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a  b  s  t  r  a  c  t

Inadequate  nutrient  supply  and  insufficient  rainfall  are the  most  important  limiting  factors  for  crop pro-
duction  in  the  Sahelian  agro-ecological  zones.  Targeted  technology  application  may  help  to  improve
the  efficient  use  of limited  nutrient  and  water  resources.  The  objective  of  this  study  was  to  determine
the  optimal  combination  of  fertilizer  micro-dosing  and  manure  application  rates  for  improved  millet
yield and enhanced  water  use efficiency  in  low  input  millet-based  cropping  system.  A two-year  field
experiment  was  conducted  at a research  station  in  Niger  using  a  randomized  complete  block  design
with  three  replications.  The  treatments  consisted  of the  factorial  combination  of:  (i)  two  fertilizer  micro-
dosing  options  (20  kg ha−1 of diammonium  phosphate  (DAP)  and 60 kg ha−1 of  NPK  corresponding  to
2  g  hill−1 of DAP  and  6 g hill−1 of  NPK,  respectively),  (ii)  cattle  manure  at four application  rates  (0 kg ha−1,
1000  kg  ha−1, 2000  kg  ha−1, 3000  kg  ha−1)  and  (iii) two  methods  of manure  application  (broadcasting  and
hill  placement).  Millet  grain  yields  under  fertilizer  micro-dosing  combined  with  manure  was  increased
on average  by  59%,  83%  and  113%  for  1000  kg ha−1, 2000  kg ha−1 and  3000  kg ha−1, respectively  com-
pared  with  fertilizer  micro-dosing  alone.  Combined  applications  of  manure  and  fertilizer  micro-dosing
increased  water  use  efficiency  significantly.  Hill  placement  of manure  increased  total  dry  matter  on  aver-
age by  23%  and water  use  efficiency  by  35%  relative  to manure  broadcasting.  The  total  root  length  density
was  increased  by 66%  and  42%  in hill  placement  of manure  at 25 cm  and 50 cm,  respectively,  from  the  hill

centre compared  with  manure  broadcast.  These  results  indicate  that millet  production  with  the  fertil-
izer  micro-dosing  technology  can  be improved  further  by hill-placement  of  manure.  The  combination  of
2000 kg  ha−1 of manure  and  20  kg  DAP  ha−1 hill-placed  were  most  promising  for  increasing  millet  yield
and  the  efficient  use of  limited  nutrients  and  water  in  Sahelian  millet  based  systems.  There  is need  for
testing  this  technology  further  together  with  farmers  to valuate  its  effectiveness.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Pearl millet is the major food cereal cultivated in the Sahelian
gro-ecological of Niger on coarser textured soils using up to 90%
f the cropped area (Bationo et al., 1993). Even though this crop has
 potential to adapt to harsh conditions, particularly low soil fertil-
ty, its yield is often very low with an average of 400 kg ha−1 in low
nput smallholder millet farming systems (Sivakumar and Salaam,

∗ Corresponding author at: International Crops Research Institute for the Semi-
rid Tropics (ICRISAT) BP: 12404, Niamey, Niger.
el.: +227 96 26 73 74; +233 267085456; fax: +227 20 73 43 29.

E-mail addresses: ibramali@myway.com, ibabaye@gmail.com (A. Ibrahim).

ttp://dx.doi.org/10.1016/j.fcr.2015.04.022
378-4290/© 2015 Elsevier B.V. All rights reserved.
1999). The inherent low soil fertility coupled together with inap-
propriate soil fertility management and unreliable rainfall are main
causes underlying the low millet productivity in the Sahelian zone
of Niger (Graef and Haigis, 2001; Schlecht et al., 2006; Stoorvogel
and Smaling, 1990).

The use of mineral fertilizers by farmers in Niger remains very
low and unattractive because of their high cost (Abdoulaye and
Sanders, 2005; Bationo et al., 2003). To improve the efficient use and
to encourage smallholder farmers to increase the on-farm appli-
cation of mineral fertilizer, the fertilizer micro-dosing technology

developed by ICRISAT and partners has shown promising results in
improving millet yields in the Sahel (Aune and Bationo, 2008; Tabo
et al., 2007). This technology consists of the application of a small
quantity of mineral fertilizer (one third of the recommended rate)
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Table 1
Initial soil chemical and physical properties of the experimental field.

