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SUMMARY

The main objective of this study was to determine the best soil amendment and tillage practices
for sustainable millet yield and grain and stover quality. The treatments included tillage
practices (immediate-, late- and no-till) and soil amendments (sheep manure plus urine,
manure, millet stover (stalks, leaf blades and leaf sheaths) and millet stover ash) in factorial
combinations with fertilizer nitrogen levels of 0, 15 and 30 kg ha71 plus controls. Results
showed that (i) higher yields were obtained in tilled plots than in no-till plots; (ii) tillage timing
may not be a signi®cant yield determining factor; (iii) the application of animal urine resulted in
signi®cantly higher yield and greater nitrogen, phosphorus and potassium uptake than the
application either of manure alone or of millet stover. Urine application (ruminant urine
contains virtually no phosphorus), which elevates soil pH especially during the ®rst week after
application, may have resulted in the dissolution of phosphorus from the aluminium±iron
complexes of kaolinitic clays. This is corroborated by the signi®cantly higher phosphorus uptake
from the manure-plus-urine plots than from plots amended with either manure alone or millet
stover. Long-term implications of `mining' soil phosphorus with repeated applications of animal
urine in these fragile ecosystems remains unclear.

INTRODUCTION

In the Republic of Niger, the sustainability of mixed farming systems requires soil
management strategies that limit the loss of nutrients from recycling. Pearl millet
(Pennisetum glaucum), perhaps the most important food crop of semi-arid West
Africa, is cultivated for grain and stover. Of the total biomass produced,
approximately 15% is food (millet grain) and 85% can be regarded as potential
feed (millet leaves, stalks and threshed panicles). The bene®cial e�ects of millet
stover application on soil fertility are well recognized (Lamers and Feil, 1993).
However, the competitive use of millet stover makes its harvest and sale attractive
at local markets, especially in years when drought spells result in a poor grain
harvest (Hopkins and Reardon, 1989). Millet stover is used as livestock feed, for
the construction of houses, granaries and fences and for making mats. It also serves
as fuel for cooking in areas where ®rewood is scarce. Millet stover grazed after the
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grain harvest is perhaps the major source of animal feed during the six- to seven-
month dry season. Livestock graze millet stover by day and deposit manure and
urine directly on croplands by night (overnight corralling). Harvesting millet
stover to feed animals held in paddocks (stalls) near homesteads, requires labour
to harvest and transport stover often using animal-drawn carts. Labour and
transportation are also required for manure collection, storage, transportation
from homesteads to ®elds and the spreading of manure on croplands. More
importantly, the paddock system results in substantial nutrient losses because the
nutrients in animal urine are not recycled through cropping as with the practice of
overnight corralling of animals on croplands.
Earlier studies have shown that the systematic application of crop residues

(Pichot et al., 1981; Powell and Fons, 1991) and animal manures (Bationo and
Mokwunye, 1991a; Powell and Ikpe, 1992) can lead to substantial increases in
grain and stover yields and nutrient uptake. However, the implications of either
the direct application of millet stover to the soil, the recycling of nutrients through
the corralling of livestock on croplands, the hand-spreading of manure alone from
stall-fed animals, the burning of millet stover, or its complete removal from
farmers' ®elds in these crop±livestock systems have not been documented
properly.
The feed value of crop residues such as groundnut (Arachis hypogaea) (Powell,

1985) and cowpea (Vigna unguiculata) hay ( J. M. Powell, personal communi-
cation) are considered high. Since the nutrients in millet stalks and leaves have
been reported widely on a stover basis (Bationo and Mokwunye, 1991a;b;
Duivenbooden and CisseÂ , 1992; Hafner et al., 1993), millet stover is generally
regarded to be low in feed value so that supplementation is believed to be
necessary for animals to maintain body condition (O'Donovan, 1983). The
grazing pattern of stover depends on the palatability and nutritional quality of
plant parts (Powell, 1985) and their digestibility (Hacker and Minson, 1981).
Since small ruminants (goats and sheep) graze millet leaves alone, their intake of
nitrogen (N) and phosphorus (P), may be underestimated while the intake of
potassium (K) is overestimated. This, however, is not the case for large ruminants
(cattle and camels) and donkeys which consume both stalks and leaves (stover).
The speci®c objectives of this study were to determine the best soil amendment
practices, to ®nd out the most appropriate tillage practice for the incorporation of
these soil amendments and to determine the partitioning of nutrients to millet
plant parts.

