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ABSTRACT

Low inherent soil fertility as well as inappropriate water and nutrient management
practices are the major constraints to pearl millet productivity in the Sahelian zone of Mali.
In order to increase the productivity of millet in Mali, the current research was conducted
at the Agricultural Research Station of Cinzana, Mali during the rainy seasons of 2013
and 2014. The objectives of the study were to determine the effect of water harvesting
techniques and nutrient management options on: (i) growth and yield of pearl millet, (ii)
soil moisture content and rainwater use efficiency, (iii) partial N and P balances and
nutrient use efficiency. The cost effectiveness of water harvesting techniques and nutrient
management options were also ascertained. The water harvesting techniques evaluated

were zai, tied ridge and conventional tillage (control).

viii



Cattle manure was applied at 0 and 2500 kg ha*, while mineral fertilizer was applied at
0, 20.5 kg N: 23 kg P-Os ha™ and 41 kg N: 46 kg P.Os ha*. Experimental design was split
— plot with randomized complete block design.

The results showed that the pearl millet grain yield increased from 47 to 67 % under zai,
31.37 to 53.00 % under tied ridge as related to conventional tillage. Manure application
improved pearl millet grain yield by 29 to 45 % over the control. The mineral fertilizer
application increased pearl millet grain yield by 34 to 54 % compared to the control. The
combined application of 41 kg N: 46 kg P20s ha™* + M 2500 kg ha™ increased grain yield
from 1370 kg ha* in 2013 to 1716 kg ha* in 2014, while the increases in the control were
433 kg ha! in 2013 to 846 kg ha in 2014. Straw yield of pearl millet increased by 30 to
41 % under zai and 25 to 37 % under tied ridge as compared to the conventional tillage.
Combined application of manure and mineral fertilizer improved straw yield on average
by 23.37 to 35.00 % and 18.80 to 27.17 %, respectively over the control. Manure had a
higher (27.77 %) harvest index than the control (23.85 %) in 2013 cropping season. The
mineral fertilizer application recorded the highest value of harvest index (28.10 %)
compared to the control (22.01 %). Application of manure and mineral fertilizer improved
N and P agronomic efficiencies. Soil moisture content significantly improved with water
harvesting techniques. Zai recorded the highest value (52.06 mm) of soil moisture stored
followed by tied ridge with 47.16 mm and the lowest value (39.48 mm) obtained under
conventional tillage within the 20 — 40 cm depth at 45 days after sowing. Manure
application increased soil moisture stored in both depths as compared to the control. The
rainwater use efficiency recorded under zai and tied ridge were 3.45 and 3.17 kg grain

mm-L, respectively as compared to the 2.06 kg grain mm™ under conventional tillage.



Manure application increased RWUE by 33.00 % as compared to the control, while
mineral fertilizer improved RWUE by 31.64 to 35.00 % over the control. In the 2014
cropping season, nitrogen uptake by grain was 26.00 and

52.75 % higher under tied ridge and zai pit, respectively than conventional tillage. In the
2014 cropping season, phosphorus uptake by grain was 57 and 71 % higher under tied
ridge and zai pit, respectively than the control. In both years, the application of manure at
2500 kg ha and mineral fertilizer at 41 kg N: 46 kg P-Os ha* led to positive partial P and
N balances. The most cost effective water harvesting technique was the tied ridge, while
the application of mineral fertilizer at 20.5 kg N: 23 kg P20s ha* with 2500 kg ha™ of
manure gave the highest returns on investment. Consequently, the use of tied ridge and
mineral fertilizer at 20.5 kg N: 23 kg P.Os ha* with 2500 kg ha* of manure could be an

appropriate option for improving millet productivity in Mali.



CHAPTER ONE

1.0 INTRODUCTION

Food insecurity and soil fertility depletion across much of sub-Saharan Africa in recent
decades have led to the pursuit of alternative nutrient management strategies for restoring
degraded soils and improving crop yields (Sanchez, 2002). Most soils in Mali have low
fertility status mainly as a result of nutrient mining. It is estimated that about 22.5 kg N
ha, 5.9 kg P ha! and 27.3 kg K ha*are lost annually from pearl millet production system
(FAO, 2005).

Pearl millet (Pennisetum glaucum (L.)) is the most important rainfed crop in the
Sahelian area of Mali. The grain yields of this cereal are low, usually below 514 kg ha
(DNA, 2011). Poor distribution and scarcity of rainfall as well as low inherent soil fertility
are some of the major constraints to cereals production in Mali (Samakeé, 2003). Tabo et
al. (2007) reported that about 38 % of rainfall is lost through runoff. In rainfed fields,
improvement may come from conserving rainwater in the root zone of crops, and
managing the field and the crops to use water more efficiently. According to Barron
(2004), improved water use with best fit soil fertility management practices are major
pathways for improving crop productivity in smallholder farming systems.

The application of inorganic inputs is recognized as a convenient way for rapidly restoring
nutrient deficiencies in soils. For economic reasons, smallholder farmers cannot apply the
recommended rates of mineral fertilizers (Adamou et al., 2007). The use of manure has,
therefore, become the best way to improve soil properties and increase grain yield of
cereals (Palm et al., 2001), but the quantities of manure available to smallholder farmers

are low (Mafongoya et al., 2007). To address the constraints for using manure and mineral



fertilizer, Buerkert et al. (2001) proposed the combined application of mineral and organic
input as an appropriate strategy to improve soil fertility and increase crop yields.
In Mali, soil and water conservation technologies have not been adopted by smallholder
farmers (Kanté, 2001). Key reasons for the low adoption rates include lack of labour, high
cost and ignorance of technologies (Shetty et al., 1998). Many studies have evaluated the
effect of water harvesting techniques such as tied ridge and zai on the grain yield of cereals
(Kouyate et al., 2012; Kassogue et al., 1996; Wedum et al., 1996). Yet, availability of
water alone cannot improve crop yield sustainably (Zougmoré et la., 2003b).
Consequently, evaluation of soil water harvesting techniques should be carried out
together with nutrient inputs. Such studies are, however, rare in the Sahelian
agroecological zone of Mali. Considering the low inherent soil fertility of the soil in the
Sahelian zone and the arid nature of climate, it is imperative for the smallholder millet
farmers to combine manure, inorganic fertilizers and appropriate water harvesting
techniques to increase grain yield.
The main objective of this study was to increase grain yield of millet on smallholder farms,
through the use of efficient nutrient management and water harvesting strategies.
Working on the main hypothesis that, the use of improved soil water harvesting and
nutrient management options lead to increases in pearl millet yield.
The specific objectives were to assess the impact of different soil amendments and water
harvesting techniques on:

i. growth and yield of pearl millet; ii. soil moisture

content and rainwater use efficiency ; iii. nutrient use

efficiency and partial N and P balances; and iv. cost

effectiveness .



2.0 LITERATURE REVIEW



2.1 Contraints of pearl millet production in the Sahelian zone of Mali

In the sahelian zone of West Africa, land degradation through water and wind erosion,
nutrient mining and extreme utilization of the vegetation, lack of organic matter and
mineral fertilizer constitute the major concern (Bationo et al., 1998). Sivakumar et al.
(1995) indicated that 65 % of the African agricultural land, 31 % of permanent grazing
land, and 19 % of forest have already been degraded. Furthermore, land degradation in
combination with the high temperature in the early rainy season, causes high seedling
mortality, poor crop establishment and yield losses. Scherr (1999) provided reviews of
land productivity in Africa and estimated crop production losses due to land degradation
at more than 20 % during the last forty years. Kieft et al. (1994) reported that the bare soil
in Mali increased from 4 % in 1952 to 26 % in 1975.

Population increase was accompanied by a strong reduction of fallow, a decrease in soil
fertility, increasing erosion, a drop in agricultural production and a strong expansion of
cultivated lands over soils marginal to agriculture (Schlecht and Buerkert, 2004). The area
of cultivated land increased much faster than the population, which is an indicator of
agriculture intensification (Bagayoko et al., 2011). The extension system has not been
able to offer effective resource enhancing technologies acceptable to resource-poor
farmers (Kaboré and Reij, 2004).

Many initiatives have been undertaken in combating soil degradation. Various practices
including (1) parkland trees associated with crops, (2) coppicing trees, (3) green manuring,
(4) mulching, (5) crop rotation and intercropping, and (6) traditional soil and water
conservation have been tested (Bayala et al., 2012). The strategies for improving the

efficiency of water conservation techniques could be the combined practice of soil fertility



management (application of mineral and organic fertilizers) and water harvesting
techniques such as, stone bunds, contour ridge, terracing, tied ridges or vegetation cover
through the mulching. Researchers working with the producers care more to seek ways
and means to develop participatory techniques to mitigate the effects of rainfall variability
on agricultural production.

Pearl millet (Pennisetum glaucum (L.)) is the most important rainfed crop in the Sahelian
area of Mali. It is the cereal mostly consumed by smallholder farmers and cultivated on
about 30 % (1,639,875 ha) of the total cropping land under cereals

(4,285,662 ha). The national millet production was 1,666,085 Mg year (DNA, 2011).
According to Samaké (2003), the main constraints to millet production were the low state
budgets for investment at the regional and district levels that lead to high prices of inputs

and low prices of outputs at the smallholder farmers level.

2.2 Some soil management practices to sustain crop production in the sahel

Several techniques are available in the sahelian zone to ensure soil conservation in
agriculture. The most important management techniques used to restore soil fertility and
to rehabilitate degraded soils include fallow, mulching, crop rotation, intercropping, half
- moon, stone line, land diguette, zai, tied ridge, organic and mineral fertilizers application.
This study focuses on the effect of tied ridge and zai combined with organic and mineral
fertilizer application on growth and yield of pearl millet and selected soil chemical and

physical properties.



2.2.1 Organic amendment and mineral fertilizer applications

Blanket recommendations of mineral fertilizers (DAP and NPK) and manure for cereal
production in Mali were formulated 20 years ago. 100 kg ha™ of DAP (18 — 46 — 0 NPK)
or (15 — 15 — 15 NPK) were applied together with 50 - 100 kg ha? urea. An annual
application of 5000 kg ha* of organic manure was also recommended (Kieft et al., 1994).
These recommendations, for economic reasons (Adamou et al., 2007; Spielman et al.,
2010), are not applied by smallholder farmers. As a result, low yields of sorghum and
millet (about 400 - 1000 kg ha) are obtained by smallholder farmers (Van der Pol and
Traore, 1993; Stoorvogel et al., 1996; Dembélé et al., 1998). Organic manure influences
nutrient availability by releasing nutrients, through mineralization — immobilization
process, it is also acts as energy source for microbial activities and by reducing P sorption
of the soil (Palm et al., 1997). Because of scarcity of organic manure, Sawadogo et al.
(2008) demonstrated that the application of mineral and organic fertilizers together with
water harvesting is a most credible option for meeting the growing demand for food
without increasing dependence on foreign aid. In Niger, tests conducted by farmers
showed that millet yields could be increased by more than 250 % by the use of fertilizers
(Bationo and Mokwunye, 1991b).

Combined application of organic and mineral nutrient sources may lead to synergistic,
antagonistic or additive effects on crop production (FAO, 2003). Where an interaction is
synergistic (positive), the combined effect of the nutrient sources on crop production is
greater than the sum of their individual effects used singly. In an antagonistic (negative)
interaction, their combined impact on crop production is lower than the sum of their

individual effects. An additive (no interaction) effect is found where the combined effect



of nutrient source on crop production is directly equivalent to the sum of their individual
effects when applied separately (Opoku, 2011). Considering the diverse meanings of the
word ‘interaction”, Palm et al. (1997) proposed the term ‘added benefit (or
disadvantages)’ as a better phrase for interactive effects. Also, some studies have shown
that the rational management of mineral and organic fertilizer increases yields of crops
and maintains sustainable soil fertility (Adamou et al., 2007). Njeru et al. (2015) reported
that the combination of 5 Mg of cattle manure and 40 kg N ha* increase maize grain yield.
The same authors confirm the efficiency of the combination of organic and mineral
fertilizer. Mugwe et al. (2009a) reported that the use of cattle manure contributing 30 kg
N ha in combination with mineral fertilizer (30 kg N ha) produced higher maize yields
than with simple mineral fertilizer (60 kg N ha™).

Shahandeh et al. (2004) found that application of Tilemsi rock phosphate (TRP) increased
millet yield by up to 89 % compared to the control. The augmentation in millet yield was
attributed to increase in the plant available P and Ca. Bollan et al. (1990) reported that
incorporation of rock phosphate ensures a steady supply of P over a long period and also
provides a high rooting density to crops. The positive effect of rock phosphate on soil
properties with amendments and consequently on crop growth and grain yield has been
reported by several authors. Okande et al. (2011) showed that application of Ogun rock
phosphate (ORP) as a source of P, with or without amendments improved the growth and
seed yield of kenaf. However, amending the ORP with various organic wastes and urea
gave comparable growth and seed yields with NPK application. High grade of rock
phosphate mixed with sulphate of ammonia performed better than DAP at the same rate

of P (60 kg ha* of P) in pot experiment with Phaseolus vulgaris as test crop. The average



biomass recorded after 25 days of sowing was 6.08 g and 3.86 g, respectively for rock

phosphate and DAP (Raguram and Ramachandra, 2014).

2.2.2 Location and characteristics of Tilemsi rock phosphate deposits in Mali

Deposits of rock phosphate in Mali are known since 1930. The rock phosphate deposits
are found in the north eastern part of Mali, in the Tilemsi valley. Presently, a number of
deposits are known and grouped under the name of Bourem including the Tamaguilelt,
Chanomaguel, Tin-hina, Sagariguita (Samit) deposits. The best-studied area of phosphate
rocks in the Tilemsi area is that of Tamaguilelt (17° 40" N; 0° 15' E). Here, the
unconsolidated phosphate sediments consist mainly of fish and reptile bone debris as well
as coprolites (Van Straaten, 2002). Approximately, 10 million Mg at the Tamaguilelt

deposit are located beneath 15 m of overburden (Sustrac, 1986).

The reserve was estimated to be 20 million Mg with an average P2Os content of 27-28
percent. Tilemsi rock phosphate (TRP) is a medium reactive rock suitable for direct
application. TPR has solubility greater than 40 % in 2 % formic acid (Zapata and Roy,
2004). This reactivity is attributable to a relatively high degree of carbonate substitution
for phosphate in the rock minerals. The entire production of TRP is used within the

country.

The mineralogical composition of mineral varies from site to site. In-depth studies have
indicated that the main components of the TRP are phosphorus (25 — 32 %) and calcium
(35 — 45 %) (Henao and Baanante, 1999). Detailed mineralogical investigations have

identified the phosphate mineral as francolite with crystallographic unit-cell “a” value of



9.331 A indicating a relatively highly reactive rock phosphate. Indeed, the neutral
ammonium citrate solubility of Tilemsi RP is high (42 % P20s) (Debrah, 2000; Somado

et al., 2003) making it suitable for direct application as phosphate fertilizer.

2.2.3 Water harvesting techniques

Water harvesting techniques are commonly successful at the farm level because they are
capital extensive and labour intensive, and they can be carried out in dry seasons when
other agricultural activities are minimal. These techniques are popular because physical
results are immediately visible in the form of yield increases and because they assist
families to meet their food security needs by increased production of staples, and they
help to decrease the risk of crop failure (FAO, 2001). Optimizing soil water use is
concerned with the whole ‘water path’ from the moment rain or irrigation water reaches
the soil surface until the crop productively transpires it (Fatondji, 2002). At all stages it is
essential to minimize the diversion of water into unproductive side-paths and to ensure
that its utilization by the crop is as efficient as possible. Among the techniques used in
collecting rainwater and improving its infiltration are the half — moon and stone bund with
a large base up to 1 m (Fatondji, 2002). These techniques increase cereal grain yields in
low rainfall condition. Zai and tied ridge facilitate the concentration of water and nutrients
in rooting zone of crop for improved yields (Fatondji, 2002; Roose et al., 1993; Motsi et

al., 2004; Mupangwa et al., 2006).



2.2.3.1 Zai pit technique for land rehabilitation

The zai or pit of planting or “pocket of water” is a traditional management practice used
in the Dogon plateau (Mali) and which is adapted in the Sahelian zone (Kassogue et al.,
1996). Traditionally, zai pits measure 20 - 40 cm in diameter and 10 - 15 cm in depth and
are dug with a hoe. Generally, handful (0.3 kg) of animal manure or compost is applied
per pit (Zougmoré et al., 2004). Farmers use this technique to combat land degradation
and to restore soil fertility (Fatondji, 2002). Zai is not recommended on sandy lands and
lowlands. On sandy soils, the holes are not stable and risk of flooding is high. The zai
technique is particularly relevant in areas characterized by intensive use of land and allows
recovering additional acreage (Roose et al., 1993). In Niger, Fatondji (2002) found that,
zai had a good potential to increase agronomic efficiency, nutrient use efficiency and
increased pearl millet grain yield. Roose et al. (1993) found that zai technique increased
soil biological activities, which involved the colonization of the field by several varieties
of grass. The same study demonstrated that the zai pit technique with manure increased
pearl millet grain yield to 1157 kg ha* compared to flat planting with manure that yielded
705 kg hal. In Burkina, Zougmoré et al. (2004) reported that zai pit reduces runoff by
increasing infiltration through breaking the surface crust and creating and enhancing
depressional water storage as well as improving and reducing erosion. The increased
yields varied from 300 to 400 kg ha by the zai system in degraded land (Sawadogo et
al., 2008). Kaboré and Reij (2004) indicated that an additional dose of inorganic fertilizer,
in combination with the zai pits and manure, increased yields by 640 kg ha* compared to
the control plots. In Mali, Wedum et al. (1996) reported that zai with manure increased

sorghum grain yield by 212 %.
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In Mali, zai technique studies were limited to its effect on grain yield of sorghum and pearl
millet at the farm level (Wedum et al., 1996; Kassogue et al., 1996). A major challenge
associated with the zai pit technique was its high labour of 60 man days required to dig
the number of zai pits needed on a sorghum field (Kaboré and Reij,

2004; Zougmoré et al., 2003b).

2.2.3.2 Tied ridge as a water harvesting technique

Tied ridge, in which ridges are connected with cross-ties over the intervening furrows, is
an improvement over the traditional ridge-furrow system. The system results in a series
of rectangular depressions which impound water during rain. Under the tied ridging
practice the soil is left undisturbed from harvest to planting except for a strip up to onethird
of the row width (Serme, 2014). Ridges (30 cm high) and ties (cross ridges, 20 cm high)
are constructed to create a series of basins for storing water. The spacing of the ridges is
90 cm and the cross ridges are made at 2.5 m interval using a hoe to prevent flow of runoff
water (Miriti et al., 2007). Ridges are reshaped during the growing period of the crop.
Tied ridging reduces surface bulk density, maintains soil fertility by reducing losses of
soil nutrients in surface runoff and improves soil water retention and available water
holding capacity (Hulugalle, 1990).

In Mali, tied ridge increased grain yields of sorghum in rotation with legumes by 10 %
compared to simple ridging under low average rainfall in the sahelian zone (Kouyaté et
al., 2012). Sorghum grain yield increased by 30 to 50 % in farmers fields practising tied
ridging with animal drawn equipment in the areas of Koutiala and Tominian in Mali

(DRSPR, 1990). Miriti et al. (2007) reported that tied ridging, in combination with
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integrated nutrient management, had the potential to improve crop production in semiarid
zone of Kenya. Chepkemoi (2014) reported that intercrop and crop rotation of sorghum
under tied ridges with application of Minjingu Rock Phosphate (MRP) and Farm Yard
manure (FYM) is a viable technology for increased soil moisture, nutrients, and crop yield.
In Nigeria, Chiroma et al. (2008) indicated that pearl millet grain yield exceeded 35 %
compared to the flat planting. In Ethiopia, Belay et al. (1998) showed that tied ridge,
combined with crop residue and mineral fertilizer, increased maize grain yield by 20 %.
Yoseph and Gebre (2015) indicated that grain yield obtained from tied ridge (3625 kg ha
1y was higher by 55.72 % compared to farmers’ practice (1605 kg

hat).

The review of the literature has shown that in Mali, no study has been undertaken on
combined organic and mineral fertilizer and tied ridge to evaluate pearl millet yield, to
understand nutrients use efficiencies and to compare this technique to zai, as an

economically viable option of appeal to smallholder farmers.

2.2.3.3 Conventional tillage, the common traditional practice by farmers

Blanco-Canqui and Lal (2008) defined conventional tillage as any tillage system that
inverts soil and alters the natural soil structure. Typically, it includes ploughing and
harrowing to produce fine seedbed and removal of most of the plant residues from the
previous crop (Ouattara, 1994). Ploughing is done with a mouldboard or disc-plough
which inverts the soil to a depth of 10 — 20 cm. During the operation, the soils are cut,
inverted and pulverized, burying most of the residues underneath (Luchsinger et al.,

1979). With pulverized soil on the surface and compaction below, a lot of soil is washed
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away with the first rains (Kaihura et al., 1998). In the short-term, conventional tillage
reduces runoff and soil compaction, but this effect is lost as soon as the first rainfall occurs
producing a crusting effect (Rao et al., 1998). According to Lawrence et al. (1994), water
harvesting techniques resulted in higher wheat grain yield than conventional tillage in a
four year study in a semi-arid environment in Australia. Serme (2014) reported that Tied-
ridging with Compost + NPK + Urea increased sorghum grain yield by 28% as compared
with conventional tillage with the same fertility management options. Mullins et al. (1998)
reported that conventional tillage (chisel ploughing) resulted in yield losses: 14 % in dry
matter yield and 30 % in grain yield, but this is contrary to the findings of Khan et al.
(2009) who reported biomass and grain yield, grains per cob and thousand grain weight to
be highest in the case of conventional tillage. Sarauskis et al. (2009) indicated that
conventional tillage reduced rainwater retention in the potential root zone as compared

with conservation tillage.

2.2.3.4 Effect of water harvesting techniques and nutrient management options on

yield of pearl millet

The growth and yield of cereals have been affected by water harvesting techniques
(Zougmoré et al., 2003b; Kaboré and Reij, 2004). Fatondji (2002) reported that zai,
combined with manure application, increased pearl millet grain yield at 1100 kg ha
compared to the control (flat) which was 705 kg ha™.

In Mali, Kouyaté et al. (2012) reported that tied ridge in rotation or intercropping recorded
higher sorghum grain yield of 1810 kg ha™* than ripping of 1640 kg ha*. The same study

showed that under tied ridge with sorghum monoculture system, the yield decreased from
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1600 to 1230 kg ha™. The lower yield under the monoculture was attributed to water
constraint. Miriti et al. (2007) observed that tied ridge in combination with integrated
nutrient management had the potential to improve crop production in semi-arid eastern
Kenya. In fact, farmers in the sahelian area are not practising adapted water harvesting
techniques that enhance soil water and the availability of N, P and K nutrients added as
fertilizer to soils (Zougmoré et al., 2004).

The combination of water harvesting techniques and nutrient management options is to
make available both water and nutrients to crop. In Kenya, Njeru et al. (2015) reported
that integration of organic and inorganic inputs under various water harvesting
technologies could be considered as an alternative option towards food security under
climate change for semi-arid areas. Combining soil and water conservation techniques
with organic nutrient sources improved the chemical characteristics and productivity of
the soil (Zougmoré et al., 2004; Zougmoré et al., 2003b; Kaboré and Reij, 2004). Gichangi
et al. (2007) showed that farmers need to augment the limited quantities of farmyard
manure available on smallholder farms with inorganic fertilizers in addition to appropriate
water harvesting techniques for increasing the yields of maize and beans. Also, the half -
moon with compost or animal manure application generated a greater sorghum yield than
when used with the mineral fertilizer; and in the control plot Zougmoré et al. (2004) and
Zougmoré et al. (2003b) showed that water conservation without the addition of nutrients
does not bring a significant increase in crop yield, particularly in years when rainfall

distribution is good.
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2.3 Effect of water harvesting techniques on soil moisture content

Soil moisture measurements are frequently neglected in agronomic studies, yet improved
soil moisture management is essential for sustainable water supply and food production
(Shaxson and Barber, 2003). Soil moisture availability depends on factors of climatic
conditions and management practices such as rainfall, soil properties, temperature regimes
and soil moisture storage capacity (Rockstrom, 2003). Soil moisture is an important factor
that influences seed germination, emergence and plant growth. It is very essential for root
growth, so adequate moisture will improve uptake of nutrients by diffusion and root
interaction. Soil moisture is also important for organic matter decomposition (which
releases N, P and S) (Ketterings et al., 2008). Improvement of soil moisture storage can
be achieved by employing tillage practices that enhance rainwater infiltration and suppress
subsequent evaporation. In order to enhance soil moisture, there is need to maintain soil
surface conditions necessary for rapid infiltration and the removal of soil profile layers
that restrict water percolation through sustainable tillage (Karuma et al., 2012). Soil
moisture conservation is one of the major advantages of zai and tied ridge crop production.
In Ethiopia, Yoseph and Gebre (2015) reported that tied ridge is the best practice for
moisture conservation for increased crop productivity. Tied ridge, with application of
farmyard manure and Minjingu rock phosphate, has been reported to be a more efficient
technique for moisture conservation (6.73 %) than the oxen ploughing (3.2 %)
(Chepkemoi, 2014).

Studies to compare the effect of tied ridge, zai and conventional tillage on soil moisture

concurrently are needed to estimate their moisture conservation potentials.
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2.4 Rainwater use efficiency

The challenges in rainfed agriculture are compounded by erratic, highly variable rainfall
patterns in space and time. The data on rainfall partitioning indicate that at least 38 % of
the received rainfall is lost to runoff. The modeled results indicate that crop yield can be
improved to 800 kg ha'! if significant portion of rainfall lost to runoff is harvested (Tabo
et al., 2007). Shaxson and Barber (2003) reported insufficient soil water as a main cause
of low crop output of poor nutritional quality. In rainfed fields, improvement may come
from conserving rainwater in the rooting zone of crops, and also from managing the field
and the crops to use this water more efficiently. In limited cases, supplementation of water
collected from off-site water harvesting can be used to bridge small periods of water deficit
(FAO, 2001).

Water use efficiency (WUE) is the measure of a cropping system’s capacity to convert
water into plant biomass or grain. It includes both the use of water stored in the soil and
rainfall during the growing season (GRDC, 2009). According to GRDC (2009), increasing
the amount of water stored in fallows is an important strategy in managing the risks
associated with highly variable rainfall to improve water use efficiency and potential crop
yields.

In Niger, Fatondji (2002) reported that zai improved water use efficiency by a factor of
about 2 to 3 times compared to flat planting. In Nigeria, Chiroma et al. (2008) showed
that water use efficiencies of open ripping and tied ridge were 23 and 33 %, respectively

relative to the flat terrain.
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2.5 Effect of water harvesting techniques and nutrient management options on soil

chemical properties

Soil pH is one of the key indicators of soil fertility. It is an important measurement to
assess the potential availability of beneficial nutrients and toxic elements to plants. The
zai technique and composted manure enriched with Burkina rock phosphate has been
found to improve soil pH (Sawadogo et al., 2008). The pH was 5.5 - 5.8 in treatments with
compost compared to the pH in the initial soil of 5.1. In Mali, Kouyaté et al. (2012)
reported that tied ridge combined with cowpea/sorghum rotations enhanced soil pH by 8
% than the initial soil pH.

The dissolution of apatite in rock phosphate releases anions (COs?) and (PO.%) that can
consume H™ ions and, thus, it can increase soil pH, depending on rock phosphate reactivity
(Hellums et al., 1989). They also reported that, if a rock phosphate contains a significant
amount of free carbonates, it can further increase soil pH. However, although an increase
in soil pH may reduce the Aluminium saturation level, it can also reduce apatite
dissolution at the same time. The optimum condition would call for a soil pH that is high
enough to reduce the Aluminium saturation level but still low enough for apatite
dissolution to release P.

Leu (2007) reported soil organic carbon to increase farm profitability though increased
yield, soil fertility, soil moisture retention and mineral fertilizer nutrient availability. In
Mali, Kouyate et al. (2012) found that tied ridge combined with sorghum/cowpea rotation
and fertilizer application improved soil organic carbon by 0.3 %.

Cation exchange capacity is used as a measure of soil fertility, nutrient retention capacity,

and the capacity to protect groundwater from cation contamination. Ouédraogo et al. (2001)
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reported that compost application increased soil cation exchange capacity from 4 to 6 cmolc
kg™. Roose et al. (1993) indicated that zai improved the cation exchange capacity of soil.
Nitrogen and phosphorus are the most important elements for plant growth. They are
affected by soil moisture, organic matter, nutrient content and environmental conditions.
In the sahelian zone, Adamou et al. (2007) found soil phosphorus to be very low (< 2 mg
P kg1). Consequently, the combined application of manure or compost and rock phosphate
is recommended to increase the availability of phosphorus in the soil (Hellal et al., 2013).
Zai has been found to improve the availability of nitrogen and phosphorus in the soil
(Roose et al., 1993). Zafar et al. (2012) indicated that combined use of inorganic P with
compost resulted in a significant increase in total N (13 - 75 %) and available P (7 - 57

%).

