutrient deficiencies.

Because agriculture is the primary source of all micronutrients for human, agricuttural
systemns must be contributing to meet mritional needs (Welch, 2005). National governments
and donors should address the threat of micronutrient deficiency through policies and
programs that promote increased micronutrient density in the staple food.
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Cunwent;":'mterventlon programs (i.e. fond fortification and supplementamn programs} (03]
ailevnat “the problem haye not proven to be effective or sustainable in many ¢ countnes {Bouis
ihese programs are very expensive and would requlre an important

'estlc product (GDP) in deéveloping countries (Bouls et al:, 2000).

nérate for Burkina Faso a grain production of 1.95"milli0n' tons for

] serv1ces to-educate farmers on fertilizer use. :
crease the chance for adoption of tmproved soil amendment the

the ‘roposed soil amendment successful
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Summary

In developing countries, short supply of Zinc is limiting both crop yield and human health.
Improving Zn bio-availability in staple foods would greatly improve public health. It's
therefore a major challenge to design cereal praduction techniques resulting in higher Zn mass
fractions (MF) in combination with a lower phytic acid (IP-6, the main form of phosphorus
accumulation in the grain) MF. In northern Burkina Faso, soil and water conservation (SWC)
and soil organic amendments (SQAs) techniques adopted by farmers have improved both
water and nutrient availability which consequently increased crop yields. Potentially, this
improvement in yield may also improve the bio-availability of Zn from staple foods. This
research investigated possible modifications of SOAs as currently practiced by farmers, which
increase both the quality and the yield of sorghum in the Sahel.

The research generated information on farmers” perception of the effects of SOAs on
grain yield and quality, their knowledge of the relation between sorghum grain quality and
health of children and adults. The research provided also information on the quality of SOAs
that are being applied; changes in soil chemical characteristics; sorghum grain and straw
yield; plant Zn uptake and Zn and IP-6 MFs and the effect of water stress on Zn availability,
Zn uptake and Zn and [P6 MFs.

These results were used to design a soil amendment combining high crop yield and
grain quality

Chapter 2: Sorghum quality, organic matter amendments and health; farmers’
perception in Burkina Faso, West Africa

This paper takes local ecological, cultural and socio-economic aspects into account through a
household survey in northern Burkina in 2002. Farmers’ knowledge was compared with
available scientific information. The results showed that organic matter production is a
function of the number of animals owned and the availability of labour and equipment.
Organic resources are allocated o various fields according to soil texture and the crop to be
grown. Farmers were unable to link micronutrient deficiency in the soil directly to food
quality and human health. However, they indicated some disorders (e.g., fatigue in adults,
stunted growth of children, anaemia) which are associated with a low level of micronutrients
it the diet. For the design of organic 2mendments combining improvements in grain yield and
food quality in the Sahel, the relation between organic amendment and food quality must be
better understood by scientists and explained to farmers.

Chapter 3: Soil availability of Zn and P following the application of compost, manure
and Zn and P fertilizers to acidic agricultural soils in the Sahel

In order to get information on the effect of soil organic amendments on Zn and P availability

in the soil, three on-farm experiments and one greenhouse experiment were carried out. The
experiments in the field consisted of a full factorial design with the factors: soil type (gravely
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and sandy), soil organic amendments (compost and farmyard manure), Zn fertilizer and P
fertilizer. The treatments in the greenhouse experiment included all combinations of two
compost doses; three Zn treatments and three levels of P.

The results indicated that without Zn application ne difference was observed between
the two soil types. When Zn was applied, Zn availability was in most cases identical for both
soil types or higher for sandy soil than for the gravelly one. P availability was comparable for
both soil textures.-Zn and P availability. were higher in plots amended with compost than for
those amended with farmyard manure. Zn and P fertilizers significantty increased Zn and P
availability independent of organic amendment type and soil texture. Zn and P availability
were _higher for the high compost dose than for the lower one. No interactions between P and
Zn were expressed by data. Important variability for Zn and P availability was observed
between the cropping seasons which could be related to soil moisture conditions as well as
différences in the quality of organic amendments applied each year. For higher Zn availability
in Sahelian agricultural soils, the combined application of organic amendment and Zn
fertitizer.is-needed.

Chapter.4: Combining Zn, P and organic amendments in sorghum production in the
Sahel :

In view of potential micro-nutrient limitations to crop productivity a research program was
carried out on the effects of zinc fertilization in conjunction with organic amendments and P
fertili'zer‘_‘application. Sorghum (Serghum bicolor (L.) Moench) production was evaluated in
three or};farm experiments in 2002, 2003 and 2004 and in one greenhouse experiment, on
Sahelian‘acidic agricultural soils. The treatments were similar to those reported for Chapier 3.