MATERIALS AND METHODS

Site description
The experiment was conducted at the ICRISAT Sahelian Centre (ISC),

SadoreÂ (lat 138N, long 28E) in the Republic of Niger, West Africa and located on
acidic Labucheri soil, classi®ed as Psammentic Paleustalfs (sandy, siliceous,
isohyperthermic) having a surface (0±0.2 m) texture of 850±900 g kg71 sand,
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and 50±100 g kg71 clay-size particles, with the latter made up of roughly equal
proportions of very ®ne quartz and kaolinitic minerals (West et al., 1984). The
average annual rainfall, of which nearly 95% falls between May and September,
was generally above the long-term average of 560 mm (Sivakumar, 1986).
However, rainfall distribution in 1992 was less favourable than in 1991. The
amounts of rainfall for 1991 and 1992 were 603 and 586 mm respectively.

Experimental treatments
There were three types of treatments: (1) tillage practices: (i) immediate-till

(tillage at the beginning of the cropping season performed on the day of
amendment application on the soil surface), (ii) late-till (tillage at the beginning
of the cropping season performed two weeks after amendment application on the
soil surface) and (iii) no-till; (2) soil amendments: (i) sheep manure-plus-urine,
(ii) sheepmanure alone, (iii) millet stover and (iv) ash of millet stover; (3) fertilizer
N: (i) zero N, (ii) 15 kg N ha71 and (iii) 30 kg N ha71. Soil amendments and the
N fertilizer rates were factorially arranged to give 12 treatments plus a control in a
split-plot arrangement with four replicates. The tillage practices formed the main
plots with the 12 combinations plus the control randomized perpendicularly in
plots measuring 6 6 6m within the main plots. Tillage was accomplished by
ploughing to a depth of 10 cm with a two-oxen plough. Prior to tillage the
equivalent of 10 kg P ha71 was applied as single superphosphate to meet the
optimum P requirement of millet (Bationo and Mokwunye, 1991b) before pearl
millet was planted as a test crop. The amounts of sheep manure and millet stalks
applied (1.5 t ha71) were determined in village-level surveys in the Republic of
Niger. The manure:urine ratio of 1:3 on a w/w basis, was determined in an
International Livestock Research Institute (ILRI) sheep metabolism experiment
at ISC ( J. M. Powell, personal communication). The amounts of N, P and K in
the amendments in 1991 are presented in Table 1.
In the ®rst year, millet stalks (leaf blades and sheaths removed) were chopped

and sampled for chemical analyses. For the stalk ash treatment, the same amount
of stalks applied to stalk amended plots were burnt in open half drums, and the
ashes were sampled for chemical analyses. The manure and urine from sheep fed
millet-based diets were collected and stored in sacks and plastic containers

Table 1. Amounts of nitrogen, phosphorus and potassium in soil amendments applied to ®eld plots at the
onset of the experiment at SadoreÂ .

Nutrient concentration Nutrient application

Nitrogen Phosphorus Potassium Nitrogen Phosphorus Potassium
Amendment applied (g kg71 dry matter) (kg ha71)

Millet stalks 7.3 0.5 43.5 11.0 0.8 62.3
Millet stalk ash 4.1 6.8 563.3 0.5 0.8 65.3
Sheep manure 17.6 3.2 13.9 26.4 4.8 21.0
Sheep urine 5.6 3.2 0.5 25.2 0.0 2.1
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respectively. These were also sampled for analyses prior to application to ®eld
plots. The urine samples were frozen until chemically analysed. After receiving
rainfall deemed su�cient for tillage, the amendments were hand-spread and four
main plots were tilled within six hours of amendment application. Four other
main plots were tilled two weeks later and the remaining four plots were left
untilled. On the day of late till, all plots were planted with pearl millet cv. CIVT
(Composite Inter-Varietal de Tarna) at 0.75-cm spacings with three plants per
stand within rows 1 m apart giving a plant population of approximately 40 000
per ha71. At the ®rst weeding and thinning, approximately three weeks after
planting, half the fertilizer N (calcium ammonium nitrate, CAN) was surface
banded and the remaining half was applied in a similar fashion six weeks later
after the second and ®nal weeding. In 1992, millet stover (stalks+ leaf sheath-
s+ leaf blades) was retained on plots that received millet stalks the previous year
while stover from the ash plots was collected, burnt and the ashes applied. The
sheep manure and urine were applied at the same rates as for 1991.