2.6 Soil fertility management options

This section focuses on amendment effects on pearl millet growth and yield and fertility

management options on nutrient uptake and use efficiency.

2.6.1 Effect of organic and mineral fertilizer application on pearl millet growth and

yield

Soil amendments in the form of organic and mineral fertilizer of various kinds are
primarily applied to the soil to enhance soil fertility status that would improve crop growth
and yield. Mineral fertilizers such as DAP or NPK are commonly used by pearl millet
farmers to increase crop yield because of the high nutrient content and rapid uptake

compared to manure (Adamou et al., 2007). Though mineral fertilizers might be extremely
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advantageous in improving crop yield, its over-application could cause deterioration in
soil physical, chemical and biological properties and even result in stagnant or low crop
yields. Pearl millet productivity is constrained by soil P and N availability (Bationo and
Mokwunye, 1991a) in West African countries.

Mineral fertilizer application has been reported by several authors to increase pearl millet
yields and sustain/improve the soil nutrient status (Bationo et al., 1998; Bagayoko et al.,
2011; Sahrawat et al., 2001; Buerkert et al., 2001). Unavailability and high cost of mineral
fertilizer to smallholder farmers explain its low use (Fairhurst, 2012). To resolve this
problem, farmers are encouraged to use manure or its combination with mineral
fertilizers.

Organic resources play a critical role in both short-term nutrient availability and
longerterm maintenance of soil organic matter in most smallholder farming systems in the
tropics (Palm et al., 2001). The role of organic manure is to maintain soil fertility by
improving soil physical, chemical and biological properties and increasing crop yield
(Reeves, 1997; Qiu et al., 2014). Many studies have been conducted on the response of
N, P, and K fertilizer and their combination with manure on pearl millet (Adamou et al.,
2007; Raun and Johnson, 1999; Schlecht et al., 2006; Aggarwal et al., 1997).

In Niger, Fatondji (2002) reported that pearl millet grain yield increased further with the
application of organic amendments. Manure application resulted in 2 - 68 times higher
grain yields than no amendment and 2 - 7 times higher grain yields than millet straw
incorporation to soil. According to Maman and Mason (2013), the combined application
of poultry manure and mineral fertilizer enhanced cereal grain yield by 56 % and stover
yield by 53 %. Several studies have shown that rotation and intercropping of pearl

millet/cowpea improved stover and grain yields (Samba et al., 2007; Bationo and Ntare,
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2000; Reddy et al., 1992). In Ethiopia, Bayu et al. (2006) demonstrated that inorganic
fertilizer and farmyard manure increased stover and grain yield of sorghum by 8 - 21 and

14 - 21 %, respectively.

2.6.2 Influence of soil fertility management on nutrient uptake and use efficiencies

Nutrient uptake is the procedure by which plant roots absorb nutrients from soil solution.
The nutrients absorbed are distributed to aerial portions of the plant (Havlin et al., 2005).
The uptake is influenced mainly by climatic conditions, the available quantity of nutrients
in the soil and the form in which the nutrients are present in the soil (Allen and David,
2007).

Many studies have demonstrated that soil fertility management increases nutrient uptake
by pearl millet (Fatondji, 2002; Yamoah et al., 2003). In Niger, Fatondji (2002) found that
zai improved nutrient uptake in the range of 43 - 64 % for N, 50 - 87 % for P and 58 - 66
% for K. According to Nyamangara et al. (2013), nitrogen uptake by maize under cattle
manure and mineral nitrogen treatment was higher than the no nitrogen treatment. The
mineral N was used to prevent N deficiency during the early part of the season.

Hellal et al. (2013) reported that farm yard manure enriched with phosphate
(phosphocompost) was most effective in increasing phosphorus availability and uptake in
red soil and increasing dry matter yield of maize. According to Mafongoya et al. (2007),
integrated nutrient management increased nutrient use efficiency reduced costs and
increased profitability. Nwachukwu and lkeadigh (2012) demonstrated that maize
fertilized with poultry manure had higher water use efficiency (54.6 g L) over those

fertilized with urea (48.7 g L™?). They also showed that poultry manure application
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significantly increased maize N and P uptake compared to the control. However, there is
a need to assess nutrient uptake under a combination of soil amendments with zai or tied

ridge in the same environment.

2.7 Economic indicators to assess the profitability of water harvesting techniques and

nutrient management options

Several tools are available to evaluate profitability of new soil technologies. Indeed, there
is the need to link the agronomic efficiency to the financial profitability for the evaluation
of any soil technology. The most frequently used indicators to assess the cost effectiveness
of an agricultural enterprise are: the Value Cost Ratio (VCR), the Net Farm Income (NFI)
and the Net Present Value (NPV), etc. The NPV is calculated as the value of outputs
divided by the value of inputs with NPV greater than or equal to one being productive
(Lynam and Herdt, 1989). According to Zhen and Routray (2003), the NFI is the
difference between gross income of farm production and the total variable costs per unit
of land area, while the VCR is the agronomic efficiency of the prices of inputs and outputs.
An enterprise is considered economically profitable when the NFI is greater than zero and
the VCR is greater than one.

In Kenya, Odendo et al. (2006) showed that combined application of 30 kg P and 2500
kg ha! of Farmyard manure per hectare gave economically viable maize grain yield
response because the net benefit varied between 355 - 375 US Dollars. According to

Opoku (2011), the value cost ratio (VCR) obtained from the combined application of manure
and fertilizer (2.3 — 4.7) were greater than the economic viability threshold in

Nyankpala.
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2.8 Summary of literature review

A general of pearl millet production constrains in the Sahel particularly in Mali have been
reviewed. The position of Mali, where this study was undertaken, relative to the general
state of agriculture and food security in Africa, has been examined to reveal gaps which
require remedial measures. Previous works and efforts in providing solutions to soil and
crop productivity constraints in Mali have been extensively reviewed to serve as a basis
for the choice of potential adaptive soil management technologies for the current study.
This review covers, among others, the use and impacts of different soil management
practices, particularly water harvesting, cattle manure and mineral fertilizers, on soil and
crop productivity. Particular attention has been directed at the impacts of these practices
on in-situ water harvesting and use given the peculiar circumstances of unimodal rainfall
regime, limited rainy days, long dry periods and soil moisture constraints to crop

production in Mali.

2.9 Knowledge gaps

» Most of the studies have evaluated the effect of water harvesting such as tied ridge
and zai on the grain yield of cereals. There is lack of information on soil moisture
content and nutrient uptake in pearl millet production.

» The mineral fertilizers are expensive and organic fertilizer is limited. To reduce the
cost of fertilizers and manage the small amount of organic fertilizer, it was necessary
to assess water harvesting techniques combined with soil amendments application

and to identify the best rate of combination for small holder farmers.
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* Many of the studies reviewed did not consider economic analysis of the nutrient

fertilizer inputs or water harvesting techniques evaluated.

CHAPTER THREE

3.0 MATERIALS AND METHODS
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3.1 The experimental site

3.1.1 Location

The study was conducted at the Agricultural Research Station of Cinzana (SRAC) in
Segou Region of Mali; it is one of the Stations at the Institute of Rural Economy (IER).
It is located at longitude 5°57°W, latitude 13°15°N and has an altitude of about 280 m.

The SRAC covers an area of 277 ha, most of which is used for experiments. A map of the

study area is indicated by Figure 3.1.
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Figure 3.1: Map of experimental site in the rural community of Cinzana

24



3.1.2 Climate

The agricultural station is located in the sudano - sahelian zone with average temperatures
under shade of 18 °C (minimum) and 36 °C (maximum). The daily minimum and
maximum temperatures are respectively, 18 °C and 40 °C. The lowest temperatures are
recorded from December to February and the highest from April to May.

The mean annual rainfall over 30 years is 680.4 mm. The rainy season starts in June and
ends in October with mean annual rainfall between 600 to 700 mm. More than half of the
rain usually falls in July and August. The rainfall is erratic and poorly distributed among
the months (Figure 3.2) and years (Appendix 1). This situation is not favourable for
agricultural production. The rainfall values during the growing period of 2013 and 2014

are presented in Figures 3.3 and 3.4, respectively.
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Figure 3.2: Mean monthly rainfall of 30 years compared to the last six years at Cinzana
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Figure 3.4: Cumulative rainfall during the crop growing period 2014 at Cinzana
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3.1.3 Soil

The soil was classified as Ferric Lixisol in the FAO classification (Keita, 2002). The
texture was sandy loam. The limiting factors were compact surface leading to runoff or
water logging, low fertility, low CEC (3.08 cmol. kg™) and low organic matter (0.68 %)

(Keita et al., 1981).

3.2 Cattle manure acquisition

Cattle manure was collected from kraal at the Agronomic Research Station of IER,
Cinzana in 2013 and 2014. The manure consisting of fecal matter, urine and orts was
collected from the kraal after accumulating from July to June. The kraal had no roof
consequerntly, manure was exposed to the weather and lost nutrients through leaching,

denetrification and volatilization.

3.3 Tilemsi rock phosphate acquisition

The rock phosphate was obtained from Toguna Agro-industrie of Mali.

3.4 Land preparation

The field was cleared manually with machete and hoe before implementing the different
tillage operations. Before implementation, five soil samples were randomly taken with
auger in each plot at 0 - 20 cm depth. These soil samples were thoroughly mixed, air —
dried, sieved through a 2 mm mesh; composite sample was taken and stored at room

temperature. VVarious chemical and physical properties of the samples were determined.
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Apart from zai, animal traction was used for tillage operations. The ridges were made by
a ridger (then tied after one day) and ripping by hoe. Zai pit was dug one week before

sowing and tied ridge and conventional tillage were made one day before sowing.

3.5 Experimental design

The experiment was conducted during two rainy seasons with the same experimental
layout. The experimental design was a split-plot design and arranged in randomized
complete block design with three replications. The main plot factor was water harvesting
techniques, while the sub plot factors were the application rates of organic manure and
mineral fertilizers (Tilemsi rock phosphate and urea were used for P and N mineral
sources, respectively). A sub — plot measured 6.0 x 4.5 m. The blocks were separated by
2 malley and 1 m within the rows.

The main plot factor was water harvesting techniques:

v Conventional tillage

v Tied ridge

v Zai pit

Sub — plot factors were cattle manure and mineral fertilizer rates and their combinations

presented in table 3.1
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Table 3.1: Amendment applied and the amount of nutrients supplied

Amount of nutrients (kg ha®)

Treatment Nutrient source
N P20s K>0

Control (0 N: 0 P20Os) 0.0 0.0 0.0
20.5 N: 23 P,05 20.5 23.0 0.0 Urea and TRP
41 N: 46 P»0s5 41.0 46.0 0.0 Urea and TRP
Cattle manure 37.3 52.0 48.5 CM
2500 kg cattle manure +
205 N: 23 P,Ox 57.8 75.0 48.5 CM, Urea and TRP
2500 kg cattle manure +

78.3 98.0 48.5 CM, Urea and TRP

41 N: 46 P20Os

TRP: Tilemsi rock phosphate; CM: Cattle manure

3.6 Manure and mineral fertilizers application and sowing

The cattle manure was broadcasted on the same day the land was tilled (plough) on the
conventional tillage and tied ridge field. The hand hoe was used to make manual line
furrows at 15 cm from seed hole under conventional tillage and tied ridge. Tilemsi rock
phosphate was spread in these line furrows and covered with soil using a hand hoe a day
after sowing. The manure was applied in the seed hole under the zai pits the same day of
its application under conventional tillage. Tilemsi rock phosphate was also applied
manually by side placement under zai pits a day afer sowing.

One third (1/3) of urea was applied on the same day of Tilemsi rock phosphate application

and the rest (2/3) three weeks after sowing. Urea was applied at the same period in the

three tillage practices. The method of its application was the same as the

Tilemsi rock phosphate. The control plots did not receive any amendment.
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Improved pearl millet (Penisetum glaucum (L.) R.Br.), variety Indiana 05, was used as the
test crop. The seeds were treated with Apron star (fungicide/insecticide) at a ratio of 10 g
to 4 kg of seeds on the day of sowing. Five to ten seeds were sown per hill at a spacing
of 0.8 x 0.75 m. Two weeks after emergence, the seedlings were thinned to two plants per
hill giving a plant population density of 33,333 plants ha't. Weed control was carried out

manually with hand hoe as and when necessary.

3.7 Growth and grain yield parameters measured

To assess the effects of water harvesting techniques and nutrient management options,
data were collected on grain yield and plant growth: plant height at maturity and biomass

yield at tillering, elongation, 50 % flowering and maturity stages.

3.7.1 Plant height

Plant height was measured at maturity stage. In each plot, five (5) plants were randomly

selected and the height measured with a tape measure. The averages were recorded.

3.7.2 Dry matter production

Time series sampling of plant biomass was carried out for each treatment by random
sampling of two hills from each sub - plot (the central portion of each plot was reserved
for final harvest) at tillering, elongation, 50 % flowering, and maturity stages during both
seasons. Plants were cut at ground level, kept in sampling bags and weighed.

Samples were oven dried at 70 °C for 48 hours and weighed.
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Yield in the treatment x 10000
Sampling area

Biomass (kg ha 1) =

Where:
10000: area of one hectare

Sampling area: 1.2 m?

3.7.3 Grain yield

Plants in the area reserved for final harvest were harvested after 100 days from a delineated
area of 3mx 3 m (9 m?) in the middle of each treatment plot leaving the border rows.
Ears were sun - dried for one week. After threshing of ears of each treatment, grain was

weighed at 12 % moisture content and converted into grain yield (kg ha?).

Yield in the treatment x 10000
Harvest area

Grain yield (kg ha ™) =
Where
Harvest area: 9 m?

10000: area of one hectare

3.8 Harvest Index

The harvest index (HI) was calculated following the formula:

Economic yield (kg ha ~1)
HI% = — , n — X 100
Biological yield (kg ha —1)
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3.9 Agronomic efficiency

Agronomic efficiency (AE) was estimated as the increase in crop yield divided by the total

nutrient applied.

Crop vield increase
AE (kg kg 1) = S

Nutrient applied

3.10 Soil sampling

Five soil samples were taken with auger from each plot at 0 — 20 cm after harvesting in
both the first and the second years of the experiment. The five soil samples were mixed
and a composite sample was taken. The soil samples were air — dried and passed through
a 2 mm mesh sieve and stored at room temperature. In the zai pit technique, soil samples
were taken from the pit; in the tied ridge, they were taken on the top of the ridge and in
the conventional tillage, they were taken at 20 cm from the seed hole. Selected soil

physical and chemical properties of the samples were determined.

3.11 Soil chemical and physical analyses

3.11.1 Chemical analysis of soil samples and plant/soil amendment samples

The following soil chemical properties were determined: pH (1:1 soil;water ratio),
available P (Bray - 1), total nitrogen, organic carbon, exchangeable bases (Na*, Ca?*, K*
and Mg?*) and cation exchange capacity (CEC). Plant was analysed for N and P, while
soil amendment samples were analyzed for total N, P, K and organic carbon and C/N ratio

was calculeted.
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3.11.1.1 Determination of soil pH

The soil pH was determined by the potentiometric method (1:1 soil:water ratio) proposed
by McLean (1982). A 50 g of dried soil was weighed into a beaker and 50 mL of distilled
water was added. The mixture was thoroughly shaken on a reciprocating shaker for 1 hour.
Just before measuring pH, the beakers were shaken by hand. The pH meter was
standardized with buffer solutions of pH 4.0 and 10.0. After standardization, the electrode

of the pH meter was inserted in the suspension and read.

3.11.1.2 Determination of available P

The available phosphorus was extracted with Bray-1 extracting solution (0.03 M NH4F
and 0.025 M HCI) as described by Olsen and Sommers (1982). Phosphorus in the extract
was determined by the blue ammonium molybdate method with ascorbic acid as the
reducing agent using a Technicon Auto Analyzer spectrophotometer. A 1.0 g soil sample
was weighed into a 20 mL shaking bottle and 7 mL of Bray - | extracting solution added.
The mixture was shaken for 1.0 minute on a reciprocating shaker and filtered through a
Whatman No. 42 filter paper. An aliquot of the blank and the extract were each pipetted
into a bottle and placed in auto analyzer sampler. A standard series of 0, 1.5, 3, 4.5 and 6
mg P L were prepared from 20 mg L™ KH2PO4. The concentration of P was measured in
the standard series, samples and blanks.

Calculation

Av.P (mgkg ) =7x(a—b)

Where:
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a=mg kg P measured for soil sample b
=mg kg P measured for blank

7 = volume of Bray-I extracting solution

3.11.1.3 Determination of total nitrogen

Total nitrogen was determined by the method as described by Nelson and Sommers
(1980). A 0.5 g of fine air-dried soil was weighed into a 50 mL Erlenmeyer flask. A 0.75
g of catalyst (1.55 g of Se + 1.55 g of CuSO4 + 96.9 g of Na>SOs), and 5 mL of
concentrated sulphuric acid were added. The mixture was stirred and the flask was placed
on a hot plate and heated to 200 °C, for 1 hour. Heating continued to 350 °C, until the
colour changed to light green. The flasks were removed from the plate and allowed to
cool. Slowly, 25 mL of distilled water was added in small portions. When the mixture
was cooled, the volume was made up to 50 mL with distilled water and mixed well. Clear
aliquot of sample and blank were each pipetted and put in Technicon autoanalyzer tubes
for determination of total nitrogen.

Calculation

(a—b) x50

0 =
% To Weight of sample (g) x 10000

Where:
a = N for soil sample b
= N for blank
10000 = coefficient of conversion from ppm N to percentage N

50 ml = final diluted volume of digest

34



3.11.1.4 Determination of organic carbon

Soil organic C was determined by the modified Walkley-Black wet oxidation method as
outlined by Nelson and Sommers (1982). A 2 g sample of soil was weighed into 500 mL
conical flask and 10 ml of 0.166 M (1.0 N) K2Cr.0O7 solution added, followed by 20 mL
concentration H2SO4 and allowed to cool on an asbestos sheet for 30 minutes. Two
hundred milliliters of distilled water was added followed by 10 ml of HzPO4 and then 1.0
mL of diphenylamine indicator solution. This mixture was then titrated with 1.0 M ferrous
sulphate solution until the colour changed from a blue-black colouration to a permanent
greenish colour. A blank determination was carried out in a similar way in every batch of

samples analyzed without soil.

Calculation:

M x (Vbl —Vs) x0.003 x 1.33 x100
8

%C=

Where:

M = Molarity of FeSO4 solution

Vbl = mL of FeSO4 used for blank titration

Vs = mL of FeSO4 used for sample titration g

= mass of soil taken in gram

0.003 = milli - equivalent weight of C in grams (12/4000)

1.33 = correction factor used to convert the Wet combustion C value to the
true C value since the Wet combustion method is about 75 % efficient in

estimating C value , (i.e. 100/75 = 1.33).
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3.11.1.5 Determination of exchangeable bases

The exchangeable bases were extracted using the ammonium acetate method as described
by Rhoades (1982). A 2.5 g of dried soil was weighed into 100 mL centrifuge tube and 50
mL of 1.0 M ammonium acetate solution of pH 7.0 was added. The mixture was shaken
for 30 minutes. The solution was centrifuged until the supernatant liquid was clear and the
extract collected into 50 mL volumetric flask, then ammonium acetate was used to dilute
the solution to 50 mL and the concentration of Ca, Mg, K and Na were read from the
Agilent 4100 Microwave Plasma-Atomic Emission Spectrometer (Agilent
4100-MP-AES).

Calculation:

Using the standard series, the values of the samples and blanks were calculated as follows:

B 100gx50mL x (a—b)
Na(cmolc kg 1)_ 23 x 1000 mL x weight of soil sample

N 100 gx 50 mLx (a —b)
K(cmol. kg 1)_ 39.1 x 1000 mL x weight of soil sample

¢ 100 gx 50 mL x (a—b)
Ca(cmolc kg 1) 20 x 1000 mL x weight of soil sample

iy 100 gx50mLx (a—b)
Mg(cmol. kg 1)_ 12 x 1000 mL x weight of soil sample

Where:
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23 = equivalent weight of Na

39.1 = equivalent weight of K

20 = equivalent weight of Ca

12 = equivalent weight of Mg

100 g = weight of sample for conversion to cmolc kg
50 mL = volume of diluted solution

1000 mL = initial volume a =

cmolc kg for sample b = cmole

kg* for blank

3.11.1.6 Determination of cation exchange capacity

The cation exchange capacity (CEC) was determined using the method described by
Thomas (1982). A 2.5 g of soil was weighed and mixed well with 10 g of purified sand.
The mixture of soil and sand was introduced into the bottom of a perk tube cotton pad and
covered by a 1 cm layer of sand. This was covered with 50 mL of 1.0 M ammonium acetate
and percolate collected into 50 ml volumetric flasks. The volume of percolate was made
up with 1.0 M ammonium acetate and kept for the determination of cation exchange
capacity. The CEC was read from the Agilent 4100 Microwave Plasma-

Atomic Emission Spectrometer (Agilent 4100-MP-AES).

Calculation

CEC (cmolc kgt) = (a—b) x h (cm)

Where:
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a = value in cmol. kg™* for the sample b =
value in cmolc kg™ for blank h = height of

the peak observed from graph

3.11.1.7 Determination of total nitrogen and phosphorus (plant and soil amendment)

Wet digestion of plant and soil amendment

Plant samples were wet digested following the procedure described by Nelson and
Sommers (1980). The soil amendment (manure) followed the same process as plant. A 0.5
g of the dried plant material was taken into 50 mL volumetric flask and 2.5 mL of
concentrated sulphuric acid and one ml of hydrogen peroxide were added. The suspension
was swirled and placed on hot plate and heated at 270 °C for 10 minutes. The flasks were
removed from the plate and allowed to cool for 10 minutes after which 1.0 ml H.O2 was
added and heated for 10 minutes at the same temperature. Heating, cooling and adding of
0.5 mL of H.O> sequences were repeated until the digest was colourless. The digest was
removed from the hot plate and the volume was made up with distilled water to 50 mL
and used to determine N and P. The same procedure was used with manure

Determination of total nitrogen

Total nitrogen was measured using the Technicon Auto Analyzer.

Calculation:
(a—b)x50

% Total N =
% Tota Weight of plant sample (g) x 10000

Where:
a = N for plant sample b

= N for blank
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10000 = coefficient of conversion from ppm N to percentage N

50 mL = final diluted volume of digest

Determination of total phosphorus

Total phosphorus was determined using the Technicon Auto Analyzer, manifold P

Bray -I.
Calculation:
[(a—b) x50]
%P =—
weight of plant sample (g) x 10000
Where:

a =P for plant sample b
= P for blank
50 mL = final diluted volume of digest and

10000 = coefficient of conversion from ppm P to percentage P

3.11.1.8 Nutrient uptake

Nutrient uptake was calculated as the product of nutrient concentration in grain or straw and
the yield.

N uptake = Dry weight x concentration of N content in plant (grain and straw

samples)

P uptake = Dry weight x concentration of P content in plant (grain and straw

samples)
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3.11.1.9 Nitrogen and phosphorus utilization efficiencies

The Nutrient Utilization Efficiency (NUE) was calculated following the formula by
(Christianson and Vlek, 1991). It is the ratio of grain or biomass yield to the total nutrient

absorbed.

Yield

-1y —
NUE (kgkg ) = Total nutrient absorbed

Where:
Yield, millet straw and grain yield in kg ha;

Total nutrient absorbed: Total nutrient uptake in pearl millet straw and grain

(kg ha™).

3.11.2 Soil physical analysis

The following soil physical properties were determined: particle size, soil gravimetric
moisture content, bulk density, volumetric moisture content and rainwater use

efficiency.

3.11.2.1 Determination of soil textural class

The hydrometer method was used to determine the soil particle size (Anderson and
Ingram, 1993). The weight of 51 g of air — dry soil (< 2 mm) was transferred into a 250
mL beaker. A 50 mL calgon solution was dispensed into the soil together with 100 mL of

deionized water. The suspension was vigorously stirred for 1 min using a glass rod and
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allowed to stand undisturbed for 30 minutes before transferring to the mixer for mixing
using medium speed for 15 minutes. After mixing, the suspension was transferred to the
sedimentation cylinder and plunged. The mixture was made up to 1000 mL with deionized
water and plunged vigorously. This was immediately continued by placing the soil
hydrometer and sliding it slowly into the suspension until it floated, noting the time. The
first hydrometer (Hi) and temperature (T1) readings at 40 seconds were recorded.
Duplicate readings were taken. After the first two readings of hydrometer (H:) and
temperature, the suspension was allowed to stand undisturbed for 3 hours before the

second hydrometer readings (H2) and the temperature of the suspension (T2) were taken.

Calculation:
% Sand = [100 — (H1 + 0.2) x (T1—20) —2] x 2
% Clay = [(Hz2 + 0.2) x (T2) — 2] x 2
% Silt = 100 — (% sand + % clay)

Where

H. = average of first two hydrometer readings T
= average of first two temperature reading

H2 = second hydrometer reading
T2 = second temperature reading

3.11.2.2 Soil gravimetric moisture content

Three soil samples were taken at 0 — 20 and 20 - 40 cm depth in each sub-plot with auger
every 15 days from sowing to crop maturity (crop cycle 100 days). Gravimetric moisture
content was determined using the method described by Marshall and Holmes (1988). Soil

samples were taken from the zai pit, tied ridge and conventional tillage plots as described
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at section 3.10. A 10 g soil was placed in a preweighed container (W1) and the joint
weight of the soil and container (W2) recorded. The soil together with the container was
oven dried at 105°C for 24 h. The oven dried weight was recorded (W3) and the difference
in oven dried and fresh soil was calculated.

Calculation:

W, — W,
Om (%) = m X 100

Where:
W1 is the weight of empty can + lid
W is weight of can + lid + fresh soil

W3 is weight of can + lid + oven — dried soll

3.11.2.3 Bulk density determination

The bulk density was determined at the 0 - 10, 10 -20, 20 — 30 and 30 - 40 cm depths using
the core sampler method at 45 and 90 days after sowing. Forty-five (45) days
corresponded with crop elongation accompanied by greaterwater and nutrient demand,
and 90 was the maturity stage of crop. Two samples were taken per depth in each subplot.
Soil samples were taken from the zai pit, tied ridge and conventional tillage plots as
described at section 3.10. A 400 cm?® cylinder was used in taking the core samples. These
were oven - dried at 105 °C to constant weight for 48 hours and weighed. The bulk density

(pb) was calculated as:

Ms
Bulk density (pb) (g cm ~3) = Vi

Where:
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Ms = Oven dry weight of soil (g)

Vt = total volume of cylinder (nr?h) cm?)

3.11.2.4 Volumetric moisture content

The volumetric moisture content (Ov) was calculated as:
A 6m
v(cm®cm™) = —xpb
pw

Where:
pb = soil bulk density pw

= density of water

3.11.2.5 Depth of water

Depth of water was calculated from volumetric moisture content and depth of soil as

follows:

z (mm) = v x depth of soil
3.11.2.6 Rainwater use efficiency

Rainwater use efficiency: the efficiency with which rainfall is converted to grain over
multiple crops.

Water use efficiency was calculated after crop grain harvesting according to the formula
used by GRDC (2009).

Total grain yield (kg ha ~*
RWUE (kg Grain mm ~* rainfall) = - 8rain yield (kg ha =)

Total rainfall (mm)
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3.12 Combined effects of water harvesting techniques, soil amendments application on

yield of pearl millet

The added benefit from the combined application of manure and mineral fertilizer was

calculated using the following formula (Vanlauwe et al., 2002 ):

AB = Ycomb — (Yfert - Ycon) - (Ycat - Ycon) —Ycon Where:

AB = represents the added benefits,
Y con = the mean grain yield from control treatment,

Y'ert = the mean grain yields from the sole application of mineral

fertilizer,

Y cat = the mean grain yields from the sole application of manure, and Y comb
= the mean grain yields from the combined application of mineral fertilizer

and manure.

3.13 Evaluation of N and P partial balance under water harvesting and soil

amendments application for pearl millet

Before crop sowing and after harvesting, soil sampling was done at 0 - 20 cm depth for
each plot to determine the soil nutrient partial balance. It was determined by the difference

between added and exported nutrients (Kihara et al., 2011).

Partial nutrient balance = Input — Output

Where:
Input: mineral fertilizer and manure

Output: grain and straw uptake
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The estimates excluded inputs in wet and dry decomposition, sedimentation, and nutrient
accessions by deep roots from subsoil layers, and outputs by leaching, erosion, runoff, and

gaseous losses.