~ The results showed variable sorghum grain and straw yield over the three cropping
years due to variation in rainfall distribution. Sorghum grain and straw yields were
significantly higher on sand than on gravely soil while they were comparable for compost and
farmyard manure. Zn application increased grain and straw yields but effects were rather
small. P application significantly increased yields in all three years. Interactions between P
-and Zn application were not significant. No significant differences were found between the
high. and low compost rate. Sorghum grain and straw yields were higher when Zn or P was
applied at sowing than when they were applied at anthesis. :

The current soil and water conservation system (zai) does gain in productmty by
inorganic. Zn and P application. As there are no interactions between the effects of these
fertilizers; on yield and their effects were also observed in years with poor rainfall there seems
to be scope for development of Zn enriched fertilizers for the area. The additional advantage
‘that can be expecled from such fertilizers is an improved grain quality.

Chapter §: Combining Zn, P and organic amendments to enhance sorghum In uptake
from degraded Sahellan soils -

Limited Zn and P uptake reduces yield and quality of cereals grown in the Sakel. Chahgeg in

P and Zn uptake are expected to interact. Therefore options to simultaneously enhance Zn and
P uptake by sorghum (Sorghum bicolor (L.) Moench) were evaluated on Sahelian degraded
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Luvisols in Northern Burkina Faso in three on-farm experiments in 2002-2004 and in one
greenhouse pot experiment.

Zn and P uptake and mass fraction {MF) in above ground biomass, varied between
cropping seasons but were always enhanced when Zn and P fertilizers were applied. When Zn
fertilizer was applied more Zn and P were taken up from sandy soils than from gravely soils
and Zn and P uptake from compost amended plots was higher than from farmyard manure
amended plots. In the pot experiment the highest Zn uptake was obtained when P was applied
at sowing and Zn at anthesis, whereas the highest P uptake was generated by Zn and P
fertilizers applied at sowing.

The fraction of Zn recovered in sorghum above ground biomass was low and was
improved by applying P. More than 90% of the applied Zn remained in the soil. On degraded
Luvisols in the Sahel, Zn and P uptake can be successfully improved with the combined
application of organic amendments and Zn and P fertilizers.

Chapter 6: Can sorghum grain quality be improved by applying inorganic Zn and P
fertilisers and organic amendments?

Short Zn supply is limiting both crop yield and human health, bt is a major challenge to design
cereal production techniques resulting in more grain yield, a higher Zn mass fraction (MF)
and a lower (or at least similar) IP6-MF. Possible components for such techniques were
evaluated in 2002, 2003 and 2004 on acidic sandy and gravely soils in three on-farm
experiments in northemn Burkina Fase and one pot experiment in 2003,

Grain Zn yields and grain Zn and IP6-MFs increased with Zn or P application. There
were interactions with soil type and type of organic amendment; effects on both MFs were
generally larger with compost than with farmyard manure and larger on sandy than on gravely
soils. With the higher compost dose both Zn and IP6-MFs were further enhanced while timing
of Zn application only affected Zn-MF. The IP6 : Zn molar ratio decreased with Zn
application and increased with P application, resulting in comparable ratios when no fertiliser
was applied or when both fertilisers were applied.

A large inter-annual variability was observed for grain Zn yield and grain Zn and IP6-
MFs, and for their ratio. Grain Zn-MF of 50 mg kg™ with an 1P6 : Zn molar ratio of about 15
is possible with Zn and P application in years with adequate rainfall distribution during grain
filling. Overall, organic amendments associated with P and Zn fentilisers are good options for
higher crop yield and reasonable grain quality. But for higher Zn bio-availability, the IP6 in
the sorghum grain produced under such conditions should be degraded prior to consumption.
Proper food processing will be needed to counter the negative effect of IP6 on Zn bio-
availability.

Chapter 7: Effects of water stress on sorghum (Sorghum bicolor (L.) Moench) grown on
Sahelian sandy acidic Luvisol

Crop production in the Sahel is subject to frequent drought periods leading to variable crop
yield with different harvest quality. The current study was initiated to monitor the effect of
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water stress on Zn uptake by sorghum (Sorghum bicolor (L.) Moench.), sorghum grain yield,

- .Zn and IP-6 MFs in the grain. A pot experiment was carried out in a greenhouse at

- Kamboinsé Research Center in Burkina Faso. Treatments included all combinations of one
level of compost, two levels of P, two Zn levels and three water stress treatments (no stress as
control, NS; stress during early panicle formation, $1; or stress during grain filling, S2).