Chemical analyses of N, P and K in soil amendments. Samples of millet stalks and
manure were milled to pass a 1-mm screen and triplicate samples of approxi-
mately 0.3 g stalk, manure and ash and 1 ml defrosted urine were digested in
sulphuric acid with a catalyst in an aluminium block digester for 1 h (Bremner
and Mulvaney, 1982). Cooled digests were brought to 100 ml with distilled water
and analysed for N and P contents on a Technicon automated analyser while
¯ame emission spectrophotometry was used to determine K concentrations.

Determination of millet yield and N, P and K uptake. Millet was harvested manually
from the interior of each plot. The millet panicles were separated from the stover
and the grains were threshed manually from the panicles. Two millet stands from
each plot were sampled for stalk and leaf yield. Entire plants were cut 2 cm above
the soil surface and the stover was divided into leaves (blades and sheaths) and
stalks. Leaves and stalks were chopped into approximately 5-cm sections and
sampled for moisture determination by oven drying at 60 8C for 48 h and then
analysed for N, P and K concentrations. Samples of grains, leaves and stalks from
immediate-till plots and no-till plots were ground to pass a 1-mm screen before
storing in coin envelopes for analyses. Approximately 0.3-g samples of each plant
part were digested in sulphuric acid in an aluminium block digester. Digests were
analysed for N and P on an autoanalyser and for K concentrations by ¯ame
emission spectrophotometry. The concentrations of N, P and K in grains were
multiplied by their respective DM yields to determine the annual amounts of each
nutrient taken up from each plot.

Statistical analysis
All the tests performed assumed a probability level of p5 0.05 to be signi®cant.

The di�erences in the pearl millet grain, leaf and stalk yields and N, P and K
uptake due to treatments were determined using the ANOVA of the GLM
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procedures (SAS, 1985). Regression analysis was used to investigate the relation-
ship between the applied fertilizer N andmillet grain, leaf and stalk yields, and the
N, P and K uptake in grains, leaves and stalks (SAS, 1985).

RESULTS AND DISCUSSION

Millet yield
Millet yields varied considerably in the 1991 and 1992 study years due to

rainfall, tillage and amendment type. In 1991, the highest yields were obtained
from the plots where tillage was done immediately after the application of
amendments (Fig. 1). Millet yields from the late-till and the no-till plots were
statistically the same. In 1992, grain yields in the immediate-till and the late-till
plots were similar but higher than in the no-till plots. Average yields in the
immediate-till plots and in the late-till plots (4.9+ 0.67 t ha71) were not
signi®cantly di�erent, whereas the yield advantage from immediate tillage was
signi®cantly higher than the no-till practice (3.7+ 0.67 t ha71). The higher grain
yield obtained in the tilled plots was attributed to less NH3-volatilization,
especially from manure and urine, greater available soil moisture (Hoogmoed
et al., 1991), faster mineralization of the manure and millet stalks (Hargrove et al.,
1991) and reduced loss of ash by wind-blow than under the no-till practice.
Average yields were highest in plots amended with sheep manure-plus-urine

(5.2+ 0.67 t ha71), followed by the manure alone and the stover amended plots
(4.6+ 0.67 t ha71), stover ash plots (4.1+ 0.67 t ha71) and the control
plots (3.7+ 0.67 t ha71) (Fig. 2). The complete return of stover (stalks plus
leaves) from the 1991 harvest was probably responsible for yields being the same
from the millet stover amended and the manure-plus-urine amended plots in 1992
(Fig. 2). Thus, the corralling of livestock on farmers' ®elds overnight for direct
deposition of manure and urine can ensure that more nutrients are applied and
recycled when compared with the application of manure alone gathered from
stalls where animals are fed.
Most (approximately 80%) of the ruminant-excreted N is in urine, while nearly

all the P is excreted in faeces (Whitehead, 1970). The N in urine is readily
available for plants while the faeces require further decomposition before the N
becomes available (Stillwell and Woodmansee, 1981). Urine N transformation,
that is, from deamination of nitrogenous compounds, hydrolysis of urea to
ammonium and to ammonia, which is highly volatile, is a rapid process and is
completed within 4 d (Stillwell and Woodmansee, 1981). Under the semi-arid
conditions of the Sahelian region, where evapotranspiration exceeds precipitation
several times (Sivakumar, 1986), it was been estimated that between 30 and 50%
N from animal urine is lost through ammonia volatilization a week after it is
voided on farmers' ®elds (Powell et al., 1998). Thus, incorporating manure and
urine into the soil immediately after corralling of livestock may have reduced the
amount of N losses and resulted in higher yields and greater uptake of nutrients in
immediate-till plots amended with manure-plus-urine compared with no-till
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plots. Faster release of nutrients from urine than from sheep manure, which
decomposes slowly (Powell et al., 1998), possibly synchronized nutrient require-
ments with pearl millet demands.