3.14 Economic analysis

The economic viability of manure incorporation was assessed on partial factor of
productivity, the basis of net farm benefit (NFB) and value cost ratio (VCR). The partial
budgeting technique for on-farm research (CIMMYT, 1988) was used to evaluate the
NFB. Crop prices and the operational cost were the average prices prevailing in the study
area during the trial. Gross benefit accruing from each treatment was calculated as the
product of the grain yield from the treatment and the average unit price of the grains. The
variable input costs were the actual prices of manure and mineral fertilizer, land
preparation, sowing, incorporation of soil amendments, weeding, threshing and
transportation of millet ears and manure. The NFB was defined as the difference between
gross benefit and variable input cost.

The VCR was calculated as follows:

(Ymxr — Ye) X Pg

VER = QP T Q)

Where:
Y wxr is the grain yield from plots with manure and mineral fertilizer

application,
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Yc is the grain yield from control plots,

Pg is the unit price of grain yield,

Pwm is unit price for manures incorporated,

Quw Is the quantity of manures applied,

Pris the unit price of mineral fertilizer applied and

Qris the quantity of mineral fertilizer applied.

) rain yield (kg ha ™
(kg grains kg ™) =

rate of nutrient applied ( Where:

PFP: partial factor productivity

3.15 Statistical analysis

The field data were analyzed with GenStat package 9" edition. Soil physical and chemical
properties, growth parameters, nutrient use efficiency, straw and grain yields were
analyzed using analysis of variance (ANOVA) and the means were separated using least
significant difference (Lsd) method at 5 % of probability. Repeated measurements were
used to analyze soil gravimetric moisture content. Graphical presentations were done

using Excel software.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1 Initial chemical characteristics of cattle manure and Tilemsi rock phosphate

4.1.1 Results

The chemical characteristics of manure and Tilemsi rock phosphate used during the two
years are presented in Table 4.1. Manure used in the two years had similar total nitrogen,
total phosphorus and total potassium contents. The C/N ratio of the manure ranged from

20.78 to 22.60. The Tilemsi rock phosphate on the other hand contained 28.05 % P20s.

Table 4.1: Chemical analysis of cattle manure and Tilemsi rock phosphate

Soil Total  Total Total Total Organic

47



amendments N P P,0s K,0O C CIN

Cattlemanure 15, 019" 091 208+026 194£009 3367+106  22.60

2013
Cattle manure 1.47+0.06 086 197+0.15 1.88+0.04 1| I 20.78
2014 D5+ 0.

- . 3 ) o
Tilemsi rock 28.05 26
phosphate

*Values are means of triplicate samples; *+ standard deviation

4.1.2 Discussion

Using the guidelines of Odedina et al. (2014), the levels of nitrogen, phosphorus and
potassium in the manure were considered to be high (Table 4.1). It was therefore a rich
source of plant nutrients. The C/N ratio of the manure was lower than the critical C/N of
25 required for organic materials to mineralize (Myers et al., 1994). The manure used in
the study could potentially release nitrogen for enhanced crop growth. The result of the
present study indicated that rock phosphate contained 28.05 % P20s and which is in close
agreement with 28.80 % P20s in Tilemsi rock phosphate reported by Zapata and

Roy (2004). Considering its reactivity to be medium (Zapata and Roy, 2004), the Tilemsi

rock phosphate was potentially a good source of P for plants.
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4.2 Initial soil physical and chemical characteristics of the experimental site

4.2.1 Results

The initial soil chemical and physical properties to the depth of 0 — 20 cm are presented
in Table 4.2. The results showed that soil pH was moderately acid (5.83) with low total
nitrogen (0.02%), available phosphorus (4.08 mg kg™?) and very low organic carbon
(0.39%). The exchangeable bases of the soil were adequate, in the order of 1.35, 0.78 and
0.20 cmolc kg* for Ca, Mg and K, respectively, while Na was low. The cation exchange
capacity was 2.47 cmol kg™

The texture was sandy loam with 72.54 % sand, 23.24 % silt and 4.22 % clay. The bulk

density was 1.53 g cm™,

Table 4.2: Initial soil physical and chemical characteristics of the experimental site

Soil parameters 0 — 20 cm depth
pH (1:1 H20) 5.83+0.11
Organic C (%) 0.39 £0.02
Total N (%) 0.02 + 0.003
Available P (mg kg™t) 4.08 + 0.66
Exchangeable bases (cmolc kg™)

K 0.20 +0.05
Ca 1.35+0.14
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Mg 0.78 +£0.14
Na 0.14 +£0.03
CEC (cmolckg™?) 2.47 +0.51

Physical parameters

Bulk density (g cm) 1.53 £ 0.06
Sand % 72.54 +0.63
Silt % 23.24 £ 0.53
Clay % 422 £0.31
Texture Sandy loam

*Values are means of triplicate samples from each plot; + standard deviation

4.2.2 Discussion

In relation to the threshold values for soil nutrient contents reported by Fairhurst (2012),
organic carbon, total nitrogen, available phosphorus and exchangrable sodium were low,
while exchangeable potassium, calcium and magnesium were adequate in the soil. The
initial pH value (5.83) of the experimental site was different from the findings of Kouyate
et al. (2012) who found a pH of 6.00 at Cinzana in Mali. The low pH could be attributed
to soil aluminium toxicity. According to Whalen et al. (2000), in sandy soil, most
agricultural crops perform well in the range of pH 5.6 to 7.5. Soil organic carbon (0.39 %)
of the experimental site was different from the findings of Doumbia et al. (1993) who

found 0.13 % organic carbon content in the initial soil at Cinzana Mali.

The initial total nitrogen content (0.02 %) was very low and could be a constraint for the
crop growth and yields. The initial available phosphorus content (4.08 mg kg™) in the
experimental site was low in relation to the threshold value of 15 mg kg™ reported by
Fairhurst (2012). The available P value obtained in the current study indicates the need to

supply phosphorus through inorganic fertilizer or organic resources to ensure good crop
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production. The initial soil CEC of the experimental site (2.47 cmol. kg™) was lower than
13.80 cmolc kg™ reported by Kouyate et al. (2012) in the same study area. The CEC value
recorded was lower than the optimum range of 5 to 20 cmol. kg™ as reported by Yeboah

et al. (2013). The soil was classified as Ferric Lixisol in FAQO classification (Keita, 2002).

4.3 Millet growth and yield as affected by water harvesting techniques and soil

amendments application
4.3.1 Results

4.3.1.1 Millet height as affected by water harvesting techniques and soil amendments

application

Millet height during 2013 and 2014 cropping seasons are presented in Table 4.3. During
the 2013 cropping season, millet height was significantly affected by water harvesting
techniques as well as by soil amendments management. The following trend was observed
under water harvesting techniques: zai > tied ridge > convention tillage. The trend under
organic amendment management options was M 2500 kg ha > M 0 kg ha* and under the
mineral fertilizers it was 41 kg N: 46 kg P.Os ha* > 20.5 kg N: 23 kg P,0s ha® > 0 kg N:
0 kg P2Os ha. During the 2014 cropping season, water harvesting techniques and soil
amendments significantly (P < 0.05) affected pearl millet height. The effect of water
harvesting and soil amendments on pearl millet height followed the same trend as in 2013.
The combined use of water harvesting techniques and manure application significantly (P
< 0.05) increased plant height at maturity stage in 2013 (Appendix 2). The combined use

of zai with manure at 2500 kg ha™* recorded the highest plant height.
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Table 4.3: Effects of water harvesting techniques and soil amendments on pearl millet height

in 2013 and 2014 cropping seasons

Plant height (cm)

2014

Treatments 2
Maturity

Water harvesting techniques (A)

Conventional tillage 266.60
Tied ridge 297.20
Zai 303.80
Fpr 0.03
Lsd (0.05) 26.10
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Maturity stage Stage

301.70
330.10

330.90
0.04
23.05



Organic manure (B) (kg ha™)

MO 281.10 308.50
M 2500 297.30 333.20
Fpr <0.001 <0.001
Lsd (0.05) 6.60 8.86

Mineral fertilizer (C) (kg ha®)

ON:0P20s 280.00 302.50
20.5 N: 23 P20s 295.50 328.90
41 N: 46 P20Os 291.90 331.20
Fpr 0.001 <0.001
Lsd (0.05) 8.08 10.85
IntAxB 0.005 ns
IntAxC ns ns
IntBxC ns ns
INntAxBxC ns ns
CV (%) 4.10 5.00

Int: Interaction, ns: not significant at F probability 5 %
4.3.1.2 Effects of water harvesting techniques and soil amendments on total dry matter

production

Pearl millet total dry matter production (TDM) is presented in Table 4.4. In 2013 water
harvesting techniques significantly (P < 0.05) increased TDM production at elongation,
50 % flowering and maturity stages. Zai recorded the highest value (143.20 g plant?) at
maturity, while the lowest value of total dry matter was obtained by conventional tillage
(112.40 g plant?). Manure produced better biomass yield than the control at different crop
growth stages. Manure treatment gave the highest TDM (144.90 g plant?), while the

control treatment gave the lowest (109.30 g plant?) at maturity. Total dry matter increased
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at the different growth stages with mineral fertilizer. The maximum TDM yield was
obtained by the treatment 41 kg N: 46 kg P20s ha* (139.0 g plant™) and the minimum by
the control (109.30 g plant?) at maturity.

In 2014 water harvesting techniques did not significantly (P > 0.05) affect total dry matter
production at all growth stages. Manure treatment increased biomass yield at tillering,
elongation and maturity stages. The highest biomass yield (252.70 g plant™) was reported
by manure treatment, while the control treatment gave the lowest (193.40 g plant™) at
maturity. Mineral fertilizer application enhanced TDM production at elongation, 50 %
flowering and maturity stages. The highest TDM was recorded by the treatment 20.5 kg
N: 23 kg P2Os ha® (239.40 g plant™?) and minimum by the control (198.50 g plant™).
Interactive effect of water harvesting techniques and organic manure significantly (P <
0.03) affected biomass production at tillering and elongation stages, respectively in 2013
and 2014 cropping seasons (Appendix 3). The combined use of tied ridge with manure at
2500 kg ha® had the highest TDM at elongation stage. Combined use of water harvesting
techniques and mineral fertilizer affected biomass production at tillering, elongation and
50 % flowering stages in 2013 and 2014 copping seasons (Appendix 4).

The combined use of either zai or conventional tillage with mineral fertilizer at 41 kg N:
46 kg P20s ha! yielded the highest TDM at 50 % flowering stage. Organic manure
combined with mineral fertilizer influenced TDM at elongation and 50 % flowering stages
in 2014 cropping season (Appendix 5). Application of manure at 2500 kg ha™* and mineral

fertilizer at 41 kg N: 46 kg P.Os ha* produced the highest TDM at 50 % flowering stage.
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Table 4.4: Effects of water harvesting techniques and soil amendments on dry matter production in 2013 and 2014 cropping seasons

Dry matter production (g plant™)

2013 2014
Treatments - 50 % >0 %
Tillering  Elongation  flowering  Maturity Tillering  Elongation flowering Maturity
stage stage stage stage stage stage stage stage
Water harvesting techniques (A) 112.40
C. tillage 1.26 23.60 94.60 2.10 51.70 201.80 210.00
Tied ridge 1.38 28.80 116.90 125.80 1.86 46.30 200.00 237.70
Zai 1.47 37.10 130.20 1.77 39.30 142.90 221.40
143.20
Fpr 0.19 0.045 0.03 0.05 0.59 0.23 0.15 0.29
Lsd (0.05) ns 9.81 23.16 2291 ns ns ns ns
Organic manure (B) (kg hat)
MO 1.24 24.60 99.70 109.30 1.60 39.70 174.00 193.40
M 2500 1.51 34.70 128.10 144.90 2.22 51.90 189.10 252.70
Fpr 0.002 <0.001 <0.001 <0.001 0.005 <0.001 0.16 <0.001
Lsd (0.05) 0.17 4.76 12.47 10.68 0.410 6.77 ns 24.76
Mineral fertilizer (C) (kg ha)

0 N: 0 P2Os 1.37 24.70 104.30 109.30 1.64 39.60 157.70 198.50
20.5 N: 23 P20s 1.35 31.20 111.50 132.70 2.15 49.10 181.80 239.40
41 N: 46 P20s 1.40 33.60 125.90 139.30 1.94 48.60 205.10 231.20
Fpr 0.85 0.01 0.02 <0.001 0.13 0.04 0.004 0.02
Lsd (0.05) ns 5.83 15.28 13.08 ns 8.29 26.50 30.32
Int AxB <0.001 ns ns ns ns 0.03 ns ns
Int AxC ns 0.03 0.03 ns 0.04 0.001 0.02 ns
Int (B xC) ns ns ns ns ns 0.001 0.03 ns



IntAxBxC ns ns ns ns ns ns ns ns
CV (%) 22.10 28.70 19.70 15.10 39.10 26.60 21.40 20.00

Int: Interaction, C. tillage: Conventional tillage, ns: not significant at F probability 5 %
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4.3.1.3 Effects of water harvesting techniques and soil amendments and their

interaction on straw and grain yields

The results of straw and grain yields as affected by water harvesting techniques and soil
amendments application showed that the yields were higher in 2014 than 2013 cropping

seasons (Table 4.5).

In 2013 pearl millet grain yield significantly (P = 0.004) increased under zai by 47 %
followed by tied ridge (31.37 %) compared to conventional tillage. On the other hand,
manure increased the grain yield by 45 % over the control, while the application of mineral
fertilizers (Tilemsi rock phosphate and urea) increased grain yield on the average by 54 %
compared with the control regardless of water harvesting techniques. Combined
application of manure and mineral fertilizer significantly (P < 0.001) increased the millet
grain yield (Table 4.6). Application of manure at 2500 kg ha* and mineral fertilizer at
20.5 kg N: 23 kg P20Os ha recorded the highest grain yield (1728 kg ha), while the
lowest grain yield was obtained under no application of manure and mineral fertilizer (846
kg hal). However, the interactive effect of water harvesting techniques and soil

amendments (manure and mineral fertilizer) was not significant (P > 0.05) (Table 4.5).

In 2014 higher grain yields were recorded compared to the 2013 cropping season. The
grain yield increased on the average by 67 and 53 %, respectively in the zai and the tied
ridge plots irrespective of soil amendments applied. The application of manure
significantly increased (P < 0.001) the grain yield by 29 % over the control, whereas grain
yield increase of 34 % was recorded with the mineral fertilizer. There was a significant

interaction (P = 0.045) between manure and mineral fertilizer applications on grain yield.
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Yet no significant interaction was recorded between water harvesting techniques and soil

amendments applied in the current study (Table 4.5).

The straw yield recorded in this study followed the same trend as the grain yield in 2013
and 2014 cropping seasons. However, in 2014 a significant interaction (P = 0.048) was
observed between water harvesting techniques and manure application on millet straw
yield while all the other interactions remained non significant (Table 4.7). The combined
use of zai with manure at 2500 kg ha™ led to the highest amount of straw yield (6577 kg
ha!). The use of convectional tillage without manure gave the lowest straw yield (3861

kg hat).
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Table 4.5: Effects of water harvesting techniques and soil amendments on pearl millet

straw and grain yields in 2013 and 2014 cropping seasons

Straw yield Grain yield Straw yield Grain yield

Treatments 2022 2014
----------------------------- (kg hal) -----eemmmmeem e
Water harvesting techniques (A)
Conventional tillage 3148 781 4162 1035
Tied ridge 3946 1026 5696 1587
Zai 4440 1151 5426 1730
Fpr 0.048 0.004 0.025 <0.001
Lsd (0.05) 957.60 136.60 986.90 136.10
Organic manure (B) (kg hat)
806
MO 3397 4327 1245
M2500 4291 1166 5862 1603
Fpr <0.001 < 0.001 <0.001 <0.001
Lsd (0.05) 454.50 99.40 553.80 151.00
Mineral fertilizers (C) (kg ha” )
1
3371 o
0 N: 0 P20s 4331 1186
20.5 N: 23 P20s 4005 1078 5445 1564
41 N: 46 P20s 4157 1155 5508 1603
Fpr 0.02 <0.001 0.002 < 0.001
Lsd (0.05) 556.70 121.80 678.20 185.00
IntAxB ns ns 0.048 ns
IntAxC ns ns ns ns
IntBxC ns <0.001 ns 0.045
IntAxBxC ns ns ns ns
CV (%) 21.30 18.10 19.60 18.70

Int: Interaction, ns: not significant at F probability 5 %
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Table 4.6: Interactive effect of manure and mineral fertilizer on pearl millet grain yield in
2013 and 2014 cropping seasons

Manure  Mineral fertilizer Grain yield (kg hat)
(kghal) (kg ha?) 2013
2014

MO ON:0P 433 846
20.5 N: 23 P20s 1044 1399
41 N: 46 P2Os 1111 1428

M 2500 0 N: 0 P20s 1017 1525
20.5 N: 23 P20s 940 1728
41 N: 46 P20s 1370 1716
Fpr <0.001 0.045
Lsd (0.05) 172.20 261.60

Table 4.7: Interactive effect of water harvesting techniques and manure on pearl millet
straw yield in 2014 cropping season

Water iold
harvesting I\Qanhur_(j Stfwhyf
techniques (kg ha™) (kg ha™)
C. tillage MO 3861

M 2500 4463
Tiedridge MO 4847

M 2500 6546
Zai MO 4275

M 2500 6577

Fpr 0.048

Lsd (0.05) 959.20

C. tillage: Conventional tillage
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4.3.1.4 Added benefits from combined use of water harvesting techniques and soil

amendments on grain yield of pearl millet

The change in grain yield resulting from the interaction of manure and N and P fertilizer
is shown in the Figure 4.1. In both cropping seasons, the added benefit of combined
manure and mineral fertilizer was not significant. The added benefit of grain yield ranged
from -517 to -285 kg grain ha in the first year for treatment 20.5 kg N: 23 kg P2Os ha!
+ M 2500 kg ha and 41 kg N: 46 kg P20s hat + M 2500 kg ha, respectively. In the
second year, the observed values were -351 and -487 under treatments 41 kg N: 46 kg

P,Os hat + M 2500 kg ha* and 20.5 kg N: 23 kg P2Os hat + M 2500 kg ha'?, respectively.

The added benefit was negative under water harvesting techniques as shown in Figure 4.2.
Zai recorded -396 and -729 kg grain ha* followed by tied ridge (-502 and -357 kg grain

ha) and conventional tillage (-304 and -171 kg grain ha?), respectively in 2013 and 2014.

Combined manure and mineral fertilizer applications
20.5 N 23 P205+ M2500 41 N 46 P205 + M 2500
,:-\ 0 T 1
= -100 -
=
5 -200
5
P -300
~ -400
=2
= -500 T
S 600 -
3 -
§ -700 -
jﬁ‘ -800 - M Added benefit 2013 M Added benefit 2014

Added benefits with no error bars were not significantly different (p > 0.05)

Figure 4.1: Effects of manure and mineral fertilizer on added benefits
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C. tillage: Conventional tillage
Added benefits with no error bars were not significantly different (p > 0.05) Figure

4.2: Effects of water harvesting techniques on added benefits

4.3.1.5 Harvest Index

In the two cropping seasons, water harvesting techniques did not significantly (P > 0.05)
affect harvest index (Table 4.8). However, soil amendment treatments significantly (P <

0.001) influenced harvest index.

In 2013 harvest index (HI) values in response to water harvesting techniques ranged from
24.86 to 26.58 % in the order of conventional tillage = tied ridge = zai. Soil amendment
treatments were significantly different (P < 0.05). The organic manure had a higher HlI
(27.77 %) than the control (23.85 %) and the HI values for the mineral fertilizer treatments
ranged from 28.10 to 22.01 % in the decreasing order of 41 kg N: 46 kg P.Os ha™ > 20.5

kg N: 23 kg P,0s ha! > 0 kg N: 0 kg P2Os ha™.

In 2014 there were no significant differences among water harvesting techniques and soil

amendment treatments. The harvest index values from water harvesting techniques ranged
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from 25.20 to 32.60 %. Soil amendment treatments were not significantly different (P >
0.05). However, the control had a higher value (29.50 %) than the manure treatment value
(28.50 %) and the values for mineral fertilizer ranged from 27.60 to

30.40 % in the order of 0 kg N: 0 kg P20s ha® = 20.5 kg N: 23 kg P2Os ha™ = 41 kg N: 46

kg P.Os ha,

Table 4.8: Effects of water harvesting techniques and soil amendments on pearl millet

harvest index in 2013 and 2014 cropping seasons

Harvest index (%)

Treatments 2013 2014
Water  harvesting  techniques  (A)
Conventional tillage 24.86 25.20
Tied ridge 26.58 29.30
Zai 26.00 32.60
Fpr 0.64 0.19
Lsd (0.05) ns ns
Organic manure (B) (kg ha)
MO 23.85 29.50
M 2500 27.77 28.5
Fpr 0.014 0.65
Lsd (0.05) 3.07 ns
Mineral fertilizer (C) (kg hat)
0 N: 0 P20s 22.01 27.60
20.5 N: 23 P20s 27.32 29.10
41 N: 46 P20s 28.10 30.40
Fpr 0.005 0.57
Lsd (0.05) 3.77 ns
INtAxB ns ns
IntAxC ns ns
IntBxC ns ns
IntAxBxC ns ns
CV (%) 21.4 26.8

Int: interaction, ns: not significant at F probability 5 %
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4.3.1.6 Agronomic efficiency

The effects of N and P fertilizers on agronomic efficiency (AE) are summarized in Table
4.9. In the two cropping seasons, agronomic efficiency was not significantly (P > 0.05)
different under water harvesting techniques. However, there was a significant effect of
soil amendments (P < 0.001) on agronomic efficiency. The interactive effects of water

harvesting techniques and the soil amendments were not significantly different.

In 2013 the N agronomic efficiency values under water harvesting techniques ranged from
13.94 t0 19.32 kg kg* and the P agronomic efficiency ranged from 11.63 to 16.12 kg kg
Lin the order of zai = tied ridge = conventional tillage. The soil amendment treatments
significantly (P < 0.001) affected N and P agronomic efficiencies. The AE for nitrogen
was in the order of 20.5 kg N: 23 kg P.Os ha > M 2500 kg ha® > 41 kg N: 46 kg P20s
ha! > 41 kg N: 46 kg P,0s ha! + M 2500 kg ha > 20.5 kg N: 23 kg P2Os hat + M 2500
kg ha! and the trend for P AE was 20.5 kg N: 23 kg P20s ha™* > M 2500 kg ha* > 41 kg
N: 46 kg P.Os ha* > 20.5 kg N: 23 kg P-Os ha't + M 2500 kg ha > 41 kg N: 46 kg P20s
hat + M 2500 kg ha™. The highest AE value was recorded by the 20.5 kg N: 23 kg P2Os
ha™! treatment with 29.82 kg kg™ N and 26.58 kg kg™ P, whilst the lowest values were
reported under 41 kg N: 46 kg P2Os hat + M 2500 kg ha* treatment with 11.19 kg kg N

and 9.13 kg kg P, respectively.

In 2014 the agronomic N efficiency values under water harvesting techniques ranged from
12.23 t0 23.10 kg kgt and the P values varied from 10.30 to 19.19 kg kg™ in the order of
conventional tillage = tied ridge = zai. The soil amendment treatments significantly (P <

0.001) affected the agronomic N and P efficiencies. The agronomic N efficiency followed
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the order of 20.5 kg N: 23 kg P20s ha™* > M 2500 kg ha™ > 41 kg N: 46 kg P,Os ha* >
20.5 kg N: 23 kg P20Os ha + M 2500 kg ha* > 41 kg N: 46 kg P2Os ha* + M 2500 kg ha-
! and the agronomic P efficiency trend was 20.5 kg N: 23 kg P20Os ha™* > M 2500 kg ha'
> 41 kg N: 46 kg P2Os ha > 20.5 kg N: 23 kg P20s hat + M 2500 kg ha® > 41 kg N: 46
kg P20s hat + M 2500 kg ha™. The highest AE for N and P value was recorded by 20.5
kg N: 23 kg P-Os ha’. The interactive effects of water harvesting techniques, manure and

mineral fertilizer did not significantly (P > 0.05) influence agronomic efficiency.
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Table 4.9: Effects of water harvesting techniques and soil amendments on N and P
agronomic efficiency in 2013 and 2014 cropping seasons

Agronomic efficiency (kg kg™t)

Treatments 2013 2014

NAE PAE NAE PAE
Water harvesting techniques (A)
Conventional tillage 12.23 10.30

13.94 11.63
Tied ridge 15.69 13.09 17.31 14.42
Zai 19.32 16.12 23.10 19.19
Fpr 0.23 0.25 0.12 0.12
Lsd (0.05) ns ns ns ns
Soil amendments (SA) (kg ha)
0 N: 0 P20s y - - -
M 2500 kg 15.66 11.85 18.47 13.78
20.5 N: 23 P20s 29.82 26.58 26.99 24.06
41 N: 46 P2Os 12.37 11.03 15.70 13.99
20.5 N: 23 P20s + M 2500 11.75 9.04 15.40 12.20
41 N: 46 P.Os + M 2500 11.97 9.56 11.19 9.13
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 5.80 5.05 5.87 4.86
Int A x SA ns ns ns ns
CV (%) 36.50 38.10 34.40 34.10

Int: interaction, ns: not significant at F probability 5 %
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4.3.2 Discussion

4.3.2.1 Millet height as affected by water harvesting techniques and soil amendments

application

Millet grown under water harvesting techniques (zai and tied ridge) gave the highest height
values compared to the conventional tillage. The highest plant height values obtained with
water harvesting techniques could be attributed to the increase in soil water content in
these water harvesting techniques structures which led to better root development thereby
increasing millet growth. The results obtained in the current study corroborate with those
reported by Kouyaté et al. (2000) who reported that tied ridge increased sorghum height
than ripping. The results also confirm the those reported by Fatondji (2002) who showed

that zai increased millet growth in terms of height as compared to planting in flat.

The lowest plant height recorded under conventional tillage in the two cropping seasons
could be due to low moisture availability. Application of manure or mineral P fertilizer
during sowing period improved early development of pearl millet root which induced
rapid growth of crop. Ayoola and Adeniyan (2006) reported that application of poultry
manure and P fertilizers influenced plant growth and yield by providing more nutrients.
The combination of organic manure and mineral fertilizer gave the best result in terms of
pearl millet growth because of the quantity of nutrients made available to the soil- crop
system during the growing stage. Rock phosphate and urea made nutrients directly
available to the crop, while the organic manure released the nutrient slowly during the
cropping period. The beneficial effects of combined organic manure and mineral
fertilizers on cereal growth have previously been highlighted (Ouédraogo, 2004; Patel et
al., 2013).
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4.3.2.2 Effects of water harvesting techniques and soil amendments on total dry

matter production

Total dry matter of pearl millet was significantly (P < 0.05) enhanced by water harvesting
techniques at elongation, 50 % flowering and maturity stages of growth in 2013. However,
in 2014 water harvesting techniques did not significantly (P > 0.05) increase TDM (Table
4.4). This could be explained by the fact that water was not a limiting factor because the
amount of water recorded was high and enough to satisfy crop requirement. The current
result is in line with the earlier report by Zougmoreé et al. (2014) who reported the potential

of water harvesting techniques in increasing crop performance when the rainfall is limited.

Manure application increased total dry matter production at all stages of crop growth
except at 50% flowering stage in 2014. The highest TDM (252.70 g plant™) was recorded
under manure treatment at maturity, while the lowest (193.40 g plant) was obtained by
the control. This could be explained by increase of soil moisture in the root zone which
improved nutrient uptake by the crop. This finding was consistent with the report of
Fatondji (2002) that total dry matter increased with the use of zai. Moreover, manure
application increased the total dry matter production by 32.57 % relative to the control.
This could be due to increase in plant nutrients availability through the decomposition of
manure and soil moisture retention effect of manure which led to rapid millet growth and

consequently enhanced dry matter production.
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Application of mineral fertilizer had a significant effect on millet total dry matter
production. This could be attributed to the positive effect of mineral fertilizer in
stimulating early root growth and enhancing plant nutrients availability which,
consequently, improved biomass production. The present results are in agreement with the
findings of Cooper et al. (1987) who showed that application of modest amounts of
nitrogen and phosphorus fertilizers to soils is effective in increasing root development,

and better dry matter production.

4.3.2.3 Effects of water harvesting techniques and soil amendments and their

interaction on straw and grain yields

Pearl millet grain yield significantly increased on average by 57.00 and 42.00 % under zai
and tied ridge, respectively compared to conventional tillage. Perhaps these results are due
to the better soil moisture conservation and the availability of nutrients in the vicinity of
millet rooting system in the water harvesting techniques in comparison with conventional
tillage. The observed increases in grain yield following the use of zai compared favourably
with the 32 % increase in grain yield of pearl millet reported by Fatondji (2002) in Niger
but was lower than the 212 % increase in grain yield of sorghum reported by Wedum et
al. (1996) in Mali. The increase in millet grain yield recorded by the use of tied ridge
(42.00 % on average) was lower than that documented with zai. However, the increase in
millet grain yield recorded in the current study was markedly higher than the 10.00 %
increase in sorghum grain yield reported by Kouyaté et al. (2012) under tied ridge. Other
reports indicated an increase of millet grain yield by 56.00 % under tied ridge compared

to farmers’ practice (Yoseph and Gebre, 2015). Yet, contrasting results were reported by
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Kihara et al. (2012) who observed a decrease in yield of maize under tied ridge as a result
of rainfall scarcity.