Parameters 0–10 cm 10–20 cm 20–40 cm

Soil texture
Sand (%) 94.1 95.0 92.1
Silt (%) 3.9 2.2 2.1
Clay (%) 2.0 2.8 5.4
Soil chemical properties
pH-H2O 5.1 4.9 4.7
pH-KCl 4.8 4.1 3.9
Organic C (%) 0.31 0.15 0.13
Total N(mg kg−1) 311.1 170.3 134.8
Extractable P(mg kg−1) 8.9 7.7 7.2
Ammonium(mg kg−1) 8.8 5.5 3.7
Nitrate(mg kg−1) 19.3 11.7 5.9
Na+(cmol kg−1) 0.01 0.01 0.01
K+(cmol kg−1) 0.17 0.16 0.17
Ca2+(cmol kg−1) 1.0 1.3 0.8
Mg2+(cmol kg−1) 0.4 0.6 0.3
H+ (meq/100 g) 0.1 0.1 0.2
Al3+ (meq/100 g) 0.0 0.2 0.3
0 A. Ibrahim et al. / Field Cr

o the target crop seeds on the planting hill at the sowing event or
ew weeks after planting (Hayashi et al., 2008; ICRISAT, 2009). How-
ver, in recent works on millet response to fertilizer micro-dosing
echnology, it was indicated that low soil organic matter charac-
erizing the Sahelian sandy soils contributes immensely to the low

illet yield response to this technology (Manyame, 2006; Tabo
t al., 2011). Therefore, it appears that to enhance crop response to
ertilizer micro-dosing technology, there is a need to supplement
t with an organic resource.

The effectiveness of integrated use of mineral and organic
mendment in improving crop yields and maintaining (sustain-
bly) soil fertility has been well documented (Akponikpé et al.,
008; Bationo et al., 2003; Yamoah et al., 2002), but the availability
f the resources for achieving these positive effects remains a major
hallenge, especially in the Sahelian countries. The main sources
f organic amendments such as crop residue are used for other
urposes and thereby limit their availability for use as soil amend-
ent (Bationo et al., 1995; Buerkert and Hiernaux, 1998). Animal
anure is the most common organic resource for smallholder farm-

rs but its availability in sufficient quantity is also a major challenge
De Ridder and Van Keulen, 1990; McIntire et al., 1993). One of
he available options for addressing this problem could be through
ill placement of manure which could be a strategy for increasing
illet productivity when combined with fertilizer micro-dosing.

he objective of the current study was therefore to determine the
ptimal combination of fertilizer micro-dosing and manure appli-
ations for achieving high millet yields, nutrient and water use
fficiencies in low input millet-based cropping system.

. Materials and methods

.1. Description of experimental site

The experiment was carried out at the International Crops
esearch Institute for the Semi-Arid Tropics (ICRISAT) research
tation, Sadoré, Niger (13◦15′N and 2◦18′E, 240 m above sea level).
he climate is typical of the southern edge of the Sahelian zone,
ith summer rainfall and high temperature throughout the year

Sivakumar et al., 1993). The mean annual rainfall (1983–2013)
t the research station of Sadoré is 551 ± 110 mm (±standard
eviation) and the average temperature is 29 ◦C (ICRISAT climate
atabase). The experimental field had a sandy soil with low organic
arbon content (0.20% in the upper 40 cm of soil) which limits
utrients storage and water holding ability. The total nitrogen (N)
ontent and extractable phosphorus (P-Bray) contents were also
ow with 205 mg  kg−1 and 7.9 mg  kg−1, respectively, soil pH (H2O)

as about 5 (Table 1).

.2. Experimental set up

The experiment was conducted during the rainy season in 2013
nd 2014 in a randomized complete block design with three repli-
ations. The treatments consisted of factorial combinations of: (i)
wo fertilizer micro-dosing options: 20 kg ha−1 of diammonium
hosphate (DAP) (equivalent to 4 kg P ha−1 and 3.6 kg N ha−1) and
0 kg ha−1 of composite fertilizer NPK 15-15-15(equivalent to 4 kg

 ha−1, 9 kg N ha−1 and 7.47 kg K ha−1). The micro-dosing rates
orrespond to 2 g DAP hill−1and 6 g NPK hill−1, respectively. (ii)
attle manure with four application rates (0 kg ha−1, 1000 kg ha−1,
000 kg ha−1, 3000 kg ha−1) and (iii) two methods of manure appli-
ation (broadcasting and hill placement). Individual 5 m × 6 m plots

ere separated by a 1 m alley. The space between the plant-

ng hills was 1 m × 1 m to achieve a density of 10,000 hills ha−1

s recommended in Niger. In the plots receiving broadcasted
anure, 3 kg plot−1, 6 kg plot−1 and 9 kg plot−1 corresponding to
H2O, water; OC, organic carbon; N, nitrogen; P, phosphorus.