Uptake of nutrients and partitioning to millet plant parts
The uptake and partitioning of N, P and K to millet plant parts were in¯uenced

by amendment practices (Fig. 3 and Table 2). In both study years, nutrient
uptake in the manure-plus-urine amended plots was highest. In the ®rst year, N, P

Fig. 1. E�ect of primary tillage practices, no-till ( ), immediate-till ( ), late-till (&), on pearl millet dry
matter (DM) yields in (a) 1991 and (b)1992 at SadoreÂ .
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and K uptake in plots amended with millet stalks and millet stalk ash were not
signi®cantly di�erent. However, when stover was applied in the following year the
uptake of nutrients, particularly N was signi®cantly higher than in the stover ash-
amended plots (Fig. 3). This was due to the return of nutrients in millet leaves.
Burning of millet residue leads to the loss of N through volatilization.

Nitrogen. The average concentrations of N in millet grains, 19.2+ 1.02 g kg71

Fig. 2. E�ects of amendment type, manure+urine ( ), manure alone ( ), millet stover ( ), millet
stover ash ( ) and control (&), on pearl millet dry matter (DM) yields in (a) 1991 and (b) 1992 at

SadoreÂ .
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in 1991 and 17.6+ 0.79 g kg71 in 1992 were less than those found by Hafner et al.
(1993). In a long-term N balance study with millet residue and fertilizer N
applications, Hafner et al. (1993) reported that despite large di�erences in grain
yields, N concentrations in millet grain at SadoreÂ were 20.0, 23.0 and 22.3 g kg71

in 1985, 1987 and 1988 respectively; N concentrations in stover were 7.3 g kg71 in
1985, 8.2 g in 1987 and 7.8 g in 1988. In the present study, N concentrations in

Fig. 3. E�ects of amendment type, manure+urine ( ), manure alone ( ), millet stover( ), millet
stover ash ( ) and control (&), on nitrogen, phosphorus and potassium removal (uptake) by millet grain

at harvest in (a) 1991 and (b) 1992 at SadoreÂ .
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millet grains were consistent with the 17.2 g N kg71 obtained by Bationo and
Mokwunye (1991a) but exceeded the minimum value of 13.0 g N kg71 reported
from world-wide experiments with millet (Duivenbooden and CisseÂ , 1992).
Similar trends were observed for N concentrations in millet leaves and stalks
(Table 2). Higher rainfall in 1991 than in 1992, probably favoured faster
mineralization of soil amendments and more N uptake.

Phosphorus. Average P contents in millet grains (3.5 g kg71), were higher than
the value of 1.8 g P kg71 obtained in the world-wide experiments with millet
(Duivenbooden and CisseÂ , 1992) and the value of 2.5 g P kg71 reported by
Bationo and Mokwunye (1991a). Average P contents in the stalks (0.9 g kg71)
and leaves (1.2 g kg71) were higher than the value of 0.3 g kg71 reported from
world-wide experiments with millet (Duivenbooden and CisseÂ , 1992) and the
value of 0.3 g kg71 (Bationo and Mokwunye, 1991a) reported on a stover basis
(Table 2).
In a related experiment, higher P uptake in plots amended with manure-plus-

urine compared with plots that received manure alone (Fig. 3), was attributed to
the higher level of available P in the soil for most of the cropping season due to
increased soil pH, particularly during the ®rst week of application (Powell and
Ikpe, 1992). A soil reaction close to neutrality, which was likely in plots where
sheep urine was applied, resulted in maximum dissolubility of P from iron and
aluminium complexes in the soil. Furthermore, in the present study, the higher
concentration of NH4-N in plots amended with manure-plus-urine (Ikpe and

Table 2. The e�ects of amendment type on the partitioning of nutrients to millet grains, stalks and leaves.