Manure application increased the millet grain yield by 44.66 % while the mineral fertilizer
application increased grain yield by 48.68 and 59.31 % for 20.5 kg N: 23 kg P2Os ha* and
41 kg N: 46 kg P.Os hat application rates, respectively compared to the control. Pearl
millet performance under different soil amendment management options could be related
to N and P availability to the crop and the manure quality. Similar result was obtained by
Akponikpe et al. (2008) who reported that manure and crop residue application increased
pearl millet yield by 95 % in Niger. Higher yield obtained under combined use of manure
and mineral fertilizer could be attributed (apart from the supply of nutrient by both
amendments) to the soil moisture improvement and also the micronutrient provided by to

manure application (Zougmoreé et al., 2003a; Arvind et al., 2006).

As productivity of most soils in their native state in the study area is very low (Bationo et
al., 1998), applying plant nutrients (compost, urea and NPK) to these poor soils induced
great positive reaction to crop production, particularly during good rainfall years when
soil moisture constraint is less (Zougmore et al., 2004). In plots with compost application,
the mineralization of compost released not only the macro nutrients such as nitrogen and
phosphorus but also considerable amounts of micronutrients for plant use (Zougmoré et

al., 2010)

Significant crop response to chemical fertilizer application in this study indicated the
importance of fertilizer in the cropping system. Cropping system management should
integrate appropriate water harvesting techniques, organic resources, even in small

quantities, and the use of mineral fertilizers. This confirms the report by Vanlauwe et al.
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(2011) who discovered greater agronomic performance when mineral fertilizer was

combined with manure or compost.

4.3.2.4 Added benefit from combined use of water harvesting techniques and soil

amendments on yield of pearl millet

The negative added benefits (antagonistic effect) under combined application of manure
and mineral fertilizer could be attributed to the low nutrient utilization efficiencies and
moisture stress at dry spell period. Similarly, Opoku (2011) found negative added benefit
of cereals in Niger. Ouédraogo et al. (2007) reported an added benefit of -101 kg ha*
following the combined application of sheep manure and urea and attributed the
antagonistic effect to low nutrient utilization efficiency induced by moisture stress during
grain filling. Mucheru et al. (2002) also found negative added benefits in the order of -
150 to -250 kg ha? following the combined application of 30 kg N ha? of Leucaena
leucocephala and 30 kg N ha? of mineral fertilizer. The antagonistic effect of L.
leucocephala biomass and mineral fertilizer observed by these authors was however
attributed to the high polyphenol content of the organic manure and its adverse effect on
decomposition rate and N release. Moreover, the positive interaction between manure and
mineral fertilizer at Sarauniya (Opoku, 2011), as indicated by the added benefits of 117 —
684 kg ha* was consistent with the body of evidence attesting to the profound synergism

between organic and mineral fertilizers (Vanlauwe et al., 2001).

71



4.3.2.5 Harvest Index

The HI, according to Smith and Hamel (2012), usually refers to the proportion of the total
dry weight biomass (grain/biomass) in the harvest organs or the ability to mobilize
photosynthates from stover (pod, straw) to seed (Polania et al., 2015). Harvest Index,
which reflects the efficiency of dry matter partitioning to the grain, is presented in Table
4.8. In the two cropping seasons, the HI was not significantly affected by different water
harvesting techniques. Mahalakshmi and Bidinger (1985) found that water stress during
flowering and grain filling reduced grain yields of both main shoot and tillers, making this
the most sensitive stage. Fatondji (2002) reported that zai increased the harvest index
mainly, a year characterized by intermittent dry spells that may have induced poor grain

filling in contrast to a year with relatively better rainfall distribution.

In 2013 either manure and mineral fertilizer application significantly (P < 0.05) increased
pearl millet HI. Similar result reported by Bekeko (2014) showed that farm yard manure
and inorganic fertilizers either in sole or in combination could increase maize harvest
index in eastern Ethiopia. According to Silva et al. (2006), manure application increased
harvest index in two corn cultivars in Brazil. In 2014 soil amendment did not significantly
(P <0.05) increase pearl millet harvest index. The result accords with the findings of Zafar
et al. (2012) who reported that application of different P inputs did not significantly

increase harvest index.

4.3.2.6 Agronomic efficiency

Agronomic efficiency is defined as kilogramme crop yield increase per kilogramme

nutrient applied. There was no significant effect of water harvesting techniques on
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agronomic N and P efficiencies in the two cropping seasons (Table 4.9). Contrarily, result
reported by Fatondji (2002) showed that zai improved nutrient agronomic efficiency
compared to planting on the flat. However, soil amendment treatments were significantly
(P < 0.001) different in N and P agronomic efficiencies. A higher value of AE was
recorded under treatment 20.5 kg N: 23 kg P20s ha™* with 29.82 kg kg™ N and 26.58 kg
kg™ P in 2014 that could be due to early availability and the efficient use of nutrients by
crop. In this study, it was observed that the higher the rate of manure and mineral fertilizer
applications, the lower the agronomic efficiency. Similarly, Efthimiadou et al. (2010)
reported that agronomic efficiency was greater under low rates of mineral fertilizer than
the high rates of mineral fertilizer. Also, Vanlauwe et al. (2011) reported that agronomic
efficiency is low for excessive inorganic and organic fertilizer applications. The
interaction among water harvesting technigques, organic manure and mineral fertilizer
applications did not significantly (P > 0.05) influence agronomic efficiency. Fatondji et
al. (2007) indicated that agronomic efficiency increased under 1000 kg of manure

application and decreased with increase of manure rate.
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4.4 Effect of water harvesting techniques and soil amendments on soil moisture

content and rainwater use efficiency

4.4.1 Effects of water harvesting techniques and soil amendments on soil moisture

content

4.4.1.1 Results

4.4.1.1.1 Effects of water harvesting techniques and soil amendments on soil

gravimetric moisture content

The effects of water harvesting techniques and soil amendments on soil gravimetric
moisture content are summarized in Table 4.10. Soil gravimetric moisture content was
significantly (P < 0.001) affected under water harvesting techniques in the two cropping
seasons. In 2014 the highest value was recorded under zai pit (13.91 %) at 0 — 20 cm depth
while the lowest was obtained under conventional tillage (9.60 %) at 0 — 20 cm depth. The
trend at 20 — 40 cm depth was zai > tied ridge > conventional tillage. Gravimetric moisture

content increased from 0 — 20 cm to 20 - 40 cm depth except under conventional tillage.

In 2013 the use of manure significantly (P < 0.001) increased the gravimetric moisture
content (8.59 %) at the 0 — 20 cm depth as compared to the control (7.72 %). However,
there was no effect of manure application on the gravimetric moisture content of the
subsoil (20 — 40 cm depth). Mineral fertilizer application also did not significantly (P >

0.05) influence soil gravimetric moisture content at both depths.

In 2014 manure treatment significantly (P < 0.001 and P = 0.02) increased soil moisture
content by 12.99 and 13.79 % at 0 — 20 and 20 — 40 cm depths, respectively as compared

to the control (10.34 and 11.05 %). Mineral fertilizer significantly (P = 0.009 and P = 0.02)
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increased soil gravimetric moisture content. The trend was 41 kg N: 46 kg P,Os ha' >
20.5 kg N: 23 kg P.Os ha = 0 kg N: 0 kg P.Os ha at 0 — 20 cm depth and 41 kg N: 46
kg P2Os ha! > 20.5 kg N: 23 kg P20s ha > 0 kg N: 0 kg P2Os ha* at 20 — 40 cm. The
highest value was recorded by 41 kg N: 46 kg P2Os ha and the lowest by 0 kg N: 0 kg

P,0Os ha.

The interactive effect of water harvesting techniques and organic manure significantly (P
= 0.01) influenced soil gravimetric moisture content at 0 — 20 cm and 20 — 40 cm depths,
respectively in 2013 and 2014 (Table 4.11). The highest value was obtained under zai

technique and the lowest under conventional tillage.

Table 4.10: Effects of water harvesting techniques and soil amendments on gravimetric

moisture content at depth of 0 - 20 cm and 20 — 40 cm in 2013 and 2014 cropping seasons
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Moisture content (%)

Treatments 2013 2014
0-20cm 20-40cm 0-20cm 20-40cm
Water harvesting techniques (A)

Conventional tillage 7.28 8.85 9.60 9.50
Tied ridge 7.92 9.40 11.48 12.63
Zai 9.26 11.87 13.91 15.12
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 0.55 0.32 0.57 0.10
Organic manure (B) (kg ha™®)

MO 7.72 9.85 10.34 11.05
M 2500 8.59 10.22 12.99 13.79
Fpr <0.001 0.20 <0.001 0.02
Lsd (0.05) 0.45 ns 0.46 0.81
Mineral fertilizer (C) (kg ha?)

0 N:0P20s 8.24 10.33 11.17 11.05
20.5 N: 23 P20s 8.06 9.76 11.74 12.59
41 N: 46 P20Os 8.16 10.02 12.08 13.06
Fpr 0.55 0.28 0.009 0.02
Lsd (0.05) ns ns HIESY: 0.10
IntAxB 0.01 ns ns 0.05
IntAxC ns ns ns ns
IntBxC ns ns ns ns
IntAxBxC ns ns ns ns
CV (%) 19.90 16.70 11.40 18.20

In: Interaction, ns: not significant at F probability 5 %
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Table 4.11: Interactive effect of water harvesting techniques and manure on soil
gravimetric moisture content in 2013 and 2014 cropping seasons

Soil moisture content (%)

Water harvesting ~ Manure

techniques (kg ha-1) 0-20cm 20-40cm

2013 2014
C. tillage MO 7.06 8.45
M 2500 7.51 10.55
Tied ridge MO 7.77 11.18
M 2500 8.06 14.08
MO 8.34 13.51

Zai
M 2500 10.19 16.73
Fpr 0.01 0.05
Lsd (0.05) 1.63 1.41

C. tillage: Conventional tillage

4.4.1.1.2 Effects of water harvesting techniques and soil amendments on soil

moisture storage

Results on soil moisture storage are presented in Table 4.12. Soil moisture storage was
significantly (P < 0.05) affected by water harvesting techniques in 2014 cropping season.
The use of zai pit led to significantly higher soil moisture storage at the 20 — 40 cm depth
at 45 and 90 days after sowing. Conventional tillage on the other hand led to the lowest

soil moisture storage.

Manure application significantly (P < 0.001) influenced the soil moisture storage at both
depths and sampling days compared to the control. The highest value was 50.98 mm at

20 — 40 cm depth at 45 days after sowing. Soil moisture storage was also significantly (P
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< 0.05) high at the 20 — 40 cm and 0 — 20 cm depths at 45 and 90 days, respectively on
mineral fertilizer plots. The highest value obtained (46.32 mm) was at 20 — 40 cm depth

at 45 days.

The combined effect of water harvesting techniques and manure application increased the
soil moisture storage at the 0 - 20 cm at 45 days after sowing (Table 4.13). A significant
interactive effect between manure and mineral fertilizer applications also led to increase
in the soil moisture storage at both the 0 — 20 and 20 — 40 cm depths at 45 days after
sowing (Table 4.14). At 90 days after sowing, however, only the moisture stored at the 0
— 20 cm was affected by the combined effect of manure and mineral

fertilizer.
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Table 4.12: Effects of water harvesting techniques and soil amendments on soil moisture
storage in 2014 cropping season

Soil moisture storage (mm)

Treatments 0-20cm 20-40cm 0-20cm 20-40cm
45 days 90 days
Water harvesting techniques (A)

Conventional tillage 39.62 39.48 19.16 13.7
Tied ridge 39.34 47.16 20.42 22.14
Zai 45.08 52.06 31.48 25.92
Fpr 0.005 0.040 0.003 0.040
Lsd (0.05) 2.42 9.08 4.38 8.78

Organic manure (B) (kg ha™)

b 36.98 41.48 15.02 13.44
M 2508 45,72 50.98 32.34 27.72
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 2.76 2.60 2.42 3.40
Mineral fertlizer (C) (kg ha)

0 N:0P20s 42.24 43.88 20.36 20.04
20.5 N: 23 P20s 39.02 48.52 24.98 20.86
41 N: 46 P2Os 42.78 46.32 25.7 20.84
Fpr 0.06 0.02 0.002 0.90
Lsd (0.05) ns 3.2 2.96 ns
IntAxB 0.04 ns ns ns
IntAxC ns ns ns ns
IntBxC "< 0.001 0.001 0.040 ns
INntAxBxC ns ns ns ns
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CV (%) 12.00 10.10 18.40 29.80

Int: interaction, ns: not significant at F probability 5 %

Table 4.13: Interactive effect of water harvesting techniques and organic manure on soil
moisture storage at 45 days (0 - 20 cm depth) in 2014 cropping season

Water harvesting Manure soil moisture storage (mm)
techniques (kg ha'l) 45 days (0 -20 cm)
Conventional tillage ~ MO 32.74

M 2500 46.52
Tied ridge MO 35.66

M 2500 43
Zai MO 42.54

M 2500 47.62

Fpr 0.04

Lsd (0.05) 3.84

Table 4.14: Interactive effect between manure and mineral fertilizer at 45 and 90 days

(0 — 20 and 20 — 40 cm depth) on soil moisture storage in 2014 cropping season

Mineral soil moisture storage (mm)

(kg hat) fertilizer (kg 45 days 45 days 90 days
hat) 0-20cm 20 - 40 cm 0-20cm

MO 0 N: 0 P20s 33.88 35.44 9.44
20.5 N: 23 P20s 33.94 45.34 17.38
41 N: 46 P20s 43.12 43.68 18.26

M 2500 O N:0P20s 50.6 52.32 31.28
20.5 N: 23 P20s 44.08 51.68 32.58
41 N: 46 P20s 42.44 48.96 33.14
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Fpr <0.001 0.001 0.04
Lsd (0.05) 4.80 4.52 4.20

Manure

4.4.1.1.3 Effects of water harvesting techniques and soil amendments on bulk

density of soil

Conventional tillage had the highest bulk density in the two depths and days of sampling
whilst the lowest bulk density was recorded by the tied ridge. Manure treatment had lower
bulk density as compared to the control. A higher value recorded under the control was
1.49 g cm™ at 20 - 40 cm depth 90 days after sowing. Mineral fertilizer also significantly

(P =0.006) affected bulk density at the two depths at 45 days after sowing (Table 4.15).

The combined effect of water harvesting techniques and manure application

significantly decreased the bulk density of the subsoil at 90 days after sowing (Appendix
6). The combined use of conventional tillage without manure application recorded the
highest bulk density (1.55 g cm™) while the zai with manure application obtained the

lowest value (1.26 g cm™3).
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Table 4.15: Effects of water harvesting techniques and soil amendments on soil bulk
density in 2014 cropping season

Bulk density (g cm®) in 2014

Treatments 45 days 45 days 90 days 90 days

0-20cm 20—-40cm 0-20cm 20-40cm

Water harvesting techniques (A)

Conventional tillage 1.52 1.50 1.51 1.52
Tied ridge 1.35 1.38 1.45 1.45
Zai J=35 33 1.46 1.35
Fpr 0.028 0.027 0.460 0.280
Lsd (0.05) 0.12 0.13 ns ns
Organic manure (B) (kg hat)

MO 1.47 1.45 1.48 1.49
M 2500 1.35 1.33 1.46 1.39
Fpr <0.001 <0.001 0.270 <0.001
Lsd (0.05) 0.045 0.045 ns 0.04
Mineral fertilizer (C) (kg ha)

ON:0P20s 146 1.44 1.49 148
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20.5 N: 23 P20s 1.41 1.39 1.48 1.44

41 N: 46 P20Os 1.36 1.34 1.46 1.39
Fpr 0.006 0.006 0.430 0.003
Lsd (0.05) 0.05 0.056 ns 0.04
IntAxB ns ns ns 0.028
IntAxC ns ns ns ns
IntBxC ns ns ns ns
INntAxBxC ns ns ns ns
CV (%) 5.80 5.90 5.00 5.10

Int: interaction, ns: not significant at F probability 5 %

4.4.1.2 Discussion
4.4.1.2.1 Effects of water harvesting techniques and soil amendments on soil

gravimetric moisture content

Gravimetric moisture content was significantly (P < 0.001) higher under water harvesting
techniques notably in the second year of the experiment (2014) which could be attributed
to the increase in rainwater stored during this period. Zougmoré et al. (2003a) observed
an increase in soil water content under tied ridge practice up to 20 % compared to the
conventional tillage practice because of the high total porosity as a result of low bulk

density induced by soil structure disturbance caused by tillage.

The mean soil moisture content over the 14 weeks measurement in the top and sub soil
corresponded with the trend of zai > tied ridge > conventional tillage. Parvin (2012) had

reported a similar result that the water content increased with depth. The higher moisture
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could be due to manure only or combined with mineral fertilizer applied under the zai and
tied ridge treatments. The organic manure retained water and could conserve soil moisture

through soil structure improvement.

On the sandy loam soils in the experimental area, emphasis must be placed on optimizing
soil moisture storage during the peak periods of rainfall. Beyond this period, any incidence
of reduced rainfall results in a drastic depletion of available soil moisture in the rooting

zone for sustainable crop production.

4.4.1.2.2 Effects of water harvesting techniques and soil amendments on soil moisture

storage

The source of water for the growth, development and yield of crops in rainfed agriculture
is rainfall (Mweso, 2003). Rainfall in the study area is erratic and a major limiting factor
for arable crop production and therefore any soil management practice adopted must create
favourable soil conditions for effective water conservation in order to meet crop
requirements. Soil moisture is highly critical in ensuring good and uniform seed
germination and seedling emergence (Arsyid et al., 2009), crop growth and yield. The
condition implies that in-situ moisture conservation which is a necessity to sustaining high
crop growth and yield, particularly in rainfed agriculture must be optimized as similarly

reported by Adama (2003).

The soil moisture storage at 45 and 90 days after sowing at the 0 — 20 cm depth ranged

from 20.42 to 39.34 mm under tied ridge and 31.48 to 45.08 mm under zai. The soil
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moisture stored at 45 and 90 days after sowing at 20 — 40 cm depth ranged from 25.92 to

52.06 mm under zai and 22.14 to 47.16 mm under tied ridge.

Soil moisture was higher under zai and tied ridge as compared to conventional tillage. The
higher soil moisture stored under zai at 45 days after sowing can be attributed to the higher
rainfall recorded during this period. It could further be explained also by the amount of
rainwater stored in the pit. The higher impact of zai on moisture stored could be attributed
to the low soil disturbance and soil compaction under zai technique. However, the soil
moisture stored decreased at 90 days after sowing corresponding to the decrease in amount
of rainfall. Soil moisture storage is affected by tillage practices as observed by Zougmoré
et al. (2004). Zai technique promotes water collection and therefore increases the soil

water content in root zone (Roose et al., 1993).

Furthermore, higher water stored under the tied ridge than conventional tillage could be
due to design of the former which allowed higher water capture and retention than the
fairly flat surface under the latter (with little potential for water capturing). Similar results
was reported by Motsi et al. (2004) who showed that tied ridge conserved better soil
moisture than conventional tillage. In Ethiopia, Yoseph and Gebre (2015) reported that

tied ridge is the best practice for moisture conservation for increased crop productivity.

The higher moisture stored under zai with manure at 45 days could be explained by the
fact that the manure in the seed hole might have contributed to retaining rainwater captured
by the pit, and thus reduced moisture loss...The combined use of tied ridge and manure
also improved soil moisture stored at 45 days at the 0 — 20 cm depth compared to tied
ridge alone. This suggests a complementary effect of manure with the tillage practice on

moisture stored. According to Chepkemoi (2014), tied ridge with application of farmyard
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manure and Minjingu rock phosphate was more efficient for moisture conservation (6.73
%) than the oxen ploughing (3.2 %).

The combined effect of manure and mineral fertilizer significantly (P < 0.05) increased
soil moisture storage. The highest soil moisture storage was recorded under the manuring
treatment at the 0 — 20 and 20 — 40 cm depths at 45 days after sowing could be explained
by improvement in soil structure, retention of water and enhancement of water holding
capacity. Similar results reported by Stoffella et al. (1997) showed that manure has
multiple benefits in improvement of soil structure and moisture storage.

4.4.1.2.3 Effects of water harvesting techniques and soil amendments on soil bulk

density

Soil bulk density is the most frequently measured soil quality parameter in tillage
experiments (Rasmussen, 1999) and has an influence on the various physical, chemical
and biological processes in the soil. It is a dynamic soil property which is susceptible to
change in time and also gives an indication of the soil strength. Conventional tillage
exerted greater effect on the bulk density of both the top and sub soil than the zai and tied
ridge. Similarly, Roscoe and Buurman (2003) showed greater bulk density values under
conventional tillage systems when compared to no-tillage. In contrast, the findings of
Chaplain et al. (2011) indicated increases in soil bulk density under tied ridging while no
such increases were found under the no tillage practice. The observation that bulk density
was low under zai and tied ridge affirmed the assertion of Meek et al. (1992) that water
harvesting techniques could loosen the soil to reduce bulk density and provide a

favourable bio - physical condition for seedling emergence, crop growth and yield.
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4.4.2 Rainwater use efficiency

4.4.2.1 Results

There were significant (P = 0.004 and P < 0.001) differences in rainwater use efficiency
(RWUE) among the water harvesting techniques in both cropping seasons (Table 4.16).
In the first year, a higher value (2.46 kg grain mm™) was recorded under zai and a lower
value (1.67 kg grain mm™) was obtained under conventional tillage. In the second year a
higher value (3.45 kg grain mm™) was obtained under zai and a lower value (2.06 kg grain
mm-t) was reported under conventional tillage. The trend of rainwater use efficiency was

zai > tied ridge > conventional tillage.

Rainwater use efficiency was significantly (P < 0.001) affected by soil amendment
management options. Manure application increased rainwater use efficiency by 33 — 50
% over the control in 2013 and 2014. The treatment 41 kg N: 46 kg P20s ha* (3.20 kg
grain mm™) was the best mineral fertilizer as compared to the control. The combined
application of manure and mineral fertilizer significantly (P < 0.001 and P = 0.046)
affected the rainwater use efficiency in both years. The highest RWUE value recorded was
3.45 kg grain mm* with the treatment 20.5 kg N: 23 kg P20s ha* + M 2500 kg ha* (Table

4.17).
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Table 4.16: Effects of water harvesting techniques and soil amendments on rainwater use

efficiency in 2013 and 2014 cropping seasons

Rainwater use efficiency (kg grain mm™)

Treatments
2013 2014

Water harvesting techniques (A)
Conventional tillage 1.67

2.06
Tied ridge 2.20 3.17
Zai 2.46 3.45
Fpr 0.004 < 0.001
Lsd (0.05) 0.29 0.27
Organic manure (B) (kg ha®)
MO 1.67

2.48
M 2500 2.50 3.30
Fpr <0.001 <0.001
Lsd (0.05) 0.21 0.30

88



Mineral fertilizer (C) (kg ha)
0 N: 0 P20s

1.55
2.37

20.5 N: 23 P»0Os 2.31 3.12
41 N: 46 P,Os 2.47 3.20
Fpr < 0.001 < 0.001
Lsd (0.05) 0.26 0.37
Int AxB ns ns
Int AxC ns ns
IntBxC < 0.001 0.046
IntAxBxC ns ns
CV (%) 18.70

18.10

Int: Interaction, ns: not significant at F probability 5 %

Table 4.17: Interactive effect of organic manure and mineral fertilizer on rainwater use

efficiency in 2013 and 2014 cropping seasons

Manure Mineral fertilizer Rainwater use efficiency (kg grain mm-™)
(kgha?l)  (kghal) 2013 2014
MO 0 N: 0 P20s 0.93 1.69
20.5 N: 23 P20s 2.24 2.79
41 N: 46 P,Os 2.01 2.97
M 2500 0 N: 0 P20Os 2.18 3.04
20.5 N: 23 P20s 2.38 3.45
41 N: 46 P,Os 2.94 3.42
Fpr <0.001 0.046
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Lsd (0.05) 0.37 0.52

4.4.2.2 Discussion

The low amount and uneven distribution of rainfall at the study area (Figure 3.3 and 3.4)
is a recipe for low vyield of pearl millet. Therefore the combination of better water
management practices with nutrient supply (from manure and mineral fertilizer) tends to
increase water capture and decrease unproductive evaporation with the resultant effect of
increased straw and grain yield. The higher values of rainwater use efficiency obtained
under zai and tied ridge could be attributed to the increase in availability of water in these
water harvesting structures. In Niger, Fatondji (2002) showed that zai pit improved pearl
millet water use efficiency. Similarly, in Nigeria, Chiroma et al. (2008) reported that tied
ridge increased water use efficiency by 35 % as compared with flat bed. Increase in crop

water use efficiency increases grain yield (Fatondji, 2002).

Manure and mineral fertilizer significantly (P < 0.001) affected rainwater use efficiency
with the latter recording the higher values of rainwater use efficiency and yield. This could
be due to the availability of more water and readily available nutrient from mineral
fertilizer that might have enhanced biomass production and grain yield. Hatfield et al.
(2001) found that soil nutrient management options improved water use by 15 to 25 %
over the control. Similar results reported by Payne et al. (1995) showed that in low-P soils,
addition of P fertilizer increased the dry matter yield and RWUE of pearl millet. The
finding of this study suggests that, soil nutrient status and water availabily are key
determinants of biomass and grain production of pearl millet in West africa. According to

(Payne, 1997), the water use efficiency of Pearl millet [Pennisetum glaucum (L.) R. was
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improved through the combination of N and organic manure management. The interactive
effect of manure and mineral fertilizer applications significantly (P < 0.05) increased
rainwater use efficiency. This could be explained by the complementary effect of manure

and mineral fertilizer which leads to the production of higher grain yield.

4.5 Effects of water harvesting techniques and soil amendments on soil chemical

properties
4.5.1 Results

4.5.1.1 Effects of water harvesting techniques and soil amendments on soil pH

The effects of water harvesting techniques and soil amendment management options on
soil pH at 0 — 20 cm soil depth are presented in Table 4.18. Soil pH under pearl millet was
significantly (P = 0.028 and P = 0.046) affected by water harvesting techniques in the two
cropping seasons. The soil pH ranged from 5.50 to 5.90 with a decreasing trend of zai =
tied ridge > conventional tillage, respectively in 2013 and 2014 cropping seasons. In
addition, manure significantly (P < 0.001 and P = 0.007) influenced soil pH under pearl
millet cropping system while mineral fertilizer did not affect the soil pH. The manure
recorded the highest soil pH of 5.90 to 5.95 while the control had the lowest soil pH of

5.61 to 5.64, respectively for 2013 and 2014.

On the other hand, the combined effect of water harvesting techniques and mineral
fertilizer significantly (P = 0.04) increased soil pH (Table 4.19). The highest value was
recorded under zai and 41 kg N: 46 kg P-Os ha treatment with pH = 6.26 whilst the

lowest value was obtained under interaction between conventional tillage and 0 kg N: 0
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kg P.Os ha! (pH = 5.41). The combined effect of manure and mineral fertilizer
applications increased soil pH (Table 4.20). The highest value was recorded under manure
application at 2500 kg ha® and 0 kg N: 0 kg P2Os ha® (pH = 6.06) while the lowest value

was obtained under 0 kg of manure and 0 kg N: 0 kg P20s ha* (pH = 5.22).