*The results showed that sorghum grain yield was reduced by water stress compared to
the control treatment. Stressed plants took up less Zn and P independent of ‘the timing of the
stress. But, Zn and P fertilizers improved sorghum grain yield, Zn and P uptake independent

“of the water- regime. The effect of fertilizers was more important under well-watered
conditions. Sorghum grain Zn MF was higher for stressed plants than for the well-watered
ones. The opposite situation was found for IP-6 MF. Water stress has decreased sorghum
grain IP-6 : Zn molar ratio compared to well-watered grains. But, water stress decreased more
sorghurﬁ grain yield than it improved the IP-6 : Zn molar ratio. In the Sahel with. many food
unsecured and Zn deficient households the use of P and Zn fertilizers are necessary as well as
good soil and water conservation measures

Conclusions

In the light of all the above detailed conclusions, it-can be stated that soil organic amendments
combined with Zn and P fertilizers significantly increased serghum grain yield and keeps the
IP6:Zn ratio roughly at its current level, but at much higher yield levels. This can be attractive
to farmers in the Sahel who are looking for food sufficiency as their first objective. But, the
[P6:Zn ratios reported here were rather high given reported critical levels of 15 for bio-
_availability to human consumers. Therefore, the IP6 in the sorghum grain produced under
such conditions should be degraded prior 0 consumption. Proper food processing will be
needed fo counter the negative effect of 1P6 on Zn bio-availability, as the lower IP6:Zn molar

. ratio that can be obtained without P fertilisation would imply too higﬁ a cost in forsaken
productivity.
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Samenvatting

In ontwikkelingslanden worden zowe] gewas opbrengsten als humane gezondheid gelimiteerd
door tekorten in zink (Zn). Door de biologische beschikbaarheid van Zn in het basisvoedsel te
verbeteren zou de humane gezondheid sterk kunnen verbeteren. Daarom is het een belangrijke
uitdaging om graanproductietechnieken te ontwikkelen die resulteren in een hoger zink massa
fractie (MF) in combinatic met een lagere IP-6 massa fractie (IP-6 is de belangrijkste vorm
van fosfor accumulatie in graan). In noord Burkina Faso hebben de door de boeren toegepaste
bodem- en waterconservering (SWC) en de toevoeging van organisch materiaal aan de bodem
(SOA), zowel de water- als de nutriéntenbeschikbaarheid verbeterd. Dit resulteerde in hoger
gewasopbrengsten. Deze verbetering in gewasopbrengsten zou ook de biologische
beschikbaarheid van zink in het voedsel kunnen verbeteren. Tijdens dit onderzoek in de Sahel
zijn mogelijke aanpassingen in de op dit moment toegepaste SOA’s bestudeerd. Gekeken is
naar de invloed van de aanpassingen op zowel de kwaliteit van de sorghum als op opbrengst.

Er is informatie verzameld over de perceptie van boeren m.b.t. de effecten van SOA’s
op graankwaliteit en -opbrengst en over hun kennis van de relatie tussen sorghum kwaliteit en
de gezondheid van kinderen en volwassen. Ock zijn bestudeerd: de kwaliteit van de SOA’s
die worden toegepast, de veranderingen in de chemische samenstelling van de bodem, de
sorghum graan- en stro-opbrengsten, zink opname door het gewas, Zn-MF en IP-6 MF’s en
het effect van waiertekorien op zinkbeschikbaarheid, -opname en Zn-MF en IP-6 MF’s. De
resultaten van het onderzoek zijn gebruikt om een ontwerp te maken van een SOA die zowel
1ot kwantitatieve als kwalitatieve opbrengstverbeteringen kan leiden.

Hoofstuk 2: Sorghum kwaliteit, organische stof bemestingen en gezondheid; perceptie
van boeren in Burkina Faso, West Afrika

Hoofdstuk 2 behandelt de lokale ecologische, culturele en sociaal economische aspecten van
het onderzock. In 2002 is een enquéte gehouden onder huishoudens in noordelijk Burkina
Faso. De kennis van de boeren is vergeleken met wetenschappelijke kennis. Uit de resultaten
blijkt dat er een relatie is tussen de organische stof productie en het aantal dieren per
huishouden. Qok beschikbare arbeid en werktwigen staan in relatie tot de organische stof
productie. De toediening van organische stof is afhankelijk van de grondsoort en de
gewasplanning. Boeren bieken niet in staat om een direct verband te leggen tussen een gebrek
aan micro-nutrignten in de bodem, de kwaliteit van voedsel en gezondheid. Echter, een aantat
gezondheidsverschijnselen (vermoeidheid bij volwassenen, verstoorde groei bij kinderen,
bloedarmoede) werd wel in verband gebracht met een laag micro-nutrignten niveau in
voeding. Om een afgewogen ontwerp te kunnen maken van SOA’s ter verbetering van zowel
de kwantiteit en de kwaliteit van de graanopbrengst moet de relatie tussen organische
bemesting en voedselkwaliteit beter worden onderzocht en worden vitgelegd aan boeren.
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Hoofdstuk 3: Beschikbaarheid van Zn en P in de bodem na de toediening van compost,
mest en Zno en P kunstmest aan zurige landbounwgronden in de Sahel

Om meer mformatle te verkrijgen over het effect van organische bemcstmg opZnenP
beschikbaarheid in de bodem zijn drie veldexperimenten en één experiment in een kas
uitgevoerd. Voor de veldexperimenten in een factorieel ontwerp met drie factoren gebruikt:
bodemtype (grindhoudende- en zandige bodems), organische bemestingen ((f:'ompost €n mest)
en kunstmest (Zn en P). De behandelingen in de kas bevatten alle combinatie van de twee
organische bemestingen; drie Zn en drie P niveau’s.