Nutrient concentration (g kg71 dry matter)

Nitrogen Phosphorus Potassium

Amendment Grains Stalks Leaves Grains Stalks Leaves Grains Stalks Leaves

1991
Manure+urine 21.1 14.1 20.7 3.4 1.2 1.4 15.5 32.6 25.1
Manure 19.5 13.1 19.0 3.1 1.1 1.3 15.1 31.3 24.0
Millet stalks 19.0 11.9 18.7 3.1 1.0 1.2 16.2 30.0 23.0
Millet stalks ash 18.5 11.0 18.2 3.1 1.0 1.1 16.4 28.5 22.5
Control 18.1 8.4 15.6 3.0 0.9 1.0 15.0 24.0 21.7
s.e. 1.02 1.66 1.73 0.16 0.05 0.22 1.14 3.21 2.37

1992
Manure+urine 20.6 6.9 10.5 4.0 0.9 1.4 11.2 25.6 14.9
Manure 19.1 6.6 9.4 3.9 0.8 1.3 11.2 20.9 13.3
Millet stalks 18.6 6.8 9.1 3.9 0.7 1.3 11.4 19.8 12.1
Millet stalks ash 17.2 6.0 8.3 3.8 0.7 1.2 11.2 18.7 11.8
Control 12.5 5.5 8.0 3.1 0.5 0.9 11.0 17.7 10.5
s.e. 0.79 0.77 1.21 0.17 0.22 0.29 0.20 1.85 1.12
s.e. 1991±92 0.75 1.16 1.09 0.17 0.12 0.18 1.20 3.36 2.88
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Powell, 1997), possibly increased the uptake of NH4-N, with a resultant increase
in H2PO4

7 uptake in order to maintain ionic electro-neutrality (Marschner,
1990).
The application of millet residue to soil leads to increased P nutrition by millet

due to an increase in the population of N-®xing bacteria which leads to an increase
in the millet root surface area (Kretzschmar et al., 1991). Millet plant rhizosphere
associations and particularly the activity of N-®xing bacteria, diazotrophs, have
been shown to contribute substantially to millet P nutrition. The activity of these
root microbial associations have been found to be responsible for a phytohormone-
induced increase in millet root surface area, which is a crucial factor in P
acquisition by millet in P-de®cient soils (Kretzschmar et al., 1991), such as those
of semi-arid West Africa.

Potassium. If more N and P were partitioned to grains, then greater proportions
of K were partitioned to millet stalks than to the leaves and grains, amendment
practices notwithstanding (Table 2). However, K uptake was higher in plots
amended with manure-plus-urine than in other amended and control plots. This
trend remained the same for N and P uptake (Fig. 3).
Drought spells are a common feature during the cropping season in Sahelian

agriculture (Sivakumar, 1991). Among the major plant nutrients, potassium has
the greatest hydrated ionic radius (Marschner, 1990). This property enhances the
role of potassium in osmoregulation on which millet tolerance to drought
conditions depends. Thus soil management practices that increase K uptake may
lead to greater millet tolerance to moisture stress conditions and thereby result in
sustainable yield. The concentration of K in millet plant parts was due partly to
di�erences in the amount and distribution of rainfall in 1991 and 1992 and
di�erences in the amounts of K in the amendments (Table 1). The average
concentration of K in grains (13.4+ 1.14 g kg71) was greater than the
4.8 g K kg71 reported by Bationo and Mokwunye (1991a) and the 3.0 g K kg71

reported from world-wide experiments with millet (Duivenbooden and CisseÂ ,
1992). The average concentrations of K in leaves (18.1+ 2.88 g kg71) and in
stalks (24.5+ 3.36 g kg71) were greater than that reported on a stover basis
(17.7 g kg71) by Bationo and Mokwunye (1991a) and that reported from world-
wide experiments with millet (10.0 g kg71) (Duivenbooden and CisseÂ , 1992).

CONCLUSIONS

The results of this experiment show that livestock can play a signi®cant role in the
cycling of nutrients in the crop±livestock systems of the Sahel of West Africa. The
incorporation of soil amendments greatly increased millet yields and nutrient
uptake over the no-till management while the application of manure-plus-urine
also resulted in higher yields compared with other amendment practices.
The shift from nomadic to less nomadic forms of livelihood in Sahelian West

Africa has led to a tendency away from extensive, grazing-based livestock
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management (corralling animals overnight on farmers' ®elds) to intensive, stall-
feeding systems where only manure is available for cropping (Winrock Inter-
national, 1992). Such a tendency will lead to losses of nutrients, reduced yields and
land degradation.
There is a need to adopt technologies that capture animal urine and transfer

nutrients to farmers' ®elds. Improved soil management strategies, such as primary
tillage which is not a widespread practice among farmers, can be used to minimize
N loss through volatilization. However, the pro®tability of incorporating soil
amendments into soil by tillage using animal traction vis-aÁ -vis the present
predominantly no-till practice, needs to be studied.
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