Table 4.18: Effects of water harvesting techniques and soil amendments on soil pH in

2013 and 2014 cropping seasons

pH (1:1 soil:water)

Treatments

2013 2014
Water harvesting techniques (A)
Conventional tillage 5.50 5.66
Tied ridge 5.86 5.75
Zai 5.95 5.93
Fpr 0.028 0.046
Lsd (0.05) 0.30 0.20
Organic manure (B) (kg ha®)
MO 5.64 5.61
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M 2500 5.90 5.95
For <0.001 0.007
Lsd (0.05) 0.08 0.24
Mineral fertilizer (C) (kg ha®)

O N:-0P20s 5.72 5.64
20.5 N: 23 P20s 5.81 5.84
41 N: 46 P20Os 5.78 5.86
Fpr 0.17 0.25
Lsd (0.05) ns ns

IntAxB ns ns

IntAxC ns 0.04
IntBxC ns 0.008
IntAxBxC ns ns

CV (%) 12.40 7.40

Int: Interaction, ns: not significant at F probability 5 %

Table 4.19: Interactive effect of water harvesting techniques and mineral fertilizer on soil
pH in 2014 cropping season

Water . .
harvesting |\/|IneI‘<':-11| fertilizer oH (1:1 soil-water)
Techniques (kg ha™)
C. tillage 0 N: 0 P20s 541
20.5 N: 23 P20s 5.70
41 N: 46 P20s 5.88
Tied ridge 0 N: 0 P20s 5.89
20.5 N: 23 P20s 5.90
41 N: 46 P20s 5.46
Zai 0 N: 0 P2Os 5.63
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20.5 N: 23 P»0s5 5.92

41 N: 46 P,0s 6.26
Fpr 0.04
Lsd (0.05) 0.43

C. tillage: Conventional tillage

Table 4.20: Interactive effect of organic manure and mineral fertilizer on soil pH in 2014
cropping season
Manure  Mineral fertilizer

(kghal) (kg ha') pH (1:1 soil:water)
MO 0 N: 0 P2Os 5.22

20.5 N: 23 P20s 5.90

41 N: 46 P20s 5.72
M 2500 O N:0P20s 6.06

20.5 N: 23 P20s 5.78

41 N: 46 P20s 6.01

Fpr 0.008

Lsd (0.05) 0.40

4.5.1.2 Effects of water harvesting techniques and soil amendments on soil available

phosphorus

In the first cropping season, available phosphorus content was not influenced (P > 0.05)
by water harvesting techniques. The values ranged from 4.94 to 5.90 mg kg™ in the order
of zai = tied ridge = conventional tillage (Table 4.21). The manure treatment significantly
(P = 0.002) increased available P content under pearl millet. The lower and higher rates
of mineral fertilizer treatments significantly (P < 0.001) increased and decreased the

available P content, respectively in 2013.
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In the second cropping season, available P content was significantly (P = 0.003) increased
the zai technique producing significantly greater effect than the tied ridge treatment. The
available P content in the soil was significantly enhanced by manuring. Contrary to 2013
cropping season, the available P content was significantly (P< 0.001) impacted by

increasing rate of fertilization.

In the 2014 cropping season, the interactive effects of water harvesting techniques and
mineral fertilizer application significantly (P< 0.05) and positively influenced soil
available P content (Tables 4.22). In 2013 crpopping season, only water harvesting
techniques and mineral fertilizer positively interacted to increase the available P content.
The conventional tillage with 41 kg N: 46 kg P2Os ha? caused a higlly significant
decreased in the available P content in 2013 cropping season. In 2014 the interactive
effects on available P obtained were 22.8, 41.41.2 and 261.9% higher than in 2013 for the
control, lowest and highest fertilizer rates, respectively under conventional tillage. The
results produced under tied ridge and zai combined with fertilization followed similar
trend as reported for the conventional tillage.

Table 4.23 shows interactive effects of water harvesting techniques and combined manure
and mineral fertilizer applications on soil available phosphorus content. The highest
available P content was obtained with the use of zai, manure at 2500 kg ha* and of mineral
fertilizer at 20.5 kg N: 23 kg P.Os hat (27.71 mg kg™), while the lowest value was
obtained from the combined use of conventional tillage, manure at 0 kg and of mineral
fertilizer at 41 kg N: 46 kg P2Os ha (3.35 mg kg?). In the second cropping season,
combined use of water harvesting techniques and manure application significantly

influenced available phosphorus content (Appendix 7). Zai and manure application at

95



2500 kg hal produced the highest available phosphorus ( 19.69 mg kg?), while the
conventional tillage and 0 kg of manure recorded the lowest available P (7.05 mg kg™).
Interactive effects of manure and mineral fertilizer applications also affected available
phosphorus content (Appendix 8). The application of manure at 2500 kg ha™* with mineral

fertilizer at 41 kg N: 46 kg P20s ha* led to the highest available P content.

Table 4.21: Effects of water harvesting techniques and soil amendments on available
phosphorus in 2013 and 2014 cropping seasons

Available phosphorus (mg kgt)

Treatments

2013 2014
Water harvesting techniques (A)
Conventional tillage 4.94 9.49
Tied ridge 5.83 10.42
Zai 5.90 13.91
Fpr 0.220 0.003
Lsd (0.05) ns 1.61
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Organic manure (B) (kg ha™)

MO 4.98 8.50
M 2500 6.13 14.40
Fpr 0.002 0.001
Lsd (0.05) 0.68 1.17
Mineral fertilizer (C) (kg hat)

0 N: 0 P20Os 4,57 5.90
20.5 N: 23 P20s 6.46 12.34
41 N: 46 P20Os 5.64 15.58
Fpr <0.001 <0.001
Lsd (0.05) 0.83 1.43
IntAxB ns <0.001
IntAxC 0.008 <0.001
IntBxC ns <0.001
IntAxBxC ns <0.001
CV (%) 21.90 18.70

Int: Interaction, ns: not significant at F probability 5 %

Table 4.22: Interactive effect of water harvesting techniques and mineral fertilizer on
available phosphorus content in 2013 and 2014 cropping seasons

Water Available phosphorus (mg kg™?)
Mineral fertilizer

harvesting techniques (kg hay) 2013 2014
C. tillage 0 N: 0 P20s 4.73 5.81
20.5 N: 23 P20s 6.28 8.87
41 N: 46 P20s 3.81 13.79
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Tiedridge O N: 0 P20s 4.61 6.13

205 N: 23 P2Os 6.02 10.39
41 N: 46 P20s 6.87 14.75
Zai 0 N: 0 P20s 4.36 5.77
20.5 N: 23 P2Os 7.09 17.75
41 N: 46 P20s 6.25 18.21
Fpr 0.008 <0.001
Lsd (0.05) 1.62 2.34

C. tillage: Conventional tillage

Table 4.23: Interactive effects of water harvesting techniques, manure and mineral
fertilizer on available phosphorus in 2014 cropping season

\lf\;?\t/zrsting Manure  Mineral fertilizer (kg ble phosphorus
techniques (kgha?)  ha) (mg kg™)
C. tillage MO 0 N: 0 P2Os 5.88
20.5 N: 23 P20s 11.91
41 N: 46 P20s 3.35
M 2500 O N: 0 P20s 5.73
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20.5 N: 23 P»0s5 5.83

41 N: 46 P,0Os 24.23
Tiedridge MO 0 N: 0 P20s 7.30
20.5 N: 23 P20s 7.21
41 N: 46 P20Os 16.48
M 2500 O N:0P20s 4.96
20.5 N: 23 P05 13.56
41 N: 46 P2Os 13.02
Zai MO 0 N: 0 P20s 6.31
20.5 N: 23 P20s 7.79
41 N: 46 P20Os 10.30
M 2500 O N:0P20s 5.24
20.5 N: 23 P20s 27.71
41 N: 46 P20Os 26.11
Fpr <0.001
Lsd (0.05) 3.40

C. tillage: Conventional tillage

4.5.1.3 Effects of water harvesting techniques and soil amendments on soil total

nitrogen

Data in Table 4.24 show that water harvesting techniques did not significantly (P > 0.05)
affect the soil total nitrogen content in the two years of the experiment. Total N contents
ranged from 0.019 to 0.022 % in 2013 and 0.028 to 0.034 % in 2014. In the first cropping

season, manure application significantly (P = 0.041) influenced soil total N content but in
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the second cropping season it did not. In both cropping seasons, the mineral fertilizer

application did not affect total N content.

In the second cropping season, the interactive effects of water harvesting techniques,
manure and mineral fertilizer applications significantly (P < 0.05) affected the total
nitrogen content (Table 4.25). The highest total nitrogen content was found with the use
of zai, manure at 2500 kg ha'* and of mineral fertilizer at 41 kg N: 46 kg P20s ha* (0.038
%). Also, combined application of manure and mineral fertilizer influenced the total N
content (Appendix 9). The application of manure at 2500 kg ha* with mineral fertilizer at
41 kg N: 46 kg P20s ha* produced the highest total nitrogen content, while the mineral

fertilizer at 41 kg N: 46 kg P.Os ha* gave the lowest value.

Table 4.24: Effects of water harvesting techniques and soil amendments on soil total

nitrogen in 2013 and 2014 cropping seasons

Total nitrogen (%)

Treatments

2013 2014
Water harvesting techniques (A)
Conventional tillage

0.020 0.028
Tied ridge 0.022 0.031
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Zai 0.019 0.034
Fpr 0.930 0.180
Lsd (0.05) ns ns
Organic manure (B) (kg hal)

MO

0.018 0.030
M 2500 0.023 0.032
Fpr 0.041 0.420
Lsd (0.05) 0.004 ns
Mineral fertilizer (C) (kg ha*)
ON: 0 P05 0.019 0.029
20.5 N: 23 P05 0.020 0.032
41 N: 46 P,0Os 0.020 0.031
Fpr 0.800 0.600
Lsd (0.05) ns ns
Int AxB ns ns
IntAxC ns ns
IntBxC ns 0.002
INntAxBxC ns 0.013
CV (%) 37.60 26.80

Int: interaction, ns: not significant at F probability 5 %

Table 4.25: Interactive effects of water harvesting techniques, manure and mineral
fertilizer on soil total nitrogen in 2014 cropping season

Water M Mineral  fertili

harvesting kanhur_elz kmﬁri ertizer Total nitrogen (%)
techniques (kg ha™) (kg ha™)

C. tillage MO 0 N: 0 P20Os 0.030
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20.5 N: 23 P,0s 0.027

41 N: 46 P20s 0.027

M 2500 O N:0P20s 0.030

20.5 N: 23 P20s 0.030

41 N: 46 P20s 0.023

Tied ridge MO 0 N: 0 P20s 0.037
20.5 N: 23 P20s 0.030

41 N: 46 P20s 0.027

M 2500 O N:0P20s 0.027

20.5 N: 23 P20s 0.027

41 N: 46 P20s 0.037

Zai MO 0 N: 0 P20s 0.033
20.5 N: 23 P20s 0.040

41 N: 46 P20Os 0.020

M 2500 O N: 0 P20s 0.020

20.5 N: 23 P20s 0.040

41 N: 46 P20s 0.053

Fpr 0.013

Lsd (0.05) 0.014

C. tillage: Conventional tillage

4.5.1.4 Effects of water harvesting techniques and soil amendments on soil organic

carbon

Water harvesting techniques did not significantly (P > 0.05) affect soil organic carbon

content during the first year of experiment. However, it significantly (P = 0.01) influenced
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soil organic carbon in the second year (Table 4.26). A higher value of soil organic carbon
was recorded under tied ridge (0.45 %) followed by zai (0.40 %) and lower value was

obtained under conventional tillage ( 0.30 %).

Furthermore, manure and mineral fertilizer treatments did not significantly (P > 0.05)
affect soil organic carbon content in the first year of experiment but in the second year the
soil organic carbon content was significantly (P = 0.003) increased The manure treatment
yielded higher in soil organic carbon content (0.41 %) as compared to the control (0.35
%). In 2014 the trend for mineral fertilizer was 20.5 kg N: 23 kg P2Os ha* (0.43 %) > 0

kg N: 0 kg P20s ha (0.37 %) = 41 kg N: 46 kg P20s ha* (0.36 %).

The interactive effects of either zai or tied ridge treatment water harvesting techniques and
manure application significantly (P < 0.05) enhanced soil organic carbon in 2014 cropping
season (Table 4.27) with the highest value recorded under tied ridge treatment, while the

lowest value was obtained under conventional tillage.

Table 4.26: Effects of water harvesting techniques and soil amendments on soil organic
carbon in 2013 and 2014 cropping seasons

Treatments Soil organic carbon (%)
2013 2014

Water harvesting techniques (A)

Conventional tillage 0.38 0.30

Tied ridge 0.40 0.45
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Zai 0.40 0.40
Fpr 0.970 0.003
Lsd (0.05) ns 0.08
Organic manure (B) (kg hal)

MO 0.37 0.35
M 2500 0.42 0.41
Fpr 0.170 0.003
Lsd (0.05) ns 0.04
Mineral fertilizer (C) (kg hat)

0 N: 0 P20s 049 0.37
20.5 N: 23 P20s 041 0.43
41 N: 46 P,0Os 0.37 0.36
Fpr 0.630 0.006
Lsd (0.05) ns 0.04
IntAxB ns 0.003
IntAxC ns ns
IntBxC ns ns
INntAxBxC ns ns
CV (%) 31.10 17.30

Int: Interaction, ns: not significant at F probability 5 %

Table 4.27: Interactive effect of water harvesting techniques and manure on soil organic

carbon in 2014 cropping season

Water . -

. Soil organic carbon
harvesting (%)
techniques
C. tillage 0.32
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M 2500 0.29

Tied ridge MO 0.40
M 2500 0.49
MO 0.34
Zai
M 2500 0.47
Fpr 0.003
Lsd (0.05) 0.06

C. tillage: Conventional tillage

45.1.5 Effects of water harvesting techniques and soil amendments on soil

exchangeable potassium

Water harvesting techniques did not significantly (P > 0.05) impact on exchangeable
potassium under pearl millet cropping system. Amount of total exchangeable potassium

decreased from the first to the second cropping season (Table 4.28).

The manure application did not (P > 0.05) increased exchangeable K content in the first
year of experiment but in the second year manure slightly (P < 0.05) changed
exchangeable potassium content. A higher value was obtained from manure treatment
(0.055 cmolc kgt) as compared to the control (0.050 cmolc kg?). Mineral fertilizer in the
two years of experiment significantly (P = 0.002 and P = 0.006) impacted on exchangeable
potassium content.

The interactive effects of water harvesting techniques and manure application significantly
(P < 0.05) affected exchangeable potassium content of the soil in 2014 (Appendix 10).
The highest value was obtained under tied ridge and manure application at 2500 kg ha™

(0.62 cmol. kg1), while the lowest value was found under tied ridge and 0 kg of manure
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(0.044 cmol; kg?). The interactive effects between water harvesting techniques and
mineral fertilizer application exerted significant impact on the soil exchangeable K content
(Appendix 11). The highest value was recorded under zai with 20.5 kg N: 23 kg P20s ha
1 while the lowest was obtained under conventional tillage without mineral fertilizer
application. Also, the combined application of manure and mineral fertilizer significantly
(P =0.033) influenced the exchangeable potassium content of the soil (Appendix 12). The
use of manure at 2500 kg ha™* with mineral fertilizer at 41 kg N: 46 kg P.Os ha™ or 20.5
kg N: 23 kg P2Os ha? gave signicantly higher exchangeable K content than without

manure application.

Table 4.28: Effects of water harvesting techniques and soil amendments on soil

exchangeable potassium content in 2013 and 2014 cropping seasons

Exchangeable K (cmolc kg™?)

Treatments
2013 2014
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Water harvesting techniques (A)

Conventional tillage 0.150 0.050
Tied ridge 0.130 0.050
Zai 0.140 0.060
Fpr 0.400 0.470
Lsd (0.05) ns ns

Organic manure (B) (kg hat)

MO 0.120 0.050
M 2500 0.160 0.055
Fpr 0.450 0.030
Lsd (0.05) ns 0.005

Mineral fertilizer (C) (kg hat)

0 N: 0 P20s 0.140 0.047
20.5 N: 23 P20s 0.150 0.055
41 N: 46 P,0s 0.130 0.055
Fpr 0.002 0.006
Lsd (0.05) 0.030 0.006
IntAxB ns 0.002
IntAxC ns <0.001
IntBxC ns 0.033
IntAxBxC ns ns
CV (%) 27.90 16.30

Int: Interaction, ns: not significant at F probability 5 %
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45.1.6 Effects of water harvesting techniques and soil amendments on cation

exchange capacity

Table 4.29 shows the effect of water harvesting techniques and soil amendments on cation
exchange capacity (CEC). Water harvesting techniques in both cropping seasons did not
significantly (P > 0.05) affect the CEC of the soil. The highest value of CEC was recorded

under zai while the lowest was obtained under conventional tillage.

Manuring significantly (P = 0.01, P < 0.001) improved CEC in the both year of
experiment. The mineral fertilizer in the two years of experiment significantly (P = 0.04
and P = 0.02) enhanced the cation exchange capacity. A higher value was recorded under

mineral fertilizer application at 41 kg N: 46 kg P.0s ha* (6.62 cmol. kg™).

The combined application of manure and mineral fertilizer in the second year affected soil
CEC (Table 4.30). A higher value was recorded under 2500 kg of manure and 20.5 kg N:
23 kg P2Os ha! (6.55 cmolc kg) but the value decreased as the doubled rate of the mineral
fertlizer. Interactive effects of water harvesting techniques and mineral fertilizer
application in the two years impacted on soil CEC in both cropping seasons (Appendix
13). The combined use of zai with mineral fertilizer at 41 kg N: 46 kg P.Os ha! gave the
highest CEC value (7.78 cmol. kg), while conventional tillage without mineral fertilizer

application gave the lowest value (4.70 cmol. kg™).
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Table 4.29: Effects of water harvesting techniques and soil amendments on cation
exchange capacity in 2013 and 2014 cropping seasons

Cation exchange capacity (cmolc kg?)

Treatments 2013 2014
Water harvesting techniques (A)

Conventional tillage 5.53 5.11
Tied ridge 5.52 5.86
Zai 6.12 6.20
Fpr 0.73 0.28
Lsd (0.05) ns ns
Organic manure (B) (kg hat)

MO 5.24 5.16
M 2500 6.22 6.29
Fpr 0.01 <0.001
Lsd (0.05) 0.74 0.55
Mineral fertilizer (C) (kg hat)

ON:0P20s 5.05 4.92
20.5 N: 23 P20s 5.90 6.19
41 N: 46 P20Os 6.62 6.07
Fpr 0.04 0.02
Lsd (0.05) 0.90 0.68
IntAxB ns ns
IntAxC 0.009 ns
IntBxC ns 0.003
INntAxBxC ns ns
CV (%) 23.20 17.40

Int: Interaction, ns: not significant at F probability 5 %
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Table 4.30: Interactive effect of organic manure and mineral fertilizer on cation exchange
capacity in 2014 cropping season
Manure  Mineral fertilizer (kg Cation exchange capacity

(kgha?) ha?) (cmolc kg?)

MO 0 N: 0 P20s 3.66
20.5 N: 23 P20s 5.82
41 N: 46 P20s 5.99

M 2500 O N: 0 P20s 6.18
20.5 N: 23 P20s 6.55
41 N: 46 P,Os 6.15
Fpr 0.012
Lsd (0.05) 0.95

4.5.2 Discussion

4.5.2.1 Effects of water harvesting techniques and soil amendments on soil pH

Soil pH plays a key role in enhancing plant nutrients availability (Rahman and
Ranamukhaarachchi, 2003). It affects the activities of soil microorganisms and ultimately
influences both organic matter decomposition and nutrient accessibility. In the current
study, zai and tied ridge significantly (P < 0.05) increased soil pH. This could be due to
the higher soil moisture content in the water harvesting techniques which increased soil
microbial activities that consequently increased the decomposition of organic manure
applied in these water harvesting structures. According to Magdoff and Weil (2004),
application of manure to the soil is an effective strategy for reducing aluminum saturation
in subsoil horizon. Furthermore, Mugwe et al. (2009b) indicated that cattle manure proved
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to be the most effective and improved soil fertility by increasing pH. In the present study
mineral fertilizer did not affect soil pH. The results corroborate with the work of Bekunda
et al. (1997) who found that continuous

application of inorganic input (especially N fertilizer) exclusive of organic fertilizer led to
soil acidification and decline in soil organic matter. Interactive effect of water harvesting
techniques and mineral fertilizer influenced soil pH in 2014. It is also observed that soil
pH was influenced by interaction between manure and mineral fertilizer in 2014 cropping

season.

4.5.2.2 Effects of water harvesting techniques and soil amendments on soil available

phosphorus

There was a significant change in soil available P during the two cropping seasons as a
result of management options applied. The change in available P could be explained by
the solubility of rock phosphate and manure decomposition under zai and tied ridge.

This result is in close agreement with the previous result reported by Nnadi and Haque
(1988) that direct application of rock phosphate was beneficial to crops on acid soils and
could increase soil available P up to 115 %. The observation that available P contents of
the soil were higher in 2014 than 2013 could be explained by the gradual release of
nutrients from the decomposition of manure and the solubilization of the rock phosphate
(RP). In a study conducted in Ghana, Danso et al. (2010) reported that available
phosphorus level increased gradually after rock phosphate application. The increase in P

availability in the current study may also be attributed to the conversion of rock phosphate

111



P to water-soluble form by the organic acids from the decomposition of manure (Khanna
etal., 1983).
4.5.2.3 Effects of water harvesting techniques and soil amendments on soil total

nitrogen

The low nitrogen content could be particularly due to the low soil organic carbon levels
(0.29 — 0.45 %) found in this study following water harvesting techniques and soil
amendments. Similarly, Kiba (2012) showed low levels of total nitrogen under cropping
system in Burkina Faso. The highest level of soil total nitrogen observed under manure
and or mineral fertilizer treatments in 2014 were due to the organic matter content
improvement under these plots. According to Kemmitt et al. (2008), soil organic matter is
composed of 5 - 6 % nitrogen. The result from interaction of zai with manure and mineral
fertilizer showed a higher nitrogen content that could be explained by the fact that the urea
and the manure were applied in the seed hole. This provided more nitrogen due to closer
proximity between the amendments and roots. Similar result was reported by Efthimiadou
et al. (2010) who found that combined use of NPK and farmyard manure increased SOM,
total N, Olsen P and ammonium acetate exchangeable K by 47, 31, 13 and 73 %
respectively compared to the application of NPK through inorganic

fertilizer.
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4.5.2.4 Effects of water harvesting techniques and soil amendments on soil organic

carbon

Low soil organic carbon content was observed under water harvesting techniques and
nutrient management options. This could be due to rapid decomposition of manure in the
soil. The best productive soils have 2.3 % of organic carbon and above (Metson, 1961).

In this study, water harvesting techniques did not affect soil organic content in 2013 while
it did in 2014. This could be explained by the increased availability of organic matter and
soil moisture. Manure decomposition through mineralization released organic carbon,
macro and micronutrients in the soil. This observation was in line with results of
Lashermes et al. (2009) which indicated that the addition of exogenous organic matter,
like compost resulted in an enhancement of soil organic carbon storage and improved
many functions of the soil related to the presence of organic matter. The impact of cattle
manure application on soil organic carbon stock changes is of interest for both agronomic
and environmental purposes. Maillard and Angers (2014) quantified the response of soil
organic carbon stocks to manure application from a large pool of individual studies and
reported a dominant effect of cumulative manure input on SOC response which accounted
for at least 53 % of the variability in SOC stock. Mineral fertilizer did not influence soil
organic carbon content in 2013. This observation is in close agreement with the study
reported by Bationo et al. (2007) who showed that sole application of mineral fertilizer

enhanced crop yields but did not sustain soil organic carbon.
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45.25 Effects of water harvesting techniques and soil amendments on soil

exchangeable potassium

Amount of soil exchangeable potassium decreased from the first to the second cropping
season. In compost, soil exchangeable K remains in water-soluble forms and thus does not
need to be mineralized before becoming plant available. However, for the same reason it
is at risk of leaching during the composting process and thus compost is often a poor
source of soil exchangeable K (Barker, 1997). Composting of organic wastes does not
appear to affect exchangeable K availability but application of both compost and mineral
potassium may affect soil exchangeable K (Baziramakenga et al., 2001; Wen et al., 1996).
The exchangeable potassium decreased from 2013 to 2014 that could be explained by the
crop high K uptake or leaching of K in the soil. In a related study, Adeleye et al. (2010)
showed that addition of mineral fertilizer to poultry manure increased soil nutrients
(organic carbon, N, P, K) more than the application of NPK or poultry manure alone even

one year after their application.

4.5.2.6 Effects of water harvesting techniques and soil amendments on cation

exchange capacity

The manure application significantly increased soil CEC that could be attributed to the
anions (NO* and OH"), the macronutrient (Ca, Mg and K) and the micronutrient (Fe, Cu,
Mn and Zn) added to the soil through manure decomposition. Kincaid (2002) indicated
that the cation exchange capacity of soils is largely related to the soil organic matter
content. Organic matter can be added to soil by applying green manure, compost or animal

manure (McDonagh et al., 2001). Manure applied at a rate that supplied 30 kg ha® led to
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a significant increase in CEC, exchangeable bases (Ca, Mg and K), and base saturation
(Zingore et al., 2008). Farmers (in Mali) often rotate sorghum and millet or occasionally
maize with cotton to take advantage of the residual fertilizer effects by improved the CEC
(Kablan et al., 2008).

The increased of CEC after rock phosphate and urea could be explained by the fact that
the solubilization of Tilemsi rock phosphate improved soil calcium content and enchanced
the CEC. The higher CEC recorded under zai than conventional tillage could be due to (i)
decomposition of available crop residue and (ii) the faster rock phosphate dissolution as a

result of higher moisture storage under zai.

4.6 Assessment of water harvesting technigues and soil amendments application on

N and P use efficiencies and partial N and P balances
4.6.1 Results

4.6.1.1 Effect of water harvesting techniques and soil amendments on pearl millet N

and P uptake

Tables 4.31 and 4.33 indicate the effects of water harvesting techniques and nutrient

management options on pearl millet grain and straw N and P uptake.

In 2013 water harvesting techniques did not affect grain nitrogen uptake but influenced
grain phosphorus uptake. A higher (10.96 kg hal) nitrogen uptake was recorded under zai
and a lower value (8.70 kg ha) was observed under conventional tillage. Phosphorus
uptake under tied ridge was about 42 % higher than under conventional tillage. Soil

amendment management options significantly (P < 0.05) affected grain N and P uptake.
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Nitrogen and phosphorus uptake under manure treatments were 38.47 and 37.00 %,
respectively higher than the control. The mineral fertilizer treatment 41 kg N: 46 kg P.Os
ha! recorded a higher value of N (11.76 kg ha) and P (6.61 kg ha™) uptake than the
control N (7.31 kg ha') and P (4.07 kg ha). In 2013 cropping season, the pearl millet
straw N uptake was affected by water harvesting techniques whilst straw P uptake did not
increased. Zai improved N uptake by 16.61 %. The straw N and P uptake were
significantly different (P < 0.05) under soil amendments. The manure treatment increased
straw N uptake by 13.46 %, while the high level of mineral fertilizer increased the N

uptake by 49.05 % as compared to the control.

Interactive effect of manure and mineral fertilizer applications increased grain N and P
uptake (Tables 4.32). Combined application of manure at 2500 kg ha?® and mineral
fertilizer at 41 kg N: 46 kg P.Os ha recorded a higher grain N and P uptake. Straw N
uptake was influenced by interaction between water harvesting techniques and manure
application (Appendix 14). The combined use of zai with manure at 2500 kg ha* gave the
highest straw N uptake. The interaction between water harvesting technigues and mineral
fertilizer application impacted on straw N uptake (Appendix 16). The combined use of
conventional tillage with mineral fertilizer at 41 kg N: 46 kg P2Os ha™ recorded the highest
straw N uptake. The interactive effect of water harvesting techniques, manure and mineral
fertilizer applications significantly affected straw N uptake (Table 4.34). Combined use
of conventional tillage with manure at 0 kg ha* and mineral fertilizer at 41 kg N: 46 kg

P.0Os ha gave the highest straw N uptake.
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In 2014 water harvesting techniques significantly (P < 0.05) affected pearl millet grain N
and P uptake. A higher N uptake (19.38 kg ha*) was obtained under zai and a lower value
(12.65 kg hat) of N uptake was reported under conventional tillage. A higher value (12.32
kg ha't) of P uptake was reported under zai and a lower value (7.20 kg ha) P uptake under
conventional tillage. Nitrogen uptake was 52.75 % higher under zai as compared to N
uptake under conventional tillage. The phosphorus uptake was 71 and 57 % under zai pit
and tied ridge, respectively as compared to phosphorus uptake under conventional tillage.
Soil amendments significantly (P < 0.05) affected grain N and P uptake. The mineral
fertilizer application significantly (P < 0.001 and P = 0.01) influenced N and P uptake as
compared to the control. In the 2014 cropping season, straw N uptake was influenced by
water harvesting techniques, while P uptake was not (Table 4.33). The N and P uptake
were significantly different (P < 0.05) under soil amendments. The manure application
increased nitrogen straw uptake by 36.29 % while it improved phosphorus uptake by 44.41
% over the control. The mineral fertilizer application increased straw N uptake by 30.95
% under 20.5 kg N: 23 kg P20s ha* treatment and the straw P uptake by 46.76 % under
41 kg N: 46 kg PoOs ha® treatment as compared to the control.