Zonder Zn toevoeging werd geen verschil gevonden tussen de twee bodemtypen. Met
Zn toevoeging was de Zn beschikbaarheid in de meeste gevallen gelijk voor beide
bodemtypen, maar soms hoger voor de zandige bodem dan voor de grindhoudende bodem.
Zowel Zn als P beschikbaarheid waren hoger voor de velden met compost toediening dan met
mest toediening. Zn en P kunstinest verhoogden de Zn en P beschikbaarheid significant,
onafhankelijk van organische bemesting of bodemtype. Bij een hogere dosis compost werd de
Zn en P beschikbaarheid hoger dan bij een- lagere dosis compost. Uit de data kon geen
interactie tussen Zn en P worden vastgesteld.

De variatie in Zn en P beschikbaarheid was groot tussen de verschillende
groeiseizoenen, wat kan worden herleid tot de variatie in beschikbaarheid van. het bodemvocht
en variatie in de kwaliteit van de organische bemesting. : :

Voor hogere beschikbaarheid van Zn in- de landbouwgronden in de Sahel, moet een
combinatie van organische bemesting en Zn kunstmest worden toegepast.

Hoofdstuk 4: Het combineren van Zn, P en organische bemestingen t.b.v. de productie
van sorghum in de Sahel

Gezien de potentiéle beperking van micro-nutrignten op de gewasproductie is onderzoek
gedaan raar de effecten van zink bemesting in combinatie met organische bémestingen en P
toediening. De.productie van sorghum (Sorghum bicolor (L.) Moench) is gedurende drie
achtereenvolgende jaren (2002 -2004) bepaald in drie veldexperimenten en in' één experiment
in .een kas, op zurige landbouwgronden. De behandelingen waren gelijk aan die zoals
beschreven in Hoofdstuk 3. Als een gevolg van variatie in neersiag was de opbrengst van
sorghum; graan en siro over de drie jaren ongelijk. Zowel de sorghumgraan- als’ de
sorghumstro opbrengst was hoger op de zandgrond dan op de gnndhoudende grond, maar
vergelijkbaar voor de compost en de mesttoediening. De toediening van Zn had; een
(minimaal) positief effect op graan en stro opbrengsten. In alle drie de jaren, verhcogde de
toediening van P de opbrengst significant. Er zijn geen significante interacties tussen Zn en P
gevonden. Hoge of lage hoeveelheden compost hadden ook geen significante invliced op de
opbrengst. De opbrengsten waren hoger wanneer Zn en P bij zaaien werden toegediend dan
wanneer ze werden toegediend bij anthesis. :

In het toegepaste SWC systeem (zai) verbetert de productiviteit van sorghum door' de
toediening van Zn en P kunstmest. Aangezien er geen interacties tussen Zn en P geconstateerd
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zijn, en aangezien het positieve effect van de toediening ook gevonden is in jaren met geringe
neerslag lijkt het verrijken van kunstmest met Zn nuttig te zijn in de onderzochte regio van de
Sahel. Een extra toegevoegde waarde van dergelijke verrijkte kunstmest zou een verhoogde
graan kwaliteit van de sorghum zijn.

Hoofdstuk 5: Gecombineerde toediening van Zn, P en organisch materiaal met als doel
de opname van Zn uit gedegradeerde Sahel bodems door sorghum te verbeteren

In de Sahel zijn door een beperkte opname van Zn en P de gewasopbrengsten en de
gewaskwaliteit beperkt. Onderzocht is wat de effecten zijn van het gelijktijdig stimuleren van
Zn en P opname door Sorghum (Sorghum bicolor, (L.) Moench), Het onderzoek vond plaats
op gedegradeerde Luvisolen in noordelijk Burkina Faso in drie veldexperimenten en één
potexperiment in een kas,

Zn en P opname en hun massa fracties varieerden over de verschillende gewasjaren,
maar waren altijd hoger bij Zn en P bemesting. De opname van Zn en P was bij Zn kunstmest
toediening hoger op zandige gronden dan op grindhowdende bodems. Bij compost toediening
was de Zn en P opname hoger dan bij mest toediening. Bij het potexperiment in de kas werd
de hoogste Zn opname verkregen bij de behandeling: P toediening bij zaaien en Zn toediening
bij anthesis; de hoogste P opname werd verkregen bij gelijktijdige toediening van Zn en P bij
zaaien.

De fractie Zn in de bovengrondse sorghum biomassa was laag en verbeterde door P
toediening. Meer dan 90% van de toegediende Zn bleef achter in de bodem.

Op gedegradeerde Luvisolen in de Sahel kan de opname van Zn en P succesvol
worden verbeterd door een gecombineerde toediening van organische stof en Zn en P
kunstmest.

Hoofdstuk 6: Kan de kwaliteit van sorghum verbeteren door de toediening van Zn en P
kunstmest en organische bemesting?