The interactive effects of manure and mineral fertilizer applications significantly (P <
0.05) influenced grain N and P uptake (Table 4.32). Combined application of manure at
2500 kg ha* and mineral fertilizer at 20.5 kg N: 23 kg P2Os ha* recorded the highest grain
N and P uptake. Interactive effects of water harvesting techniques and mineral fertilizer
application significantly (P < 0.05) enhanced grain N uptake (Appendix 14). The highest
grain N uptake was recorded under the use of zai with mineral fertilizer at 20.5 kg N: 23

kg P,0s hal, while the lowest was obtained under the use of conventional tillage without
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mineral fertilizer application. The combined use of water harvesting techniques, manure
and mineral fertilizer applicatios significantly (P < 0.05) increased straw P uptake (Table
4.34). Combined use of tied ridge with manure at 2500 kg ha* and mineral fertilizer at 41

kg N: 46 kg P,0s ha! gave the highest P uptake.
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Table 4.3
1: Effects of water harvesting techniques on pearl millet grain N and P uptake in

2013 and 2014 cropping seasons

Uptake (kg ha™)

Treatments 2013 2014
N Grain P Grain N Grain P Grain
Water harvesting techniques (A)

Conventional tillage 8.70 441 19.65 220
Tied ridge 10.28 6.27 15.94 11.29
Zai 10.96 6.06 19.38 12.32
Fpr 0.290 0.021 0.011 0.002
Lsd (0.05) ns 1.16 3.23 3.50
Organic manure (B) (kg ha®)
ity 837 471 12.30 8.55
M 2500 11.59 6.45 19.68 11.20
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 1.10 0.65 2.08 2.50
Mineral fertilizer (C) (kg ha*)

0 N-0P20s 7.3 K07 12.32 9.16
20.5 N: 23 P20s 10.88 6.07 20.62 11.20
41 N: 46 P,0Os 11.76 6.61 15.03 10.46
Fpr <0.001 <0.001 <0.001 0.010
Lsd (0.05) 1.34 0.79 2.54 3.06
IntAxB ns ns ns ns

IntAxC ns ns <0.001 ns

IntBxC 0.003 <0.001 0.030 0.04
Int AxBxC ns ns ns ns

CV (%) 19.80 21.00 23.40 19.10
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Table 4.3

Int: Interaction, ns: not significant at F probability 5 %

2: Interactive effect of manure and mineral fertilizer on pearl millet grain N

and P uptake in 2013 and 2014 cropping seasons

Manure Mineral fertilizer

Grain N and P uptake (kg ha™)

(kgha) (kgha?) y
N P

MO 0 N: 0 P2Os 4.64 2.26
20.5 N: 23 P20s 10.65 6.10
41 N: 46 P20s 9.82 S. 77

M 2500 O N:0P2Os 9.98 5.87
20.5 N: 23 P20s 11.10 6.04
41 N: 46 P20s 13.69 7.45
Fpr 0.003 <0.001
Lsd (0.05) 1.90 1.13

N P
7.10 6.58
16.50 9.69
13.30 9.38
17.54 11.74
24.75 12.70
16.75 11.54
0.030 0.040
3.60 1.89
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Table 4.3

3: Effects of water harvesting techniques and soil amendments on pearl millet
straw N and P uptake in 2013 and 2014 cropping seasons
Uptake (kg ha™)

Treatments 2013 2014
N straw P straw N straw P straw

Water harvesting techniques (A)
Conventional tillage

32.81 6.04 15.74 7.14
Tied ridge 28.36 7.74 12.08 7.49
Zai 38.26 9.03 13.30 7.33
Fpr 0.008 0.28 0.020 0.730
Lsd (0.05) 4.36 ns 2.05 ns
Organic manure (B) (kg ha™®)
MO 31.05 685 1160 5.99
M 2500 35.23 8.36 15.81 8.65
Fpr 0.005 0.030 0.002 <0.001
Lsd (0.05) 2.82 1.25 2.56 1.08
Mineral fertilizer (C) (kg ha)
Oy~ 3£205 2801 582 1176 588
20.5 N: 23 P20Os 29.67 8.26 15.40 7.45
41 N: 46 P,0Os 41.75 8.72 13.95 8.63
Fpr <0.001 0.02 0.070 <0.001
Lsd (0.05) 3.46 2.17 ns 1.33
IntAxB 0.003 ns ns ns
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Table 4.3

IntAxC <0.001 ns
IntBxC ns ns
INntAxBxC <0.001 ns
CV (%) 15.30 42.10

ns
ns
ns

33.70

ns
ns
0.0340
26.70

Int: interaction, ns: not significant at F probability 5 %
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Table 4.34: Interactive effects of water harvesting techniques, manure and mineral
fertilizer on pearl millet straw N and P uptake in 2013 and 2014 cropping seasons

\Water Straw N and P uptake (kg ha'l)
Manure  Mineral fertilizer
harvesting (kg ha.1) (kg ha-1) 2013 2014
techniques N P
C. tillage MO 0 N: 0 P2Os 13.30 3.43
20.5 N: 23 P05 31.37 7.92
41 N: 46 P20s 55.83 7.57
M 2500 O N:0P20s 29.20 6.44
20.5 N: 23 P05 30.32 9.13
41 N: 46 P20s 36.85 8.37
Tied ridge MO 0 N: 0 P20s 15.31 541
20.5 N: 23 P20s 27.02 6.78
41 N: 46 P20s 38.53 6.13
M 2500 O N:0P20s 34.75 7.00
20.5 N: 23 P,0s 22.60 8.19
41 N: 46 P20s 31.93 11.41
Zai MO 0 N: 0 P20s 33.02 2.47
20.5 N: 23 P20Os 29.61 5.63
41 N: 46 P20Os 35.47 8.57
M 2500 O N: 0 P2Os 42.49 10.54
20.5 N: 23 P20s 37.09 7.03
41 N: 46 P20s 51.87 9.71
Fpr <0.001 0.034
Lsd (0.05) 8.33 26.70

C. tillage: Conventional tillage
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4.6.1.2 Nitrogen and phosphorus utilization efficiencies under different water

harvesting techniques and soil amendment management options

Water harvesting techniques significantly (P = 0.003 in 2013 and P = 0.02 in 2014)
affected nitrogen utilization efficiency but did not influence phosphorus utilization
efficiency (Table 4.35). The nitrogen utilization efficiencies obtained were 58.5 kg kg™
under tied ridge followed by 54.0 kg kg™* under zai pit and 38.2 kg kg* under conventional
tillage. Phosphorus utilization efficiency under tied ridge and zai showed an average of

26.6 and 18.4 % increases, respectively over the conventional tillage in 2014.

In both 2013 and 2014, neither manure nor mineral fertilizer application significantly

affected the magnitude of N and P utilization effeciencies.

Table 4.35: Effects of water harvesting techniques and soil amendments on pearl millet

(straw and grain) N and P utilization efficiency in 2013 and 2014 cropping seasons
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Nutrient use efficiency (kg kg™t)

Treatments 2013 2014

NUE PUE NUE PUE
Water harvesting techniques (A)
Conventional tillage 3820 8520 2018 72.20
Tied ridge 58.50 77.20 29.13 85.50
Zai 54.00 78.10 26.21 91.40
Fpr 0.003 0.55 0.020 0.07
Lsd (0.05) 7.30 ns 5.07 ns
Organic manure (B) (kg ha™®)
MO 46.90 79.3 25.93 85.60
M 2500 53.60 81.00 24.42 80.50
Fpr 0.070 0.8 0.420 0.24
Lsd (0.05) ns ns ns ns
Mineral fertilizer (C) (kg ha?)
ON:0P20s 46.00 84.40 25.45 80.20
20.5 N: 23 P20s 51.70 78.7 26.02 84.44
41 N: 46 P20s 53.10 77.3 24.06 84.50
Fpr 0.22 0.65 0.68 0.65
Lsd (0.05) ns ns ns ns
Int AxB ns ns ns ns
IntAxC ns ns ns ns
IntBxC ns ns ns ns
INntAxBxC ns ns ns ns
CV (%) 25.30 30.00 27.30 18.90

Int: interaction, ns: not significant at F probability 5 %
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4.6.1.3 Assessment of the effect of water harvesting techniques and soil amendments

application on partial N and P balances

Water harvesting techniques affected partial nutrient balance significantly (P < 0.05)
(Table 4.36). In 2014 the highest partial N and P balances were recorded under
conventional tillage, whilst the lowest value was obtained under zai pit technique. The
manure application significantly (P < 0.001) influenced partial P and N balances. In both
2013 and 2014, the partial balance was positive for P and N under manure application,
while that of the control was negative. The application of mineral fertilizer significantly
(P < 0.001) influenced partial N and P balances. The balance was negative under the
control and positive under different rates of mineral fertilizer. The recommended rate of

mineral fertilizer had the highest value of partial N and P balances.

Interactive effects of water harvesting techniques, manure and mineral fertilizer
significantly (P < 0.05) influenced the partial N balance (Table 4.37). Combined use of
conventional tillage with manure at 2500 kg ha™* and mineral fertilizer at 41 kg N: 46 kg
P.Os ha'l gave the highest partial N balance. Interactive effect of water harvesting
techniques and manure application significantly (P < 0.05) affected partial N balance
(Appendix 17). The combined use of conventional tillage with manure at 2500 kg ha
gave the highest partial N balance, while the lowest value was obtained with the use of
tied ridge without manure application. The combined application of manure and mineral
fertilizer significantly (P < 0.05) influenced partial N balance (Appendix 18). Combined
application of manure at 2500 kg ha™* and mineral fertilizer at 46 kg N: 46 kg P2Os ha
gave the highest partial N balance, while the lowest was obtained on plots with neither

manure nor mineral fertilizer application.
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Table 4.36: Effects of water harvesting techniques and soil amendments on partial nutrient
balance in 2013 and 2014 cropping seasons

Partial nutrient balance (kg ha™)

Treatments 2013 2014

N i N P

Water harvesting techniques (A)

Conventional tillage -1.30 10.22 11.98 6.43
Tied ridge 0.90 6.87 1.36 1.99
Zai -10.10 4.29 1.37 1.12
Fpr 0.020 0.04 0.040 0.002
Lsd (0.05) 3.80 4.21 8.49 1.76

Organic manure (B) (kg ha™®)

MO -18.90 2.13 -17.30 451
M 2500 11.90 16.39 27.10 10.86
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 4.45 1.91 3.85 1.77

Mineral fertilizer (C) ) (kg ha?)

0 N: 0 P20s -16.70 -0.56 -13.26 -4.30
20.5 N: 23 P20s -1.00 6.72 521 212
41 N: 46 P20s 7.20 15.23 22.75 11.70
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 5.45 2.34 4.72 2.16.
Int Ax B 0.049 ns 0.012 ns
IntAxC ns ns ns ns
IntBxC <0.001 ns ns ns
IntAxBxC 0.009 ns ns ns
CV (%) 229.10 48.3 141.30 100.1

Int: Interaction, ns: not significant at F probability 5 %

127



Table 4.37: Interactive effect of water harvesting techniques and soil amendments on
partial N balance at 0 — 20 cm depth in 2013 cropping season
Water harvesting

Manure  Mineral fertilizer (kg Partial N balance

techniques (kgha')  ha?) (kg ha')
C. tillage MO 0 N: 0 P2Os -16.90
20.5 N: 23 P20s -20.10
41 N: 46 P,Os -22.40
M 2500 O N:0P20s -1.40
20.5 N: 23 P20s 16.80
41 N: 46 P2Os 36.30
Tied ridge MO 0 N: 0 P20s -20.50
20.5 N: 23 P20s -16.90
41 N: 46 P.Os -8.10
M 2500 O N:0P20s -7.30
20.5 N: 23 P20s 25.80
41 N: 46 P,Os 32.30
Zai MO 0 N: 0 P20s -38.20
20.5 N: 23 P20s -21.40
41 N: 46 P20Os -5.80
M 2500 O N: 0 P20s -16.00
20.5 N: 23 P20s 9.70
41 N: 46 P2Os 11.20
Fpr 0.009
Lsd (0.05) 12.47

C. tillage: Conventional tillage
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4.6.2 Discussion

4.6.2.1 Effect of water harvesting techniques and soil amendments on pearl millet N

and P uptake

Nitrogen uptake by pearl millet grain and straw was significantly higher under zai pit and
tied ridge techniques than the conventional tillage due to availability of soil moisture and
better root growth that favoured nutrient uptake. Fatondji (2002) found that zai improved
nitrogen uptake in the range of 43 - 64 %. Barker and Pilbeam (2007) indicated that
nutrient uptake is influenced mainly by climatic conditions, the quantity of available
nutrients in the soil and the form in which they are present in the soil. Nitrogen uptake by
pearl millet grain and straw was significantly higher under manure or mineral fertilizer
application due to the fact that manure conserved moisture and released slowly nutrient in
the soil. The mineral nitrogen was available for rapid plant use which facilitated root

development, early growth of crop and increased nitrogen uptake.

The increased straw N uptake (36.29% due to the application of M 2500 kg ha* of manure
corroborate with the result of similar study reported by Ballaki and Badanur (2012) who
indicated increase in N uptake by sorghum with addition of organic fertilizer over the
control. The findings obtained from the combined use of cattle manure and mineral

fertilizer also support those of Nyamangara et al. (2013),.

Phosphorus uptake was higher under zai (71 %) and tied ridge (57 %) than the
conventional tillage. The increase in P uptake under water harvesting techniques could be
explained by the enhancement of soil moisture content which led to crop growth. Ouattara

(1994) reported a positive interaction between soil moisture and P uptake due to improved
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soil moisture status increased soil P availability. The greater phosphorus uptake values in
grain of pearl millet were recorded under M 2500 kg ha* and 20.5 kg N: 23 kg P.Os hat
treatment. However, higher straw P uptakes values were observed in the M 2500 kg ha™
and 41 kg N: 46 kg P.Os ha! treatments. This may be attributed to increased absorption
of P by plants due to better root growth with additional nitrogen supply through manure.
Hellal et al. (2013) reported that phosphorus enriched with farmyard manure was most
effective in increasing phosphorus availability and uptake in soil as well as increasing dry

matter yield of maize.

4.6.2.2 Nitrogen and phosphorus utilization efficiencies under different water

harvesting techniques and soil amendment management options

Nitrogen use efficiency was significantly (P < 0.05) higher under zai and tied ridge than
to that of the conventional tillage. This could be due to water availability, root proliferation
which enhanced greater utilization of soil moisture, improved nutrient uptake and
increased grain yield of the pearl millet. Similarly, Fatondji (2002) reported a high N
concentration in pearl millet grain under zai compared to flat planting. Rehman et al.
(2011) showed that nitrogen use efficiency was highest with ridge planting, and reported
that this soil manipulation could have resulted in lower N losses (leaching), while plant
roots grew abundantly to take up nutrients from a richer soil solution. Combined
application of mineral fertilizers and manure had no significant influence on pearl millet
nitrogen use efficiency. Moreover, the application of manure did not increased phosphorus

use efficiency of pearl millet. Contrary results was reported by Fatondji (2002), organic
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amendment application increased grain phosphorus utilization efficiency by 2 times
compared to the control treatment.
4.6.2.3 Assessment of the effect of water harvesting techniques and soil amendments

on partial N and P balances

Water harvesting techniques affected partial N and P balances significantly (P < 0.05).
The partial N and P balances were positive under the three practices. The highest values
of partial phosphorus (10.22 kg ha*) in 2013 and nitrogen (11.98 kg ha) in 2014 balances
were recorded under conventional tillage, while the lowest value was obtained under zai.
This could be explained by the fact that zai and tied ridge conserved moisture better and
made nutrients available in soil solution. The grain and straw yield produced under these
harvesting techniques were higher and therefore N and P export from the soil has higher
than the conventional tillage. Ramisch (1999) reported that a large addition of nutrients
(and indeed of labour and management energy) can often stimulate an improved biomass
production from the plot, but this in turn extracts considerable quantities of nutrients from
the soil.

Manure applied at 2500 kg ha® gave positive partial N and P balances that could be
attributed to soil management practices, while partial N and P balances were negative
under control. The positive balances in N and P were recorded where the recommended
rate of mineral fertilizer (20.5 kg N: 23 P20s hatand 41 kg N: 46 P,Os hat) was applied,
while the balances remained negative in control plots. This result indicates that the
application of recommended amount mineral fertilizer seems to be adequate in
maintaining N and P balances. The results contrasted with the negative N and P balances

reported by FAO (2005) for pearl millet production in Mali.

131



4.7 Economic analysis
4.7.1 Results

4.7.1.1 Partial factor of productivity of pearl millet

The results of the water harvesting techniques and soil amendments on partial factor of
productivity are presented in Table 4.38. Partial factor of productivity under pearl millet
was significantly (p < 0.05) influenced by water harvesting techniques. At the end of the
study the highest N partial factor of productivity value was recorded by zai (47.43 kg grain
kg N), while the lowest was obtained by conventional tillage (28.62 kg grain kg N). Zai
recorded the highest phosphorus partial factor of productivity (39.64 kg grain kg P) and

the lowest was obtained by conventional tillage (24.07 kg grain kg P).

Soil amendments significantly (p < 0.001) affected partial factor of productivity. The
highest value of N partial factor of productivity was recorded by treatment 20.5 kg N: 23
kg P20Os ha! (68.27 kg grain kg N), while the lowest was obtained by treatment 41 kg N:
46 kg P.Os ha + M 2500 kg ha (22.07 kg grain kg N). The trend of N partial factor of
productivity was 20.5 kg N: 23 kg P2Os ha > M 2500 kg ha™* > 41 kg N: 46 kg

P ha > 20.5 kg N: 23 kg P,0s ha + M 2500 kg ha® > 41 kg N: 46 kg P.Os hal + M
2500 kg ha’. The phosphorus partial factor of productivity followed the same trend where
the treatment 20.5 kg N: 23 kg P2Os ha! recorded 60.85 kg grain kg P and the poor

treatment had (18.02 kg grain kg™ P).
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Table 4.38: Effects of water harvesting techniques and soil amendments management
options on partial factor of productivity in 2013 and 2014 cropping seasons

Partial factor of productivity (kg grain kg™)

Treatment 2013 2014
NPFP ~ PPFP NPFP  PPFP

Water harvesting techniques (A)

Conventional tillage

22.21 18.57 28.62 24.07
Tied ridge 28.49 23.82 42.96 35.97
Zai 32.05 26.79 47.43 39.64
Fpr 0.03 0.03 0.001 0.002
Lsd (0.05) 6.07 5.45 5.39 4.62
Soil amendment (AM) ) (kg hat)
0 N:0P20s ) 5 3 =
20.5 N: 23 P20s 50.95 4541 68.27 60.85
41 N: 46 P,0Os 22.94 20.45 36.33 32.39
M 2500 27.29 20.64 41.50 30.96
20.5 N: 23 P.0s + M 2500 19.25 14.82 30.18 23.91
41 N: 46 P20s + M 2500 17.51 13.98 22.07 18.02
Fpr <0.001 <0.001 <0.001 <0.001
Lsd (0.05) 6.21 5.42 6.51 5.54
Int AX AM ns ns ns ns
CV (%) 23.10 24.20 16.90 17.10

Int: Interaction, ns: not significant at F probability 5 %
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4.7.1.2 Value cost ratio of the pearl millet production

The returns on investments in manure and mineral fertilizer applications were appraised
by the value cost ratio (VCR) estimates. In both cropping seasons, water harvesting
techniques significantly affected the VCR. The highest value 2.66 - 3.27 was recorded by
zai pit technique and the lowest value 1.64 — 1.92 was obtained by the conventional tillage

(Figure 4.3).

All treatments had value cost ratio higher than 1 (Figures 4.4). However, the application
of low rates of manure resulted in higher value cost ratios M 2500 kg ha* (3.15 - 3.67)
followed by low ratios of mineral fertilizer treatment 20.5 kg N: 23 kg P.Os ha (2.94 -
3.25). The application of combined manure and mineral fertilizer 41 kg N: 46 kg P.Os ha”

1+ M 2500 kg ha* had the lowest VCR values 1.55 — 1.67.

1 I M \CR 2014

= w M VCR 2013
w
, ,
—
—

Tied ridge

C. tillage

Water harvesting techniques

T T T T l T T 1

O 05 1 15 2 2543 @
— Economic profitability

Figure 4.3: Effects of water harvesting techniques on value cost ratio in 2013 and 2014

cropping seasons
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Figure 4.4: Effect of manure and mineral fertilizer on value cost ratio in 2013 and 2014

cropping seasons

4.7.1.3 Net farm benefit from water harvesting technigues and soil amendments

Table 4.39 presents the net farm benefit (NFB) for pearl millet production using water
harvesting techniques and soil amendments. Water harvesting techniques significantly (p
< 0.05) increased the net farm benefit. Tied ridge had produced significantly higher benefit
(80214 FCFA ha'), than under conventional tillage (48349 FCFA ha) in 2013 cropping
season. The trend of the NFB was tied ridge > zai > conventional tillage. The highest
benefit obtained by tied ridge (171780 FCFA ha') was significantly greater than under

conventional tillage (89780 FCFA ha) in 2014 cropping season.

In 2013 the the highest net farm benefit was obtained by 41 kg N: 46 kg P20s ha* +
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M 2500 kg ha! yielded 86034 FCFA ha, while the least treatment (control) had 9220
FCFA ha. In 2014 all the soil amendment treatments had net farm benefit superior to
the control. The best soil amendment treatment was 20.5 kg N: 23 kg P,Os ha +

M 2500 kg ha* with 169872 FCFA followed by the M 2500 kg ha™* with 162242 FCFA

ha™ and the least treatment was 0 kg N: 0 kg P.Os ha™ treatment with 76592 FCFA ha™.,

Table 4.39: Effects of water harvesting techniques and soil amendments on net farm
benefit in 2013 and 2014 cropping seasons

Net farm benefit (FCFA ha™)

Treatments

2013 2014
Water harvesting techniques (A)
Conventional tillage 48349 89780
Tied ridge 80214 171780
Zai 55577 150095
Fpr 0.03 0.001
Lsd (0.05) 8017 7991
Soil amendment (AM) ) (kg ha*)
0 N: 0 P,0s x4l 76592
20.5 N: 23 P20s 83395 141364
41 N: 46 P2Os 41041 130672
M 2500 79282 162242
20.5N: 23 P20s5 + M 2500 69309 169872
41 N: 46 P20s + M 2500 86034 142569
Fpr <0.001 0.002
Lsd (0.05) 2944.20 19040.60
Int Ax AM ns ns

Int: interaction; 1 dollar: 585 FCFA, ns: not significant at F probability 5 %
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4.7.2 Discussion

4.7.2.1 Partial factor of productivity of pearl millet

Pearl millet had higher partial factor productivity (PFP) of nitrogen and phosphorus under
zai followed by tied ridge and conventional tillage. The PFP were higher in the second
year (2014) than the first year (2013) as shown in the Table 4.38. This could be due to the
rainfall variability between the two years. Similar results showed that maize nitrogen
productivity varied greatly from year to year based on environmental conditions (Harold
et al., 2006). Okalebo et al. (2006) suggested that site specific recommendations are
needed for maize because of its differential response to nutrient inputs which varied
widely within and across agro-ecological zones. Wang et al. (2007) reported that
understanding concepts of ideal soil fertility level and response to nutrient management
provide practical guidelines for improving nutrient management under variable rainfall
conditions.

The highest partial factor of productivity of N and P were obtained under manure
application while the lowest PFP was reported under 41 kg N: 46 kg P2Os hat of mineral
fertilizer combined with manure. The results obtained in the current study indicated that
increasing rate of applied nutrients (N and P) lead to a decrease in partial factor of
productivity. This could be explained by the fact that grain yield increased did not follow

the rate of increasing fertilizer. This result supports the finding of Kareem and Ramasamy
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(2000) that higher fertilizer use efficiency is always associated with low fertilizer

application rate.

4.7.2.2 Value cost ratio of the pearl millet production

It is indicated that treatment is profitable when the value cost ratio is greater than 2.
Heerink (2005) stated that technically, VCR greater than 2 would imply profitability of
fertilizer as long as other inputs were not altered as the use of fertilizer. Among the soil
amendments, the sole manure gave the best profitability as indicated by its VCR value in
the range of 3.15 to 3.67 under pearl millet. This could be attributed to the increase in
grain yield from the use of manure, which is less costly than mineral fertilizers in Mali
(10 FCFA kgl). The VCRs under the low rate of mineral fertilizer and in combination
with manure were greater than two as a result of the low cost of these treatments. Similarly,
Mkhabela (2003) reported higher financial benefits from supplementing manure with
mineral fertilizer relative to using sole manure. The high rate of mineral fertilizer and its
combination with manure had lower value of VCR due to the high price of mineral
fertilizer. Dembélé and Savadogo (1996) reported that the low profitability of inorganic
fertilizer in West Africa could be attributed to poor crop response. Contrastingly, Opoku
(2011) found that 100 % of NPK and 2.5 Mg ha of manure increased the VCR to 7.6.
This study has demonstrated that manure at 2500 kg ha* or the low mineral fertilizer rate
treatment (20.5 kg N: 23 kg P20s ha™) would be an appropriate nutrient strategy for
optimizing returns on nutrient inputs at a reasonable

cost.
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4.7.2.3 Net farm benefit from water harvesting techniques and soil amendments

The farming practices which are profitable in the short-run usually attract farmers’ interest
and are therefore more likely to be adopted. Tied ridge and zai pit recorded greater net
farm benefit than conventional tillage. This could be due to the high grain yield produced
under these techniques. In this study the best water harvesting techniques was tied ridge
which resulted in high yield from low labour cost. It was followed by zai which produced
more grain yield than the tied ridge but involved greater labour cost. These results are in
agreement with the findings of Zougmore et al. (2014) and Kaboré and Reij (2004) who
reported that water harvesting techniques that produced greater grain yield, and low labour
cost could increase the net benefit of farmers in Burkina Faso.

The application of manure and mineral fertilizer led to higher net farm benefit than the
control. This could be explained by the higher grain yield of pearl millet grain yield and
the low cost of manure. It could also be due to the higher market price of pearl millet grain.
According to Abdoulaye and Sanders (2005) and Vitale and Sanders (2005), the price of
cereals in the market play the key role in net benefit of farmers. The best profitable
treatments were 20.5 kg N: 23 kg P20s ha + M 2500 kg ha* followed by 41 kg N: 46 kg

P,0s + M 2500 kg ha'.
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CHAPTER FIVE

5.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

The main objective of the current research was to increase grain yield of millet on

smallholder farms, through the use of efficient nutrient management and water

harvesting strategies.

Pearl millet height, grain and straw yields increased significantly under water
harvesting techniques with the highest yields recorded under zai followed by tied
ridge. Addition of soil amendments (mineral fertilizer and manure) to water
harvesting techniques enhanced markedly pearl millet height, grain and straw
yield. Zai recorded the highest yield followed by tied ridge and, then conventional
tillage. Combined application of manure and mineral fertilizer increased pearl
millet height, grain and straw yield. During the two cropping seasons, soil
amendments application, but not zai and tied ridge, increased harvest index and
agronomic efficiency.

Soil moisture content was improved under zai techniques and tied ridge options
and led to a significant increase in rainwater use efficiency. Soil amendment
application increased rainwater use efficiency. In both years, interaction effect of
manure and mineral fertilizer enhanced RWUE. The study has confirmed that

water harvesting techniques caused significant variations in the bulk density and
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soil moisture storage. The capacity of zai and tied ridge at 0 - 20 cm depth to
conserve water increased with increasing periods of moisture stress, making these
water harvesting techniques better options for in-situ moisture storage

under rainfed agriculture on smallholder farms for sustainable crop production.
The combination of water harvesting techniques, manure and mineral fertilizer
applications increased soil volumetric moisture content.

Nutrients (N and P) uptake by pearl millet was higher under water harvesting
techniques with the highest N and P uptake being recorded in the plots with zai
treatments. The highest N and P utilization efficiencies were recorded in the plots
that received the tied ridge and zai treatments, respectively. Manure and mineral
fertilizer applications and their interactions enhanced grain and straw N and P
uptake. Tied ridge, zai and conventional tillage produced positive partial N and P
balances. Conventional tillage had the highest partial N and P balances while the
lowest values were recorded under zai. Manure application at 2500 kg ha* had
positive partial N and P balances but the control had negative partial N and P
balances. Also, the application of half and recommended rates of N and P fertilizer
had positive partial N and P balances.

The value cost ratio and the partial factor of productivity were profitable for the
use of M 2500 kg ha! and 20.5 kg N: 23 kg P.Os hal, respectively. The highest
net benefit was obtained from the use of tied ridge and 20.5 kg N: 23 kg P2Os ha

1 + 2500 kg ha'* of manure and mineral fertilizer applications.
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5.2 Conclusions

Based on the objectives and the results obtained in this study, the following conclusions

were drawn:

Yields of pearl millet increased markedly with use of water harvesting techniques
such as zai and tied ridge. These results suggest that the combined use of water
harvesting techniques and soil amendments as an appropriate option for improved
millet production in Mali.

The use of soil amendments with either tied ridge or zai techniques increased soil
moisture content and rainwater use efficiency. This result indicates that the
application of zai and tied ridge technologies improves plant water availability for
enhanced millet yields.