Tekorten in Zn zijn limiterend voor zowel gewasopbrengst als voor de menselijke
gezondheid. Het is een belangrijke uwitdaging om gewasproductietechnieken te ontwikkelen
die resulteren in e¢en hogere graanopbrengst, een hogere Zn-MF en een lagere (of in ieder
geval gelijke) IP6-MF. Mogelijke componenten van een dergelijke techniek zijn gedurende
drie jaar (2002-2004) getest in zowel een veldexperiment als een potexperiment in een kas in
het jaar 2003. De experimenten vonden plaats op zandige bodems en op grindhoudende
bodems.

Zowel de graan Zn opbrengst, graan Zn-MF en IP6-MF verhoogden door Zn of P
toediening. Er waren interacties met bodemtype en soort organische bemesting: de effecten op
beide MF waren hoger met compost dan met mest en groter op zandige bodems dan op de
grindhoudende bodems. Bij de hoge compost dosis waren zowel Zn-MF en 1P6-MF hoger; het
tijdstip van de Zn toediening had alleen invloed op de Zn-MF. De molaire IP6:Zn verhouding
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verlaagde 'door Zn toediening en-verhoogde door P toediening met als resultaat vergelijkbare
ratio’s wanneer er geen kunstmest werd toegediend of wanneer beide werden toegediend.
Er-was een grote variatie in graan Zn opbrengst, graan Zn-MF, IP6-MF en de IP6:Zn
verhouding tussen de jaren. Een Zn-MF voor graan van 50 mg kg’ met een molaire IP6:Zn
verhouding van 15 is mogelijk met toediening van Zn en P in jaren met een goede verdeling
van de neerslag tijdens de rijpingsperiode.
Organische bemesting in combinatie met P en Zp kunstmest zijn een goede optie voor een
hogere gewasopbrengst en redelijke graankwaliteit. Maar voor een hogere bio-
beschikbaarheid van Zn, moet de IPé in het sorghumgraan voor consumptie worden
verminderd. Een goede verwerking van voedsel is nodig om-de negatiéve effecten van IP6 op
de Zn bio-beschikbaarheid te verminderen.

Hoofstuk A Efl’ecten van waterstress op Sorghum (Sorghum bwolor (L.} Moench)
productie op zurige zandige Luvisolen in de Sahel.

In de Satiel zijn er regelmatig perioden van droogte tijdens het groeiseizoen. Hierdoor is er
een gnol%, variatie in de gewasproductie, zowel kwantitatief als kwalitatief. We onderzachten
het effect van waterstress op Zn opname bij Sorghum.(Sorghum bicolor (L.) Moench), de
graanopbrengst, en de Zn-MF en IP-6 MF in het graan tijdens een potexperiment in een kas
van het Kamboisé onderzoekscentrum in Burkina Faso. Behandelingen bestonden uit alle
combinaties van één niveau van compostioediening, twee niveaus van P, twee niveaus van Zn
en drie waterstress niveaus (geen .stress, NS; stress tijdens het beginstadium van
graanontwikkeling, §1 en stress tijdens het afrijpen van het graan, 52).

Graanopbrengst verminderde door waterstress, vergeleken met de NS conditie. Planten
et stress namen minder Zn en P op, onafhankelijk van het tijdstip van de stress. Echter, Zn
en P kunstmest verbeterden de graanopbrengst en de Zn en P opname, onafhankelijk van de
stress conditie. Het effect van de kunstmest was hoger bij de NS conditie. Sorghum graan Zn-
MF was- hoger voor de planten onder stress condities dan onder de NS conditic. Het
tegenovergestelde werd gevonden voor de IP-6-MF. Waterstress verminderde de molaire
IP6:Zn verhouding in het graan. Waterstress had meer negatieve gevolgen voor de
graanopbrengst dan positieve gevolgen voor de molaire 1P-6:Zn verhouding. In de Sahel,
waar veel huishoudens niet zeker zijn van voldoende voedsel en waar'Zn deficiéntie
voorkomt, zijn zowel Zn en P kunstmest, als goede bodem- en waterconserveringstechnieken
nodig. :

Conclusie

Gezien het voorafgaande kan worden gesteld dat organische bemestingen in combinatie met
Zn en P kunstmest resulteert in verhoogde sorghum opbrengsten, terwijl gelijktijdig de IP6:Zn
verhouding ongeveer gelijk blijft. Dit kan interessant zijn voor boeren in de Sahel die er naar
streven om zelfvoorzienend te zijn. Echter, de IP6:Zn verhoudingen die we gevonden hebben
bij de experimenien zijn hoog, gegeven het kritieke niveau van-15 voor bio-beschikbaarheid
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bij menselijke consumptie. De relatief hoge verhouding, entstaan bij deze productie methode,
moet worden verminderd voordat tof consumptie kan worden overgegaan, De juiste
voedselverwerking zal moeten plaatsvinden om de negatieve effecten van IP6 op de Zn bio-
beschikbaarheid teniet te doen. De lagere IP6:Zn verhouding die wordt verkregen zoender P
kunstmest staan niet in verhouding tot de gemiste opbrengst bij graanproductie zonder P.
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Field questionnaire

Annex 1:
Field questionnaire
Theme: farmers’ perception on organic manure production and use and the relatior between food
quality and family health

Question no 1; Farmers’ Province . .......ovoveiioeiie i iasiaeen
Question no 2: Farmers Village ..............ccooiiiiinininion
1 Household structure
Question no 3;: Name of howsehold head ...........coocoei it
Question no 4: Age of household head
|1 Years
Questicn no 5: Education level of household head

Alliterated []

Primary school [1]

Secondary schoot []

Madersa (Muslim school) [}
Question no 6: Family structure

Over 30 20-30 15-20 | under 15 years
Years years years
Men
Women

Question no 7: Number of married men in the family
L | Men married

Question no 8: Number of wives

||| Wives

Question no 9: What are your activities? (Rank your answers)
Crop production i1
Livestock breeding {]
Trade []
Others activities [

Question no 1{: Agriculture equipments

Equipment Number Functionality
yes no

Donkey plough
Cow plough
Cant

Plough cows
Donkeys

Horse
Question no 11; Livestock fluciuation
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Amnex |

Animal
1 specie |

Actual
number

Number sold
past growing
season

| Number bought

past growing

| season

Consumption past
growing season

Others output past
growing season (gift,
mortality, etc.)

Cows -

Sheep -

Goat

Donkey- - | -

Horse -~

’ Quest_igq-r‘_!o 12: Livestock management

| Animatspecie

Gazing area

Animals shed

Natural
fodder

athome

Fixed around
the houses

Hangar Parc

House . Other

. Cows -

| Goats - -

Donkeys’ .

{ horses -~

. Question no 13: Why are you breeding livestock (rank the answers)

-- Financial purposes B
- = Organic matter production [
““Animal strength [1
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Field questionnaire

Question no 17: What material do you use in your compost pit (rank your answers according Lo the quantity
of each material)

Crop residues 11
Farmyard manure [1
Others [

Question no 18: What material do you use for farmyard production (rank your answers according to the
quaniity of each material)

Crop residues [1]

Others [1]

Question no 19: What material do you have in your household waste:

R T T R R L Ty I R R L L LR R R

Question no 20: Which organic matter technique production do you prefer and why (rank your responses):
Organic matter with good quality [ ]
Easier technique [1
Others [1

Question no 21: How many persons did you use for your compost production:
Digging the pit: | |_| pers

Fill the pit:|_|_| pers

Retum organic mateer: |_{ | pers

Withdraw compoest from the pit; |_|_] pers

Question no 22: Why do you apply organic matier in the fieldz.......................

Question no 23: What quantity of organic matter do vou applied per pit (handfu), plate, etc.} and at which

frequency:
|_|] Handfuls or plates, etc.

Every year: [1

Once every two years: [ ]

Others : [}

Question no 24: The organic matter you have produced last year was it enough to cover all your fields?
Yes [
No []

Question no 25: If the answer is No, how did you manage for the remaining fields
I took some from acquaintances
1 buy from the market
I don’t fertilize the remaining fields
Others to precise

= —r——
[
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; . o : Annex 1

_ Quesuon no 26: Organic manure types® classification. Rank the organic manures accordmg to your -
.expenence and give for each choice the reason, o

g b, L

P Number.— Nature .. | Reason _
SANRTAURI I IR S I

¥
kb
5

..."._'- . .3_ ) -
T 4' .

Questton no 27: During orgamc manure application do you reserve a type for a specific ﬁeld" L
Yes {1 _ S
No- ] '

S Quesuan 10.28: 1f yes, which one do you apphed to which field and why do you adopt such
EENC AR allocanon?

. Quesunn no 29 According to your experience do you thing that some organic manures are gwmg better
: cmp yneld than others If Yes, say w}ucharethe best and e

. Questnon ne 30: Do you think that some orgamc manure types give better gram quality than others" " f yes,
whlch one glves the best.grain quahty and how do you describe a good grain quality .
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Annex |

Question no 32: Production destination

Crop consumption " | sell_ [ buy Others
L (Basket, bag etc.}

Sorghum

Miller

Peanut

'Cowpea

Quesuon no 33: Is your last growing season production enough for your family?
Yes [ 1
No []

- Question no 34: How many meals do you eat per day?

J_|_{Meals - : . . .: :

‘Question no 35: What is the main composition of your meals (rank answers)
Sarghum porridge + sauce without meat [
Sorghum porridge + sauce with meat [
Sorghum porridge without sauce [
Others meals to precise [

— e b

Question no 36 Do you have preferences for some cultivars or grain quality? If yes vhat are your cn(ena"»'

(Rank your answer)
Grain color {1l
Size of the grain [1]
Quality of porridge {1
Meal taste [1]
Others [} D

- Question no 37: Do you think that the quality of grain changes with organic fertilization type? If yes say
. which orgamc fertilization gives the best food quality.