Tied ridge or zai technique combined with soil amendments application resulted
in a higher positive partial N and P balances. Application of 2500 kg ha* manure
improved soil partial N and P balances. This implied that the recommended rate
of mineral fertilizer leads to N and P accumulation. Nitrogen and phosphorus
uptake were improved by the use of water harvesting techniques and soil
amendments application. Moreover, water harvesting techniques improved N use
efficiencies.

Financial benefit was greater under zai and tied ridge. Manure and mineral
fertilizer applications increased the value cost ratio, partial factor of productivity
and net farm return. The tied ridge and zai combined with manure and mineral
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fertilizer applications could maintain the economic profitability of smallholder
farmers.

5.3 Recommendations

I Studies to evaluate the combined effect of water harvesting techniques and
nutrient management options are warranted in the sudan and sudan — sahelian
agroecological zones.

ii.  The use of tied ridge and mineral fertilizer at 20.5 kg N: 23 kg P20Os ha® with
2500 kg ha* of manure was most effective. Howerever, futher evaluation of this

option is need to validate its performance.

143



REFERENCES

Abdoulaye, T. and Sanders, J. H. (2005). Stages and determinants of fertilizer use in
semiarid African agriculture: the Niger experience. Agricultural Economics 32(2):
167-179.

Adama, A. I. (2003). The Effect of Different Tillage Practices on Soil Erosion, Water
Conservation and Yield of Maize in the Semi-Deciduous Forest Zone of Ghana.
M.Sc. Thesis submitted to the Department of Crop and Soil Sciences, KNUST,
Kumasi, Ghana.

Adamou, A., Bationo, A., Tabo, R. and Koala, S. (2007). Improving soil fertility
through the use of organic and inorganic plant nutrient and crop rotation in Niger,
pp. 589-598. In A. Bationo, B. Waswa, J. Kihara and J. Kimetu, (eds.) Advances
in Integrated Soil Fertility Management in sub-Saharan Africa: Challenges and
Opportunities. Springer, Netherlands.

Adeleye, E., Ayeni, L. and Ojeniyi, S. (2010). Effect of poultry manure on soil physico-
chemical properties, leaf nutrient contents and yield of yam (Dioscorea rotundata)
on alfisol in southwestern Nigeria. Journal of American Science 6(10): 871-878.

Aggarwal, R. K., Praveen, K. and Power, J. F. (1997). Use of crop residue and manure
to conserve water and enhance nutrient availability and pearl millet yields in an
arid tropical region. Soil and Tillage Research 41(1-2): 43-51.

Akponikpe, P. B. I., Michels, K. and Bielders, C. L. (2008). Integrated nutrient
management of pearl millet in the sahel combining cattle manure, crop residue and
mineral fertilizer. Experimental Agriculture 44(04): 453-472.

Allen, V. B. and David, J. P (2007). Handbook of Plant Nutrition, CRC Press, 632pp.

Anderson, J. M and Ingram, J. S. I (1993). Tropical Soil Biology and Fertility: A
Handbook of Methods. CAB International, Wallingford, UK.

Arsyid, M. A., Camacho, F. T. and Guo, P. (2009). Corn Basics: Corn Crop
Management, Available Online:
http://www.dekalbasia.com/pdf/CB2_CornCropManagement.pdf. Accessed
(May 2015).

144


http://www.dekalb-asia.com/pdf/CB2_CornCropManagement.pdf
http://www.dekalb-asia.com/pdf/CB2_CornCropManagement.pdf
http://www.dekalb-asia.com/pdf/CB2_CornCropManagement.pdf
http://www.dekalb-asia.com/pdf/CB2_CornCropManagement.pdf

Arvind, V., Nepalia, V. and Kanthalia, P.C. (2006). Effect of integrated nutrient supply
on growth, yield and nutrient uptake by maize (Zea mays) — Wheat (Triticum
aestivum) cropping system. Indian J. Agron. 51 (1):3-6.

Ayoola, O. T., and Adeniyan, O. N (2006). Influence of poultry on yield and components
of crops under different cropping systemes in south west Nigeria.

African Journal Biotechnology 5: 1386 - 1392.

Bagayoko, M., Maman, N., Palé, S., Sirifi, S., Taonda, S., Traore, S. and Mason, S.
(2011). Microdose and N and P fertilizer application rates for pearl millet in West
Africa. African Journal of Agricultural Research 6(5): 1141-1150.

Ballaki, M. and Badanur, V. (2012). Influence of organic residue recycling on crop yield
and nutrient uptake by Rabi sorghum. Karnataka Journal of Agricultural Sciences
6(4):339 - 344.

Barker, A. V. (1997). Composition and use of composts. In Rechcigl JE and MacKinnon,
H.C. (eds.) Agricultural use of by-products and wastes. 668: 140162.

Barker, A. V. and Pilbeam, D. J. (2007). Handbook of plant nutrition. CRC press, 632pp.

Barron, J. (2004). Dry spell mitigation to upgrade semi-arid rainfed agriculture: Water
harvesting and soil nutrient management for smallholder maize cultivation in
Machakos, Kenya. PhD Thesis in Natural Resources Management. Department of
Systems Ecology, Stockholm University, Sweden.

Bationo, A., Kihara, J., Vanlauwe, B., Waswa, B. and Kimetu, J. (2007). Soil organic
carbon dynamics, functions and management in West African agroecosystems.
Agricultural Systems 94(1): 13-25.

Bationo, A., Lompo, F. and Koala, S. (1998). Research on nutrient flows and balances
in west Africa: state-of-the-artl. Agriculture, Ecosystems and Environment 71(1-
3): 19-35.

Bationo, A. and Mokwunye, A. U (1991a). Role of manures and crop residue in
alleviating soil fertility constraints to crop production: With special reference to
the Sahelian and Sudanian zones of West Africa. Fertilizer Research 29: 117125.

Bationo, A. and Mokwunye, A. U. (1991b). Alleviating soil fertility constraints to
increased crop production in West Africa: The experience in the Sahel. Nutrient

Cycling in Agroecosystems 29(1): 95-115.

145



Bationo, A. and Ntare, B. R. (2000). Rotation and nitrogen fertilizer effects on pearl
millet, cowpea and groundnut yield and soil chemical properties in a sandy soil in
the semi-arid tropics, West Africa. The Journal of Agricultural Science 134(03):
277-284.

Bayala, J., Sileshi, G. W., Coe, R., Kalinganire, A., Tchoundjeu, Z., Sinclair, F. and
Garrity, D. (2012). Cereal yield response to conservation agriculture practices in
drylands of West Africa: A quantitative synthesis. Journal of Arid Environments
78(0): 13-25.

Bayu, W., Rethman, N., Hammes, P. and Alemu, G. (2006). Effects of farmyard manure
and inorganic fertilizers on sorghum growth, yield, and nitrogen use in a semi-arid
area of Ethiopia. Journal of plant nutrition 29(2): 391-407.

Baziramakenga, R., Lalande, R. R. and Lalande, R. (2001). Effect of de-inking paper
sludge compost application on soil chemical and biological properties. Canadian
Journal of Soil Science 81(5): 561-575.

Bekeko, Z. (2014). Effect of enriched farmyard manure and inorganic fertilizers on grain
yield and harvest index of hybrid maize (bh-140) at Chiro, eastern Ethiopia.
African Journal of Agriculture Research 9(7):663-6609.

Bekunda, M. A., Bationo, A. and Ssali, H. (1997). Soil fertility management in Africa:
A review of selected research trials. In Buresh, R. J., Sanchez, P. A. and Calhoun,
F. (eds.). Replenishing soil fertility in Africa. SSSA special publication No. 51.
SSSA, Madison, WI, pp 63 — 79.

Belay, A., Gebrekidan, H. and Uloro, Y. (1998). Effect of tied ridges on grain yield
response of Maize (Zea mays L.) to application of crop residue and residual N and
P on two soil types at Alemaya, Ethiopia. South African journal of plant and soil
15(4): 123-129.

Bollan, N. S., White, R. E. and Hedley, M. J. (1990). A review of the use of phosphate
rocks as fertilizers for direct application in Australia and New Zealand.

Australian Journal of Experimental Agriculture 30: 297 — 313.
Blanco-Canqui, H. and Lal, R. (2008). No-tillage and soil-profile carbon sequestration:

An on-farm assessment. Soil Science Society of America Journal 72(3): 693-701.

146



Buerkert, A., Bationo, A. and Piepho, H. P. (2001). Efficient phosphorus application
strategies for increased crop production in sub-Saharan West Africa. Field Crops
Research 72(1): 1-15.

Chaplain, V., Défossez, P., Richard, G., Tessier, D. and Roger-Estrade, J. (2011).
Erratum to “Contrasted effects of no-till on bulk density of soil and mechanical
resistance”[Soil Tillage Res. 111 (2011) 105-114]. Soil and Tillage Research
1(113): 74-75.

Chepkemoi, J. (2014). Influence of tillage practices, cropping systems and organic inputs
on soil moisture content, nutrients status and crop yield in Matuu, Yatta sub
county, Kenya. MSc Thesis. University of Nairobi, Nairobi.

Chiroma, A., Alhassan, A. and Khan, B. (2008). Yield and water use efficiency of millet
as affected by land configuration treatments. Journal of Sustainable Agriculture
32(2): 321-333.

Christianson, C. and Vlek, P. (1991). Alleviating soil fertility constraints to food
production in West Africa: Efficiency of nitrogen fertilizers applied to food crops.
Fertilizer research 29(1): 21-33.

CIMMYT. (1988). From agronomic data to farmer recommendations: An economics
training manual. International Wheat and Maize Improvement Centre (CIMMYT)
Mexico, D. F. 33 pp 16-26.

Cooper, P., Gregory, P., Tully, D. and Harris, H. (1987). Improving water use
efficiency of annual crops in the rainfed farming systems of West Asia and North
Africa. Experimental Agriculture 23(02): 113-158.

Danso, I., Nuertey, B., Asamoah, P., Tetteh, F., Danso, F., Afari, P., Safo, E. and
Logah, V. (2010). The effect of rock phosphate on soil nutrient dynamics, growth,
development and yield of oil palm in the semi-deciduous forest zone of Ghana.
Journal of Science and Technology (Ghana) 30: 30-44.

Debrah, S. (2000). La place du phosphate naturel de Tilemsi dans I’initiative pour la
Fertilit¢ des Sols au Mali. Rapport provisoire. IFAD-International Fund for

Agricultural Development Afrique, Togo 20 p.

147



Dembélé, 1., Kater, L., Koné, D., Budelman, A., Kante, S. and Sanogo, J. L. (1998).
La gestion paysanne de la fertilité des sols. Bilan partiel des éléments nutritifs.
IER. CRRA de Niono. 34 pp.

Dembélé, N. N. and Savadogo, K. (1996). The need to link soil fertility management to
input/output market development in West Africa: key issues. In International
Fertilizer Development Centre Seminar, pp. 19-22.

DNA (2011). Plan de campagne agricole au Mali 2011-2012. Direction national de
I'agriculture Bamako, Mali. pp. 5 - 30.

Doumbia, M., Hossner, L. and Onken, A. (1993). Variable sorghum growth in acid soils
of subhumid West Africa. Arid Land Research and Management 7(4): 335346.

DRSPR (1990). Introduction du cloisonnement mécanique a Koutiala et Tominian.
Résultats de la campagne 1989/1990 du Volet Fobébougou. Commission
technique sur les systémes de production rurale. Mars 1990. pp. 2-8.

Efthimiadou, A., Bilalis, D., Karkanis, A. and Froud-Williams, B. (2010). Combined
organic/inorganic fertilization enhance soil quality and increased vyield,
photosynthesis and sustainability of sweet maize crop. Australian Journal of Crop
Science 4(9): 722 - 729.

Fairhurst, T. (2012). (ed.) Handbook for integrated Soil Fertility Management. Africa
Soil Health Consortium, Nairobi..

FAOQ, (2001). Conservation Agriculture: Case Studies in Latin America and Africa. Soils
Bulletin No. 78.Rome: FAO. 76pp.

FAO, (2003). Assessment of soil nutrient balance: Approaches and methodologies
Fertiliser and Plant Nutrition Bulletin No.14, Rome, Italy. p.101.

FAO, (2005). Bilans des éléments nutritifs du sol a différentes échelles Application des
méthodes intermédiaires aux réalites africaines; Bulletin FAO engrais et nutrition
vegetale, No. 15. p. 50.

Fatondji, D. (2002). Organic amendment decomposition, nutrient release and nutrient
uptake by millet (Pennisetum glaucum (L.) R. Br.) in a traditional land
rehabilitation technique (Zar) in the Sahel, PhD Thesis. Dissertation, Ecology and
Development Serie No. 1 University of Bonn. Bonn, Germany.

148



Fatondji, D., Martius, C., Bielders, C., Vlek, P. L., Bationo, A. and Gerard, B. (2007).
Effect of planting technique and amendment type on pearl millet yield, nutrient
uptake, and water use on degraded land in Niger, pp. 179-193. In A. Bationo, B.
Waswa, J. Kihara and J. Kimetu, (eds.) Advances in Integrated Soil Fertility
Management in sub-Saharan Africa: Challenges and Opportunities. Springer,
Netherlands.

Gichangi, E. M., Karanja, N. K. and Wood, C. W. (2007). Managing manure heaps
with agro-organic wastes and cover to reduce nitrogen losses during storage on
smallholder farms, pp. 611-618. In A. Bationo, B. Waswa, J. Kihara and J.
Kimetu, (eds.) Advances in Integrated Soil Fertility Management in sub-Saharan
Africa: Challenges and Opportunities. Springer, Netherlands.

GRDC, (2009). Water use efficiency. Grain Research and Development Corporation, pp.1
- 3. www.grdc.com.au Accessed February 2013.

Harold, M. V. E., Sogbedji, B.K.J., Melkonian, J., Dharmakeerthi, R., Dadfar, S.H.
and Tan, I. (2006). Nitrogen Management under Maize in Humid Regions: The
18" World Congress of Soil Science held on July 9-15, 2006) at Philadelphia,
Pennsylvania, USA.

Hatfield, J. L., Sauer, T. J. and Prueger, J. H. (2001). Managing soils to achieve greater
water use efficiency. Agronomy Journal 93(2): 271-280.

Havlin, J. L., Beaton, J.D., Tisdale, S.L. and Nelson, W.L. (2005). Soil Fertility and
Nutrient Management. 71" Edition. Pearson Prentice Hall. Upper Saddle River, NJ.

Heerink, N. (2005). Soil fertility decline and economic policy reform in Sub-Saharan
Africa. Land Use Policy 22(1): 67-74.

Hellal, F. A. A., Nagumo, F. and Zewainy, R. M. (2013). Influence of phosphocompost
application on phosphorus availability and uptake by maize grown in red soil of
Ishigaki Island, Japan. Agricultural Sciences 4(02): 102.

Hellums, D. T., Chien, S. H. and Touchton, J. T. (1989). Potential Agronomic Value of
Calcium in Some Phosphate Rocks from South America and West Africa. Soil
Science Society American Journal 53(2): 459-462.

149



Henao, J. and Baanante, C. A. (1999). An evaluation of strategies to use indigenous and
imported sources of phosphorus to improve soil fertility and land productivity in
Mali. Tech. Bull. IFDC T-49. IFDC, Muscle Shoals, Aabama, USA.

Hulugalle, N. R. (1990). Alleviation of soil constraints to crop growth in the upland
Alfisols and associated soil groups of the West African Sudan savannah by tied
ridges. Soil and Tillage Research 18(2-3): 231-247.

Kablan, R., Yost, R.S., Brannan, K., Doumbia, M. D., Traoré¢, K., Yoroté, A.,
Toloba, Y., Sissoko, S., Samake, O., Vaksman, M., Dioni, L. and Sissoko, M.
(2008). Aménagement en courbes de niveau. "Increasing Rainfall Capture,
Storage, and Drainage in Soils of Mali". Arid Land Research and Management 22
(1): 62 - 80.

Kaboré, D. and Reij, C. (2004). The emergence and spreading of an improved traditional
soil and water conservation practice in Burkina Faso. EPTD Discussion paper NO.
114. International Food Policy Research Institute 2033 K Street, N.W.
Washington, D.C. 20006 U.S.A.

Kaihura, F. B. S., Kullaya, I. K., Kilasara, M., Aune, J. B., Singh, B. R. and Lal, R.
(1998). Impact of soil erosion on crop productivity and crop yield in Tanzania.
Advances in Geo Ecology 31:375-381.

Kanté, S. (2001). Gestion de la fertilité des sols par classe d'exploitation au Mali-Sud.
PhD Thesis. Wageningen University and Research Centre. Netherlands.

Kareem, A. A. and Ramasamy, C. (2000). Expanding frontiers of agriculture:
contemporary issues. Kalyani Publishers, Ludhiana, India.

Karuma, A. N., Mtakwa, P. W., Amuri, N. and Gachene, C. K. K. (2012). Effect of
different tillage methods on soil moisture dynamics in maize-bean cropping
systems in semi arid Mwala district, Kenya. Third RUFORUM Biennial Meeting
24 - 28 September 2012, Entebbe, Uganda. pp 1609 - 1615.

Kassogue, A., Komota, M., J., S. and Schutgens, F. (1996). A measure for every site:
traditional SWC techniques on the Dogon Plateau, Mali, pp.69-79. In C. Riej, I.
Scoones and C. Toulmin (eds.) Sustaining the soil: indigenous soil and water

conservation in Africa. London: Earthscan puplications.

150



Keita, B. (2002). Les sols dominants du Mali. Quatorzieme Réunion du Sous-Comité
ouest et centre africain de corrélation des sols pour la mise en valeur des terres.
Organisé par la FAO, Abomey, Bénin, 9-13 Octobre 2000. pp 95-103.
ftp://ftp.fao.org/docrep/fao/005/y3948F/y3948f04.pdf . Accessed (March, 2015).

Keita, B., Dioni, L. and Diallo, D. (1981). Etude Pédologique de la Station de

Recherche Agronomique de Cinzana. Institut d’Economie Rurale (IER). pp. 27-
30.

Kemmitt, S., Lanyon, C. V., Waite, 1., Wen, Q., Addiscott, T., Bird, N., O’donnell, A.
and Brookes, P. (2008). Mineralization of native soil organic matter is not
regulated by the size, activity or composition of the soil microbial biomass - a new
perspective. Soil Biology and Biochemistry 40(1): 61-73.

Ketterings, Q., Czymmek K., Buob, T., Beegle, D. and Ristow P. (2008). Soil fertility
and nutrient management. NRCCA Soil Fertility and Nutrient
Management - Study Guide - 9/28/2008 P. 4

www.northeastcropadvisers.org/files/Nutrient.pdf. Accessed March, 2015

Khan, N. 1., Malik, A. U., Umer, F. and Irfan, B. M. (2010). Effect of tillage and farm
yard manure on physical properties of soil. International Research Journal of Plant
Science (ISSN: 2141-5447) Vol. 1(4) pp. 075-82.

Khanna, S. S., Tomar, N. K. and Gupta A. P (1983). Efficiency of incubated phosphate
fertilizers varying in water solubility with organic matter to wheat. Proc. Third

International Congress on Phosphorus Compounds. Brussels Belgium, pp. 567 —
580.

Kiba, I. (2012). Diversité des modes de gestion de la fertilité des sols et leurs effets sur la
qualité des sols et la production des cultures en zones urbaine, péri-urbaine et
rurale au Burkina Faso. These de doctorat unique. IDR/UPB. Burkina Faso. 142
pp.

Kieft, H., Keita, N. and Van Der Heide, A. (1994). Engrais fertiles? Vers une gestion
durable des terres agricoles au Mali. ETC Netherlands, Leusden, NL, 99p.

Kihara, J., Bationo, A., Mugendi, D. N., Martius, C. and Vlek, P. L. (2011).

Conservation tillage, local organic resources and nitrogen fertilizer combinations

151


ftp://ftp.fao.org/docrep/fao/005/y3948F/y3948f04.pdf
ftp://ftp.fao.org/docrep/fao/005/y3948F/y3948f04.pdf
http://www.northeastcropadvisers.org/files/Nutrient.pdf
http://www.northeastcropadvisers.org/files/Nutrient.pdf

affect maize productivity, soil structure and nutrient balances in semi-arid Kenya.
Nutrient Cycling in Agroecosystems 90(2): 213-225.

Kihara, J., Martius, C., Bationo, A., Thuita, M., Lesueur, D., Herrmann, L.,
Amelung, W. and Vlek, P. (2012). Soil aggregation and total diversity of bacteria
and fungi in various tillage systems of sub-humid and semi-arid Kenya.

Applied Soil Ecology 58: 12-20.

Kincaid, D. (2002). The WEPP model for runoff and erosion prediction under sprinkler
irrigation. Transactions of the ASAE 45(1): 67-72.

Kouyaté, Z., Diallo, D., N'Diaye, K. and Ayemou, A. (2012). Influence of crop
management systems on soil properties and sorghum yields in the Sahelian zone
of Mali. African Journal of Agricultural Research 7(37): 5217-5223.

Kouyaté, Z., Franzluebbers, K., Juo, A. R. and Hossner, L. (2000). Tillage, crop
residue, legume rotation, and green manure effects on sorghum and millet yields
in the semiarid tropics of Mali. Plant and Soil 225(1-2): 141-151.

Lashermes, G., Nicolardot, B., Parnaudeau, V., Thuries, L., Chaussod, R., Guillotin,
M., Linéres, M., Mary, B., Metzger, L. and Morvan, T. (2009). Indicator of
potential residual carbon in soils after exogenous organic matter application.
European Journal of Soil Science 60(2): 297-310.

Lawrence, P. A., Radford, B. G., Thomas, G. A., Sinclair, D. P. and Kay, A. J. (1994).
Effects of tillage practices on wheat performance in a semi-arid environment. Soil
and tillage research, 28:347- 364.

Leu, A. (2007). Organics and soil carbon: increasing soil carbon, crop productivity and
farm profitability. ‘In Managing the Carbon Cycle’ Katanning Workshop, pp. 21-
22.

Luchsinger, L., Alfredo R., Villar, R. and Gaete, U. M. (1979). Effects of minimum
tillage and no tillage sowing on the development and productivity of maize. (Zea
mays L.). Invest. Agric. (Chile) 5:39 — 45.

Lynam, J. K. and Herdt, R. W. (1989). Sense and sustainability: sustainability as an
objective in international agricultural research. Agricultural Economics 3(4):
381-398.

152



Mafongoya, P., Bationo, A., Kihara, J. and Waswa, B. S. (2007). Appropriate
technologies to replenish soil fertility in southern Africa, pp. 29-43. In A. Bationo,
B. Waswa, J. Kihara and J. Kimetu, (eds.) Advances in Integrated Soil Fertility
Management in sub-Saharan Africa: Challenges and Opportunities. Springer,
Netherlands.

Magdoff, F. and Weil, R. R. (2004). Soil organic matter management strategies, pp. 45 -
65. In: Magdoff, F and Weil, R. R. (eds.) Organic matter in sustainable agriculture.
CRC Press LLC. New York.

Mahalakshmi, V. and Bidinger, F. R. (1985). Water stress and time of floral initiation
in pearl millet. The Journal of Agricultural Science 105(02): 437-445.

Maillard, E. and Angers, D. A. (2014). Animal manure application and soil organic
carbon stocks: A meta_analysis. Global change biology 20(2): 666-679.

Maman, N. and Mason, S. (2013). Poultry manure and inorganic fertilizer to improve
pearl millet yield in Niger. African Journal of Plant Science 7(5): 162-169.
Marshall, T. J. and Holmes, J. W. (1988). Soil Physics, second edition. Cambridge

University Press, Cambridge. pp: 57.

McDonagh, J., Thomsen, T. B. and Magid, J. (2001). Soil organic matter decline and
compositional change associated with cereal cropping in southern Tanzania.
Land Degradation and Development 12(1): 13-26.

McLean, E. (1982). Soil pH and lime requirement. pp. 199 - 224. In A.L. Page et al. (eds.)
Methods of soil analysis. Part 2. 2" ed. Agron. Monogr. 9. ASA and SSSA,
Madison, WI.

Meek, B., Rechel, E., Carter, L. and DeTar, W. (1992). Bulk density of a sandy loam:
traffic, tillage, and irrigation-method effects. Soil Science Society of America
Journal 56(2): 562-565.

Metson, A. J. (1961). Methods of Chemical Analysis of Soil Survey Samples. Govt.
Printers, Wellington, New Zealand, p. 207.

Miriti, J., Esilaba, A. O., Bationo, A., Cheruiyot, H., Kihumba, J. and Thuranira, E.
(2007). Tied-ridging and integrated nutrient management options for sustainable
crop production in semi-arid eastern Kenya, pp. 435 - 442. In A. Bationo, B.
Waswa, J. Kihara and J. Kimetu, (eds.) Advances in Integrated Soil Fertility

153



Management in sub-Saharan Africa: Challenges and Opportunities. Springer,
Netherlands.

Mkhabela, T. S. (2003). The economics of using manure stored under two different
systems for crop production by small-scale farmers in Kwazulu-Natal. In
Contributed paper presented at the 41% annual conference of the agricultural
economic association of South Africa (AEASA), Pretoria, South Africa, 2-3.

Motsi, K. E., Chuma, E. and Mukamuri, B. B. (2004). Rainwater harvesting for
sustainable agriculture in communal lands of Zimbabwe. Physics and Chemistry
of the Earth, Parts A/B/C 29(15-18): 1069-1073.

Mucheru, M., Mugendi, D., Micheni, A., Mugwe, J., Kungu, J., Otor, S. and Gitari,
J. (2002). Improved food production by use of soil fertility amendment strategies
in the central highlands of Kenya. In Bationo A., and Swift M. J. (eds.),
Proceedings of the 8" meeting of the African Network for Soil Biology and
Fertility research, Nairobi, Kenya.

Mugwe, J., Mugendi, D., Kungu, J. and Muna, M. M. (2009a). Maize yields response
to application of organic and inorganic input under on-station and on-farm
experiments in central Kenya. Experimental Agriculture 45(01): 47-59.

Mugwe, J., Mugendi, D., Mucheru-Muna, M., Odee, D. and Mairura, F. (2009b).
Effect of selected organic materials and inorganic fertilizer on the soil fertility of
a Humic Nitisol in the central highlands of Kenya. Soil use and management 25(4):
434-440.

Mullins, G. L., Alley, S. E. and Reeves, D. W. (1998). Tropical maize response to
nitrogen and starter fertilizer under strip and conventional tillage systems in
southern Alabama. Soil Tillage Res. 45:1-15.

Mupangwa, W., Love, D. and Twomlow, S. (2006). Soil-water conservation and
rainwater harvesting strategies in the semi-arid Mzingwane Catchment, Limpopo
Basin, Zimbabwe. Physics and Chemistry of the Earth, Parts A/B/C 31(15-16):
893-900.

Mweso, E. (2003). Evaluating the Importance of Soil Water Availability (As a land
Quiality) on Selected Rainfed Crops in Serowe Area, Botswana. Available Online:

http://www.itc.nl/library/Papers 2003/msc/nrm/mweso.pdf.

154


http://www.itc.nl/library/Papers_2003/msc/nrm/mweso.pdf
http://www.itc.nl/library/Papers_2003/msc/nrm/mweso.pdf

Myers, R. J. K., Palm, C. A., Cuevas, E., Gunatilleke, I. U. N. and Brossard, M.
(1994). The synchronization of nutrient mineralization and plant nutrient demand.
In: Woomer.P.L., and Swift, M.J., (eds.), The biological management of soil
fertility. John Wiley and Sons, Chichester. pp. 81 — 116.

Nelson, D. and Sommers, L. E. (1982). Total carbon, organic carbon, and organic matter,
pp. 539-579. In A.L. Page, R.H Miller, and D.R. Keeney, (eds.), Methods of Soil
Analysis, Part 2. Agronomy Series, 9. American Society of Agronomy, Madison,
Wisconsin, USA.

Nelson, D. W. and Sommers, L. (1980). Total nitrogen analysis of soil and plant tissues.
Journal of the Association of Official Analytical Chemists (USA). 63:770 - 778.

Njeru, P., Mugwe, J., Maina, I., Mucheru-Muna, M., Mugendi, D., Lekasi, J.,
Kimani, S., Miriti, J., Oeba, V. and Esilaba, A. (2015). Integrating Farmers and
Scientific Methods for Evaluating Climate Change Adaptation Options in Embu
County, Adapting African Agriculture to Climate Change, pp. 185-197. Springer,
Nederlands.

Nnadi, L. and Haque, I. (1988). Agronomic effectiveness of rock phosphate in an Andept
of Ethiopia. Communications in Soil Science and Plant Analysis 19(1): 79-90.

Nwachukwu, O. and Ikeadigh, M. (2012). Water Use Efficiency and Nutrient Uptake of
Maize as Affected By Organic and Inorganic Fertilizer. PAT 8(1): 199-208.