Quegtion nt_) 38 Do yaou take into account the quality criteria when fentilizing your fields. - .: ) !
Yes [} . |

No []2 _ : S

- Question no 39 If yes or no say why?

3. Food and human health

Question no 40: During the last growing season was one member of your family sick?

Disease (name in French or | Period of year Causes

Tocal language)
Men ) .
women - : L

Children -
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Question no 41: According t your €xperience what are the diseases attributed to a bad
nutrition?..

Question no 42: At which period these sicknesses are common?
(growing season or dry season). /..

Question no 43: What are the solutions for these sicknesses?

Question no 44: Do you have children lay off school? If yes say why? (Rank your answers)
Incapacity to follow the regular school program [ ]
Behavior at school [1
Others [

Question no 45: According to you what are the reason of that incapacicy to follow the regular school
program?

Question no 46: do your ladies loose blood when they are pregnant

Question no 47; According to you how do you avoid such sickpess?...........ccvioe..

Question no 48: Ate you available to participate to a field experiment in order to improve the quality of
your cereals. If ves, say why?
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Research programme “From Natural Resources to Healthy People”

The research for this thesis has been part of the programme From Natural Resources
to Healthy People: Food-based Interventions to Alleviate Micronutrient
Deficiencies. This is one of the programmes sponsored by the Interdisciplinary
Research and Education Fund (INREF) of Wageningen University. INREF aims to
stimulate development-oriented research and education through programmes designed
and implemented in partnership with research institutes in developing countries. The
programmes aim to build relevant capacity in local research institutions to selve actual
problems. The main partners in our programme were China Agricultural University,
Beijing and the Jiangsu Provincial Center for Disease Control and Prevention, Nanjing,
both from China, the Natonal Instinite for Environment and Agricultural Research,
INERA from Burkina Faso and the University of Abomey—Calavi from Benin, In tota]
eight staff members from these institutes, including the author of this thesis, received a
PhD training.

The micronutrient malnutrition problem

Chronic micronutrient deficiencies, particularly of vitamin A, iron and zinc, lead to
impaired mental and physical development and decreased work output, and contribute
to morbidity from infections. Pregnant women and children are vulnerable groups.
Animal products are good sources of desired micronutrients, but most people in West
Africa and China depend largely on sorghum and rice, respectively, for their daily
food, These plant-based foods contain limited amounts of micronutrients while they
also contain anti-putritional factors such as phytic acid and polyphenocls that inhibit
absorption of micronutrients by hurmans.

Next to the nutritional quality, the production of encugh food is an important
problem as population growth leads to higher demands for food and more permanent
cropping, both increasing pressure on natural resources. In West Africa, soil and water
conservation measures are being developed to prevent soil erosion, nutrient and water
losses and to maintain or even increase yields. In China, the introduction of aerobic
rice systems aim to reduce water use per kg of rice, maintaining yields similar to the
current fiooded rice systems.

Programme strategies to improve the supply of micronutrients
The increasing demand for food stipulates that improvements in food quality cannot be
accepted when they are at the expense of food quantity. Any solution shouid be in line
with sustainable natural resource management.

The programme applied a food chain approach (figure) in sorghum and
(aerabic) rice o explore synergies and trade-offs between different interventions along
the chain.
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Diagram:of the food chain

The food '-c‘:hafn' approach is indicated showing
low extemal ‘conditions like the economic and
bw-physxcal environment sei. the stage for

dectstons in-their turn detennme practices which

have a: d:recf impact on the processes at different
points q_r__ the. food chain. Research in the
programme has been done related 10 each of the
three types of imterverttions. :

Agronomic practices should aim to, 1ncrease uptake and allocation of mlcronuments
from soil to edible plant parts, while keeping accumulatlon of anti-nutritional factors
low. Research has focussed on cffects of genotype, environment & management and
their interaction on nucronumentf‘phytlc acid molar ratio in seed. ThlS has led to
recommendations on choice of genotype fertiliser-and water use:.
Food processing aims -to concentrate desired mii¢ronutrients in end ‘products and
inactivate anti-nutritional factors: ’Research foauqsed on effects of milling and
processing on rmcronument;‘phym acid molar ratio in food,” leading to
recommendations on optimal combinations of unit operauons '
Nutrition studies aim to validate the. results in hurnans: Research focussed on dletary
composition, determination of methods to measure nnpact and evaluauon of effects of
some of the proposed changes upstream in the food chain on micronutrient uptake in
vulnerable groups. This has led. to insight in ‘sources of micronutriént and anti-
nutritional factors and in the potentlal contnbunon of an intervention.in the staple
food.

At the end of the programme an anai ySIS wﬂl be made to determine the relative
impact of the different proposed: measures along the chain for the final aim: improved
micronutrient nutrition of targetecl vulnerable groups
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Abstract

In developing countries, short Zn supply is imiting both crop yield and human health. tmproving Zn in stapie foods and/or impro-

ved blo-availablity of Zii frorm staple foods wakild already greally improve public health. It's tharefors a major challenge to
, design cereal production techniques resulting in highsr Zn mass fractions (MF) in combination with & lower IP-6 MF. In northern

Burkina Faso. soil and water conservation (SWC) and soll organic amendments (30As) techniques adopted by farmers have

improved both water and nutient avallability. Using these technigues crop viekd incteased in the Sahel. Potentially, this improve-

ment of yields may also imprave In MF in the grains and/or bio-availabitity of Zn from staple foods. The main objective of the cur-
- rent PoD program-was 1o investigate possitle medifications of 3045 as practice by farmers, which increase both the quality and
the yisid of sorghum In the Sahel: To fulfil the above cblective o combinafion of farmers” field monitoring, on farm research, on
station experiments and gresnhouse experiments were camled out in 2002, 2003 and 2004. The experiments consisted of & full fac-
tonal design with the factors: orgonic soil arnandrnents {compost of farmyard manure), Zn fertilizer and P fetillzer. Sorghurn grain
and straw vields vared considerabily-between yoars and they were affected by soll types. But no differences were observed bet-
weean orgonic amendment types, Zn and P application significontly increased biomass and grain yield but did more with P appli-
cation, Interactions between P and Zn application were not significant. Grain Zn MF and IP & MF increcsed with Zn or P applica-
tion. Effects on both MFs were karger with compost than with farmyard manure and lorger on sandy than on gravely soils. With
the highercompost dose both Zn and IP-6 were further enhanced. Timing of Zn application anly affectad Zn MF. The IP-6: Zn molar
ratio decreased with ZIn application and Increased with P application, resulting in comparable ratios when no fartilizer was
appiied or when both fertilizers were applied simuttansousty. Grain Zn MF of 50 mg kg™ with an IP-6: Zn molar ratio of around 15
is possible with Zn and P application in years with adequate rainfall distribution during grain filing. The food quality of such grains
can be further Improved by degrodation of phytate prior to consumption,

R&suMé
Dans les pays en vole de développement, la carence en Zn limite lo rendement des cultures ef la santé hurndine.
t'enrichissement of I'amélioration de la blodisponibilité en Zn des allments contiibueraiant & )'amélioration de la santé des popu-
lations. LA mise au point de techniques de production capables de générer des récoltes avec des tenaurs &levées en Zn ot fai-
ble en IP-6 est un défit pour ces pays. Dans la zone nord du Burking Foso: I'adoption de technigues de consenvation des eaux et
des 50’ ot des omendements crganiques.c améliond lo disponibllité en eou et en &léments nutitlfs, Gidce & ces fachniques fe
rendernent des cultures a netternent augrnentd dans le sahel. Potentisllement, I’ amélioration des rendements pourrait éire )
accompagnés d'une amélioration da 1a teneur ou de |q biodisponitilité en Zn des aliments. L' objectif principal du présent pro-
gramme PhD a consisté d étudier les possibliités de madifications des amendements organiques tels que prafiqués par lss pro-
ducteurs afin Je mettre au polnt des amenderments copabies d'augmenter la qualité et le rendement du grain de sorgho au
sahel. Pour altelndre cet objectlf, des enquétes ferrains et des recherches en milleu paysan et en serre ont &té conduites en 2002,
2003 et 2004. Les expérimentation ont conslsté en des essais factordels composés de: amendements organiques (compost et
furnier), Fertlisation en Zn &n P. Les r@sultals ant moniré des rendements sorgho grain et pailke trés vaiablas selon les aonnéas et
affectds par le type de sol. Aucune différence significative n'a &t& observée entre les fypes d'amendements organiques.
LU'opplicotion du Zn ef du P a significativement augmenté les rendernents en biomasse et groin du sorgho avec un impact plus
important pour le P. Uinteraction entre le Zn st le P n'était pas significative. Les tenewrs des graines de sorgha en 7n et en IP-6 ont
sugmenté avec I'application du Zn ef du P La tensur en ces ééments &tait plus karge pour le compost que pour le fumier et plus
large pour tes sols sableux que pour les sols gravillonnalres. La forte dose de compost a augmenté io teneur en Zn et en IP-6 pan-
dant que la période d'application du Zn a influencé seulement la tenaur en Zn. Le ratio molalre (P 6 : Zn a diminué avec I'appl-
cation du Zn et augmenté avec I'application du P ce qui résulie en des rafios comparables lorsque aucuna Tertilisction minéra-
le n'est oppontde ou lorsque le Zn et le P sont simulfanément appliqués. Une tenawr graine en Z2n de 0 g kg" avec un ratio
motcire iP-6 . Zn auiour de 15 est possible avec I'application du Zn ef du P pour les années avec distibution adéquate des pluk-
. &5 pendant le remplissage des graines. La qualitd de la nouriture de ces graines pourrali tre améliorée por la dégrodation des
- phy’raies avant fa consommahon .
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