Nyamangara, J., Masvaya, E. N., Tirivavi, R. and Nyengerai, K. (2013). Effect of
hand-hoe based conservation agriculture on soil fertility and maize yield in
selected smallholder areas in Zimbabwe. Soil and Tillage Research 126: 19-25.

Odedina, J. N., Atayese, M.O., Adeyemi., Adegbigbe, S.G. and Olaiya. (2014). PCP
301: Crop production 1 Course Synopsis. 481-PCP 301 Essential of plant nutrient.
http://academic.kellogg.edu/herbrandsonc/bio111/animations/0031.swf. Accessed
April 2015.

Odendo, M., Ojiem, J., Bationo, A. and Mudeheri, M. (2006). On-farm evaluation and
scaling-up of soil fertility management technologies in western Kenya.

Nutrient Cycling in Agroecosystems 76(2-3): 369-381.
Okalebo, J., Othieno, C. O., Woomer, P. L., Karanja, N., Semoka, J., Bekunda, M.,

Mugendi, D. N., Muasya, R., Bationo, A. and Mukhwana, E. (2006).

155


http://academic.kellogg.edu/herbrandsonc/bio111/animations/0031.swf
http://academic.kellogg.edu/herbrandsonc/bio111/animations/0031.swf

Available technologies to replenish soil fertility in East Africa. Nutrient Cycling
in Agroecosystems 76(2-3): 153-170.

Olsen, S. R. and Sommers, L. E. (1982). Phosphorus. In Page, A.L., Miller, R.H. and
Keeney, D.R. (eds.). Methods of soil analysis. Part 2. Chemical and
microbiological properties. Second edition. American Society of Agronomy and
Soil Science Society of America, Madison, Wisconsin USA. pp. 403 — 430.

Opoku, A. (2011). Sustainability of Crop Residues and Manure Management in
Smallholder Cereal-Legume-Livestock Systems in the Savannas of West Africa,
PhD Thesis. Department of Crop and Soil Sciences, Faculty of Agriculture,
Kwame Nkrumah University of Science and Technology, Kumasi, Ghana.

Ouattara, B. (1994). Contribution a I'étude de I'évolution des propriétés physiques d'un
sol ferrugineux tropical sous culture: pratiques culturales et états structuraux du
sol. Theése de Doctorat. Université Nationale de Cote d’Ivoire, Abidjan.

Ouédraogo, E. (2004). Soil quality Improvement for crop production in Semi-arid West
Africa.Wageningen University ISBN 90-6754-732-8. 193 pp.

Ouédraogo, E., Mando, A. and Zombré, N. (2001). Use of compost to improve soil
properties and crop productivity under low input agricultural system in West
Africa. Agriculture, Ecosystems and Environment 84(3): 259-266.

Ouédraogo, E., Stroosnijder, L., Mando, A., Brussaard, L. and Zougmore, R. (2007).
Agroecological analysis and economic benefit of organic resources and fertiliser
in till and no-till sorghum production after a 6-year fallow in semi-arid West
Africa. Nutrient Cycling in Agroecosystems 77(3): 245-256.

Palm, C. A., Gachengo, C. N., Delve, R. J., Cadisch, G. and Giller, K. E. (2001).
Organic inputs for soil fertility management in tropical agroecosystems:
application of an organic resource database. Agriculture, Ecosystems and
Environment 83(1): 27-42.

Palm, C. A., Myers, R. J. and Nandwa, S. M. (1997). Combined use of organic and
inorganic nutrient sources for soil fertility maintenance and replenishment, pp.
193 - 217. In R. J. Buresh, P. A. Sanchez, and F. Calhoun, (eds.). Replenishing
Soil Fertility in Africa. SSSA Spec. Publ. 51. SSSA, Madison, WI.

156



Parvin, N. (2012). Influence of mouldboard ploughing and shallow tillage on soil physical
properties and crop performance. MSc Thesis in Soil Science. Swedish University
of Agricultural Sciences, SLU.

Patel, H. H., Patel, T. U., Patel, P. S., Patel, A. J. and Desai, G. B (2013). Response of
Rabi sorghum [Sorghum bicolor (L.) Moench] to land configuration and nutrient
management. BIOINFOLET-A Quarterly Journal of Life Sciences 10(2):

387 - 389.

Payne, W. A. (1997). Managing yield and water use of Pearl millet in the Sahel. Agron.
J. 89:481-490.

Payne, W. A., Hossner, L. R., Onken, A. B. and Wendt, C. W. (1995). Nitrogen and
Phosphorus Uptake in Pearl Millet and Its Relation to Nutrient and Transpiration
Efficiency. Agronomy Journal 87(3): 425-431.

Polania, J., Poschenrieder, C., Rao, I. and Beebe, S. (2015). Physiological basis of
improved adaptation to drought in common bean. Plant Physiology 40: 503-537.

Qiu, S.-L., Wang, L.-M., Huang, D.-F. and Lin, X.-J. (2014). Effects of fertilization
regimes on tea yields, soil fertility, and soil microbial diversity. Chilean journal of
agricultural research 74(3): 333-339.

Raguram, S. M. and Ramachandra, C. V. M. (2014). Direct Application of Phosphate
Rock with ammonium sulphate or along with organic manure. International
Journal of Applied Life Sciences and Engineering (IJALSE) 1 (1): 87-88.

Rahman, M. and Ranamukhaarachchi, S. (2003). Fertilitv Status and Possible
Environmental Consequences of Tista Floodplain Soils. Thammasat International
Journal of Science and Technology. 8(3): 111-117.

Ramisch, J. (1999). In the balance?. Evaluating soil nutrient budgets for an agropastoral
village of southern Mali. Managing Africa’s Soil serie NO. 9, IIED, London.

Rao, K. P. C., Steenhuis, T. S., Cogle, A. L. T., Srinivasan, D. F. and Smith, G. D.
(1998). Rainfall infiltration and runoff from an Alfisol in semi-arid tropical India.
I1. Tilled systems. Soil and tillage research 48:61-69.

Rasmussen, K. (1999). Impact of ploughless soil tillage on yield and soil quality: a

Scandinavian review. Soil and Tillage Research 53(1): 3-14.

157



Raun, W. R. and Johnson, G. V. (1999). Improving Nitrogen Use Efficiency for Cereal
Production. Agronomy Journal 91(3): 357-363.

Reddy, K. C., Visser, P. and Buckner, P. (1992). Pearl millet and cowpea yields in sole
and intercrop systems, and their after-effects on soil and crop productivity. Field
Crops Research 28(4): 315-326.

Reeves, D. W. (1997). The role of soil organic matter in maintaining soil quality in
continuous cropping systems. Soil and Tillage Research 43(1-2): 131-167.
Rehman, A., Saleem, M. F., Safdar, M. E., Hussain, S. and Akhtar, N. (2011). Grain
quality, nutrient use efficiency, and bioeconomics of maize under different sowing

methods and NPK levels. Chilean journal of agricultural research 71(4):
586-593.

Rhoades, J. (1982). Cation exchange capacity. Methods of soil analysis, Part 2. Chemical
and Microbiological Properties. Second edition. Number 9 (part 1). EE.UU p.
1159.

Rockstrom, J. (2003). Water for food and nature in drought prone tropics: vapour shift in
rainfed agriculture. Phil. Trans. R.Soc. Lond. B.358, 1440: 1997-20009.

Roose, E., Kabore, V., Guenat, C. and Eric, R. (1993). Le zai : Fonctionnement, limites
et amélioration d'une pratique traditionnelle africaine de rehabilitation de la
végétation et de la productivité des terres dégradées en région soudanosahélienne
(Burkina Faso). Cahiers - ORSTOM. Pédologie 28(2): 159-173.

Roscoe, R. and Buurman, P. (2003). Tillage effects on soil organic matter in density
fractions of a Cerrado Oxisol. Soil and Tillage Research 70(2): 107-119.

Sahrawat, K. L., Abekoe, M. K. and Diatta, S. (2001). Application of inorganic
phosphorus fertilizer, pp. 225 - 246. In: G. Tian, F. Ishida, and D. Keatinge, (eds.),
Sustaining soil fertility in West Africa. SSSA special publication No. 58, Soil
Science Society of America, Madison, Wisconsin.

Samaké, O. (2003). Integrated crop management strategies in Sahelian land use systems
to improve agricultural productivity and sustainability: A case study in Mali, PhD
Thesis, Wageningen University. Wageningen, Netherlands.

Samba, T., Coulibaly, B., Koné, A., Bagayoko, M. and Kouyaté, Z. (2007). Increasing
the Productivity and Sustainability of Millet Based Cropping Systems in the

158



Sahelian Zones of West Africa, pp. 567-574. In A. Bationo, B. Waswa, J. Kihara
and J. Kimetu, (eds.) Advances in Integrated Soil Fertility Management in sub-
Saharan Africa: Challenges and Opportunities. Springer, Netherlands.

Sanchez, P. A. (2002). Soil fertility and hunger in Africa. Science (Washington)
295(5562): 2019-2020.

Sawadogo, H., Bock, L., Lacroix, D. and Zombré, N. P. (2008). Restauration des
potentialités de sols dégradés a l'aide du zai et du compost dans le Yatenga
(Burkina Faso). Biotechnologie, Agronomie, Société et Environnement 12(3):
279-290.

Scherr, S. J. (1999). Soil degradation: A threat to developing-country food security by
2020. Food, Agriculture, and the Environment Discussion Paper No. 27.
International Food Policy Research Institute, Washington DC.

Schlecht, E. and Buerkert, A. (2004). Organic inputs and farmers' management strategies
in millet fields of western Niger. Geoderma 121(3): 271-289.

Schlecht, E., Buerkert, A., Tielkes, E. and Bationo, A. (2006). A critical analysis of
challenges and opportunities for soil fertility restoration in Sudano-Sahelian West
Africa. Nutrient Cycling in Agroecosystems 76(2-3): 109-136.

Serme, 1. (2014). Growth and yield of sorghum under different conservation tillage and
water and nutrient management practices in the south Sudan zone of Burkina Faso.
PhD Thesis, Faculty of Agriculture, Kwame Nkrumah University of Science and
Technolgy, Kumasi, Ghana.

Shahandeh, H., Hons, F. M., Hossner, L. R. and Doumbia, M. D. (2004). Effect of
Diamou Lime, Gypsum, and Tilemsi Phosphate Rock on Acid Soils of the Sudano-
Sahelian Region of Mali. Arid Land Research and Management 18(1) : 77-88.

Shaxson, F. and Barber, R. (2003). Optimizing soil moisture for plant production. The
significance of soil porosity, FAO Soils Bulletin No. 79, Food and Agriculture
Organization of United Nations, Rome, ISBN 92-5-104944-0.

Shetty, S., Van Duivenbooden, N., Bationo, A. and Sivakumar, M. (1998). Stratégies
agronomiques pour l’intensification des systémes de productions au Sahel.

L'intensification agricole au Sahel: rnythe ou realité: 727-745.

159



Silva, J. d., de Oliveira, F. H. T., de Sousa, A. K. F. and Duda, G. P. (2006). Residual
effect of cattle manure application on green ear yield and corn grain vyield.
Horticultura Brasileira 24(2): 166-169.

Sivakumar, M. V. K. and Wills, J. B. (1995) (eds.). Combating land degradation in sub-
Saharan Africa: Summary proceedings of the International Planning Workshop for
a Desert Margins Initiative, Nairobi, Kenya, 23-26 Jan 1995. Patancheru, Andhara
Pradesh, India.

Smith, D. L. and Hamel, C. (2012). Crop yield: physiology and processes. Springer
verlag berlin Heidelberg. pp. 271-286.

Somado, E. A., Becker, M., Kuehne, R. F., Sahrawat, K. L. and Vlek, P. L. (2003).
Combined effects of legumes with rock phosphorus on rice in West Africa.
Agronomy Journal 95(5): 1172-1178.

Spielman, D. J., Byerlee, D., Alemu, D. and Kelemework, D. (2010). Policies to
promote cereal intensification in Ethiopia: The search for appropriate public and
private roles. Food Policy 35(3): 185-194.

Stoffella, P. J., LI, Y., Roe, N. E., Ozores-Hampton, M. and Graetz, D. A. (1997).
Utilization of composted organic wastes in vegetable production systems. Asian
and Pacific Concil (ASPAC) Food and Fertilizer Technology Center.

Stoorvogel, W., Oorschot, V. and Geuze, H. J. (1996). A novel class of clathrincoated
vesicles budding from endosomes. The Journal of cell biology 132(1): 21-

33.

Sustrac, G. (1986). BRGM phosphate prospecting methods and results in West Africa.
Institution of Mining and Metallurgy Transactions. Section A. Mining Industry

95.

Tabo, R., Bationo, A., Gerard, B., Ndjeunga, J., Marchal, D., Amadou, B., Annou,
M. G., Sogodogo, D., Taonda, J. B. S. and Hassane, O. (2007). Improving cereal
productivity and farmers’ income using a strategic application of fertilizers in West
Africa, pp. 201-208. In A. Bationo, B. Waswa, J. Kihara and
J. Kimetu, (eds.) Advances in Integrated Soil Fertility Management in subSaharan
Africa: Challenges and Opportunities. Springer, Netherlands.

160



Thomas, G. W. (1982). Exchangeable cations. p. 159-164. In A. L. Page et al. (eds.)
Methods of soil analysis. Part 2. 2" ed. Agron. Monogr. 9. ASA and SSSA,
Madison, W1I.

Van der Pol, F. and Traore, B. (1993). Soil nutrient depletion by agricultural production
in Southern Mali. Fertilizer research 36(1): 79-90.

Van Straaten, P. (2002). Rocks for crops. Agrominerals of sub-Saharan Africa. ICRAF.

Vanlauwe, B., Kihara, J., Chivenge, P., Pypers, P., Coe, R. and Six, J. (2011).
Agronomic use efficiency of N fertilizer in maize-based systems in sub-Saharan
Africa within the context of integrated soil fertility management. Plant and Soil
339(1-2): 35-50.

Vanlauwe, B., Palm, C. A., Murwira, H. K. and Merckx, R. (2002). Organic resource
management in sub-Saharan Africa: validation of a residue quality-driven decision
support system. Agronomie 22: 839 — 846.

Vanlauwe, B., Wendt, J. and Diels, J. (2001). Combined application of organic matter
and fertilizer, pp. 247-279. In: Tian, G., Ishida, F., Keatinge, J.D.H. (Eds.),
Sustaining Soil Fertility in West Africa. Soil Science Society of America and
American Society of Agronomy, Madison, WI, USA.

Vitale, J. D. and Sanders, J. H. (2005). New markets and technological change for the
traditional cereals in semiarid sub_Saharan Africa: the Malian case. Agricultural
Economics 32(2): 111-129.

Wang, X., Hoogmoed, W. B., Cai, D., Perdok, U. D. and Oenema, O. (2007). Crop
residue, manure and fertilizer in dryland maize under reduced tillage in northern
China: Il nutrient balances and soil fertility. Nutrient Cycling in Agroecosystems
79(1): 17-34.

Wedum, J., Doumbia, Y., Sanogo, B., Dicko, G., Cissé, O., Riej, C., Scoones, I. and
Toulmin, C. (1996). Rehabilitating degraded land: za in the Djenné Circle of
Mali, pp 62 - 68. In Reij, C., Scoones, I. and Toulmin, C. (eds.), Sustaining the
soil: indigenous soil and water conservation in Africa. London: Earthscan

publications.

161



Wen, G., Winter, J. P., Voroney, R. P. and Bates, T. E. (1996). Potassium availability
with application of sewage sludge, and sludge and manure composts in field
experiments. Nutrient Cycling in Agroecosystems 47(3): 233-241.

Whalen, J. K., Chang, C., Clayton, G. W. and Carefoot, J. P. (2000). Cattle manure
amendments can increase the pH of acid soils. Soil Science Society of America
Journal 64(3): 962-966.

Yamoah, C. F., Bationo, A., Shapiro, B. and Koala, S. (2003). Soil management
practices to improve nutrient-use efficiencies and reduce risk in millet-based
cropping systems in the Sahel. Tropicultura 21(2): 66-72.

Yeboah, E., Kahl, H. and Arndt, C. (2013). Soil testing guide 2" edition. Council for
Scientific and Industrial Research, Ghana. pp. 23 - 29.

Yoseph, T. and Gebre, W. (2015). Evaluation of different moisture conservation
practices on growth, yield and yield components of sorghum at Alduba, southern
Ethiopia. Research Journal of Agriculture and Environmental Management. 4(3):
169-173.

Zafar, M., Abbasi, M., Arjumend, T. and Jabran, K. (2012). Impact of compost,
inorganic phosphorus fertilizers and their combination on maize growth, yield,
nutrient uptake and soil properties. JAPS, Journal of Animal and Plant Sciences
22(4): 1036-1041.

Zapata, F. and Roy, R. N. (2004). Use of phosphate rocks for sustainable agriculture.
FAOQ fertilizer and plant nutrituion bulletin No. 13. p. 82.

Zhen, L. and Routray, J. K. (2003). Operational indicators for measuring agricultural
sustainability in developing countries. Environmental Management 32(1): 34-46.

Zingore, S., Delve, R. J., Nyamangara, J. and Giller, K. E. (2008). Multiple benefits of
manure: the key to maintenance of soil fertility and restoration of depleted sandy
soils on African smallholder farms. Nutrient Cycling in Agroecosystems 80(3):
267-282.

Zougmore, R., Jalloh, A. and Tioro, A. (2014). Climate-smart soil water and nutrient
management options in semiarid West Africa: a review of evidence and analysis

of stone bunds and zai techniques. Agriculture and Food Security 3(1): 16.

162



Zougmoré, R., Mando, A., Ringersma, J. and Stroosnijder, L. (2003a). Effect of
combined water and nutrient management on runoff and sorghum yield in semiarid
Burkina Faso. Soil use and management 19(3): 257-264.

Zougmore, R., Mando, A. and Stroosnijder, L. (2010). Benefits of integrated soil
fertility and water management in semi-arid West Africa: an example study in
Burkina Faso. Nutrient Cycling in Agroecosystems 88(1): 17-27.

Zougmoré, R., Mando, A., Stroosnijder, L. and Guillobez, S. (2004). Nitrogen flows
and balances as affected by water and nutrient management in a sorghum cropping
system of semiarid Burkina Faso. Field Crops Research 90(2-3): 235244.

Zougmore, R., Zida, Z. and Kambou, N. (2003b). Role of nutrient amendments in the
success of half-moon soil and water conservation practice in semiarid Burkina
Faso. Soil and Tillage Research 71(2): 143-149.

APPENDICES

163



1000 -
900 - - = 1

800 - T T

700 - = 4
600 - > 1 =

500 - v

400 -
300 -
200 -
100 -

Annual rainfall

Appendix 1: Mean annual rainfall of 30 years compared to the last seventeen years

Appendix 2: Interactive effect between water harvesting techniques and manure on plant

height at maturity stage in 2013 cropping season

Water Plant height (cm)
Manure
harvesting P .
techniques (kg ha™) Maturity stage
C.tillage MO 256.0
M 2500 276.3
Tied ridge MO 296.7
M 2500 297.7
R0 289.6
Zai
M 2500 318
Fpr 0.005
Lsd(0.05) 27.01

C. tillage: Conventional tillage
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Appendix 3: Interactive effect of water harvesting techniques and manure on dry matter
production at tillering and elongation stages in 2013 and 2014 cropping seasons

Water Dry matter production (g plant™)
Manure
harvesting -1) Tillering Elongation
(kg ha
techniques stage in 2013 stage in 2014
C. tillage MO 1.24 52.40
M 2500 1.28 51.10
Tied ridge MO 1.40 37.00
M 2500 1.37 55.60
Zai MO 1.07 29.60
M 2500 1.88 49.00
Fpr <0.001 0.03
Lsd (0.05) 0.29 16.76

C. tillage: Conventional tillage
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Appendix 4: Interactive effect of water harvesting techniques and mineral fertilizer on dry
matter production at tillering, elongation and 50 % flowering stages in 2013 and 2014
cropping seasons

Dry matter production (g plant™)

Water Mineral 2013 2014

harvesting fertilizer 50%

techniques (kg ha™) Mondhtion ro?/f/)eor/?ng Tillering  Elongation ~ flowering

stage stage stage stage stage

C.tillage O N:0P20s 15.30 86.50 1.79 38.90 146.50
20.5 N: 23 P20s 28.80 97.60 2.95 70.70 208.50
41 N: 46 P20s 26.50 99.70 1.57 45.60 250.20

Tied ridge O N: 0P20s 25.60 89.50 1.63 40.40 200.30
20.5 N: 23 P20s 33.50 123.80 190 41.10 206.60
41 N: 46 P20s 27.30 137.30 2.06 57.50 193.20

Zai 0 N: 0 P20s 33.20 137.00 1.49 39.50 126.40
20.5 N: 23 P20s 31.20 113.00 1.62 35.60 130.40
41 N: 46 P,0s 46.90 140.70 2.19 42.70 172.00
Fpr 0.03 0.03 0.04 0.001 0.02
Lsd (0.05) 11.30 28.08 1.02 18.04 73.64

C. tillage: Conventional tillage
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Appendix 5: Interactive effect of manure and mineral fertilizer on dry matter production
at elongation stage in 2014 cropping seasons

Manure Mineral fertilizer Dry matter production (g plant™)
(kg hal) (kg ha?) Elongation 50 % flowering
stage stage
MO 0 N: 0 P2Os 25.60 131.30
20.5 N: 23 P20s 42.40 191.60
41 N: 46 P20s 51.10 199.30
M 2500 O N:0P20s 53.60 184.20
20.5 N: 23 P20s 55.80 172.10
41 N: 46 P20s 46.10 211.00
Fpr 0.001 0.03
Lsd (0.05) IR 37.48

Appendix 6: Interactive effect of water harvesting techniques and manure application on
soil bulk density 90 days after sowing at 20 — 40 cm depth in 2014 cropping season

Water harvesting Manure Bulk density (g cm®) in 2014
techniques (kg ha'l) 20 -40 cm
C. tillage MO w65
M 2500 1.50
Tied ridge MO 1.49
M 2500 1.41
MO 1.44
Zai
M 2500 1.26
Fpr 0.028
Lsd (0.05) 0.11

C. tillage: Conventional tillage
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Appendix 7: Interactive effect of water harvesting techniques and organic manure on
available phosphorus in 2014 cropping season

Water harvesting  Manure Available phosphorus
techniques (kg ha'l) (mg kg
C. tillage MO 7.05
M 2500 11.93
Tied ridge MO 10.33
M 2500 10.51
Zai MO 8.13
M 2500 19.69
Fpr <0.001
Lsd (0.05) 1.90

C. tillage: Conventional tillage

Appendix 8: Interactive effect of manure and mineral fertilizer on available phosphorus in

2014 cropping season

Manure Mineral fertilizer (kg Available phosphorus
(kgha®)  ha') (mg kg™)
MO 0 N: 0 P,Os 6.50
20.5 N: 23 P20s 8.97
41 N: 46 P2Os 10.04
M 2500 0 N: 0 P20s i
20.5 N: 23 P20s 15.70
41 N: 46 P20Os 21.12
Fpr <0.001
Lsd (0.05) 2.03
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Appendix 9: Interactive effect of manure and mineral fertilizer on soil total nitrogen in
2014 cropping season

Manure Mineral fertilizer (kg )
(kg had) ha'l) Total nitrogen (%)
MO 0 N: 0 P20s 0.033
20.5 N: 23 P20s 0.032
41 N: 46 P20Os 0.024
M 2500 0 N: 0 P20s 0.026
20.5 N: 23 P20s 0.032
41 N: 46 P20Os 0.038
Fpr 0.002
Lsd (0.05) 0.008

Appendix 10: Interactive effect of water harvesting technigues and organic manure on soil
exchangeable potassium in 2014 cropping season

Water
harvesting ianur (Changeab_lle K
techniques fhg-ha=) (cmolc kg™)
C. tillage MO 0.047
M 2500 0.049
Tied ridge MO 0.044
M 2500 0.062
Zai MO 0.058
M 2500 0.054
Fpr 0.002
Lsd (0.05) 0.020

C. tillage: Conventional tillage

Appendix 11: Interactive effect of water harvesting techniques and mineral fertilizer on
soil exchangeable potassium in 2014 cropping season

169



Water harvesting ~ Mineral fertilizer (kg (changeable K

techniques ha®) (cmolc kgh)
C. tillage 0 N: 0 P20s 0.03
20.5 N: 23 P20Os 0.06
41 N: 46 P20Os 0.05
Tied ridge 0 N: 0 P20s 0.06
20.5 N: 23 P20s 0.05
41 N: 46 P20s 0.05
Zai 0 N: 0 P20s 0.04
20.5 N: 23 P20s 0.06
41 N: 46 P2Os 0.06
Fpr <0.001
Lsd (0.05) 0.02

C. tillage: Conventional tillage

Appendix 12: Interactive effect of manure and mineral fertilizer on soil exchangeable
potassium in 2014 cropping season

Manure (kg Mineral fertilizer (kg (changeable K
hal) ha'l) (cmolc kgd)
MO 0 N: 0 P20s 0.05

20.5 N: 23 P20s 0.05

41 N: 46 P2Os 0.05
M 2500 0 N: 0 P2Os 0.05

20.5 N: 23 P20s 0.06

41 N: 46 P,0s 0.06

Fpr 0.03

Lsd (0.05) 0.008

Appendix 13: Interactive effect of water harvesting techniques and mineral fertilizer on
cation exchange capacity in 2013
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Water harvesting  Mineral  fertilizer Cation exchange capacity

techniques (kg ha'l) (cmolc kg™
) 0 N: 0 P20s 4.7
C. tillage 20.5 N: 23 P,0s 6.06
41 N: 46 P20s 5.85
Tied ridge 0 N: 0 P20s 6
20.5 N: 23 P20s 5.54
41 N: 46 P20s 5.03
Zai 0 N: 0 P20s 4.47
20.5 N: 23 P20Os 6.12
41 N: 46 P20s 7.78
Fpr 0.009
Lsd (0.05) 2.32

C. tillage: Conventional tillage

Appendix 14: Interactive effect of water harvesting techniques and manure on pearl millet
straw N uptake in 2013 cropping season

Water harvesting Manure Straw N uptake
techniques (kg hat) (kg hat)
Conventional tillage MO 335

M 2500 32.12
Tied ridge MO 26.95

M 2500 29.76
Zai MO 32.7

M 2500 43.82

Fpr 0.003

Lsd (0.05) 4.9

Appendix 15: Interactive effect of water harvesting techniques and mineral fertilizer on

pearl millet grain N uptake in 2014 cropping season
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Water harvesting Mineral fertilizer Grain N uptake (kg ha)

-1
techniques (kg ha) N
0 N: 0 P2Os 11.83
Conventional tillage 20.5 N: 23 P20s 14.49
41 N: 46 P2Os 11.64
0 N: 0 P2Os 13.2
Tied ridge 20.5 N: 23 P20s 18.65
41 N: 46 P20s 15.95
0 N: 0 P20Os 11.92
Zai 20.5 N: 23 P20s 28.73
41 N: 46 P20s 17.49
Fpr <0.001
Lsd (0.05) 4.35

Appendix 16: Interactive effect of water harvesting techniques and mineral fertilizer on
pearl millet straw N uptake in 2013 cropping season

Water : Mineral fertilizer (kg w N uptake

harvesting hal) (kg hal)

techniques g

C. tillage 0 N: 0 P20s 21.25
20.5 N: 23 P20s 30.84
41 N: 46 P20s 46.34

Tied ridge 0 N: 0 P2Os 25.03
20.5 N: 23 P20s 24.81
41 N: 46 P20s 35.23

Zai 0 N: 0P20s5 37.75
20.5 N: 23 P20s 33.35
41 N: 46 P20s 43.67
Fpr <0.001
Lsd (0.05) 5.84

C. tillage: Conventional tillage
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Appendix 17: Interactive effect of water harvesting techniques and manure on partial N

balance at 0 - 20 cm depth in 2013 and 2014 cropping seasons

Water Partial N balance
Manure )
harvesting (kg ha.1) (kg ha
techniques 2013 2014
C. tillage MO -19.80 -11.00
M 2500 17.20 34.95
Tied ridge MO -15.20 -24.09
M 2500 16.90 26.81
Zai MO -21.80 -16.79
M 2500 1.60 19.54
Fpr 0.049 0.012
Lsd (0.05) 6.12 8.61

C. tillage: Conventional tillage

Appendix 18: Interactive effect of manure and mineral fertilizer on partial N balance at
0 — 20 cm depth in 2013 cropping season

Manure  Mineral fertilizer (kg 1al N balance (kg
(kg ha) hal) ha)
MO 0 N: 0 P2Os -25.20
20.5 N: 23 P20s -19.50
41 N: 46 P20s -12.10
M 2500 0O N:0P20s -8.20
20.5 N: 23 P20s 17.40
41 N: 46 P.Os 26.60
Fpr <0.001
Lsd (0.05) 7.71
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