1000 kg ha−1, 2000 kg ha−1 and 3000 kg ha−1, respectively were
broadcast over the plots and superficially incorporated into the
soil with a long hand-led hoe known as a “hiliaire”. For manure
hill placement, small planting hills of 15 cm diameter and 15 cm
depth each were dug in the experimental plots and 100 g hill−1,
200 g hill−1 and 300 g hill−1 were applied, which represented
1000 kg ha−1, 2000 kg ha−1 and 3000 kg ha−1 respectively. Seeds of
improved pearl millet variety ICMV-IS 89305 (110 maturity days)
were sown according to the onset of the rainy season on 10 July,
2013 and 1st June, 2014. The millet was thinned to three plants
per hill at three weeks after planting. There were three weeding
events during the growing period. The harvest periods occurred
on 10 October in 2013 and 15 September in 2014. To determine
grain yield and dry matter yield, samples of straw and manually-
threshed millet panicles were harvested from the central 4 m × 5 m
of each plot and sun-dried at 65 ◦C for 48 h, weighed and expressed
in kg ha−1.

2.3. Soil sampling and analysis

Composite soil samples were taken prior to the land prepara-
tion at depths of 0–10 cm,  10–20 cm and 20–40 cm. Each sample
was analyzed for pHH2O (soil/water ratio of 1:2.5), Organic car-
bon was  determined with the method described by Walkley and
Black (1934), total N by Kjeldahl method (Houba et al., 1995) and
extractable phosphorus by the Bray 1 method (van Reeuwijk, 1993).

2.4. Root sampling and root length determination

In 2013, two millet hills from each treatment were sampled
and roots were collected at tillering and dough stages with a metal
frame measuring 15 × 10 × 10 cm3 from 0 to 20 cm directly under
the hill. Below this depth, roots were collected at 20 cm depth incre-
ment with an aluminium tube of 7.5 cm in diameter. The roots were
washed, debris and dead roots removed. The root length was  calcu-
lated by determining root intersections (N) using the grid counting
method (Tennant, 1975). The grid size of 2 cm× 2 cm2was used for
the coarse roots and the grid of 1 cm × 1 cm,  for the fine roots. The
coarse roots were counted on a sub-sample of 2 g taken from the

main root sample. In the case of the fine roots, if the fresh weight of
the total sample was  more than 1 g, a sub-sample of 1 g was taken
for the count. The samples were cut into small pieces of 1 cm and
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pread in the dish with a small amount of water. Root length was
alculated using the following formula:

 = N × total root fresh weight
Root weight of sub-sample

here, N = number of intersections counted. Root length density
RLD) was determined by the following formula: RLD = R/V, where,

 is Root length and V is soil volume of corresponding depth.
In 2014, the roots were sampled in three positions, directly

nder the hill and at two lateral distances (25 cm and 50 cm)  rel-
tive to the hill in four directions. After washing and removing
ead roots and debris, all the roots samples collected were scanned
hrough a scanner with 200 dpi resolution. Root images were ana-
ysed using WinRhizo Pro software (Regent Instruments Canada
nc.) to calculate root length; and then root length density (RLD)

as calculated from the root length and the soil core volume.

.5. Soil moisture monitoring

Rainfall data was recorded with a rain gauge located at the
xperimental field. Access tubes were installed in all the plots to
onitor weekly soil moisture with a calibrated neutron probe from

.15 to 2 m depth at 0.15 m intervals. The change in soil water stor-
ge in the root zone was calculated from the equation used by Payne
1997) as follows:

S = R − (ET+D)

here, dS, is the change in soil water storage in the root zone, R is
ainfall, ET is evapo-transpiration and D is the root zone drainage.
rainage and ET were determined from the weekly neutron-probe
ata using the method developed by Klaij and Vachaud (1992).
his method divides the water balance into two phases. In the first
hase, applicable early in the season, water flux across the max-

mum depth of probe measurement (Zm) is assumed negligible.
rainage (D) was calculated from the change in soil water content

�) between the bottom of the root zone (Zr) and Zm,  thus allowing
alculation of unsaturated hydraulic conductivity, K(�), from the
ux across Zr. In the second phase, when soil water starts to per-
olate across Zm,  D is calculated from K (�), assuming a hydraulic
ead gradient of −1. The details of this method were given by Klaij
nd Vachaud (1992).

Water use efficiency (kg mm−1) was calculated as a ratio of grain
ield to evapo-transpiration (Wang et al., 2010).

.6. Statistical analysis

Prior to the analysis, data were carefully checked for normal dis-
ribution in GENSTAT v.9 using distributions options. Square root
Sqrt) transformation was applied to root length density data only
o ensure normal distribution because the data failed to satisfy this
ssumption of analysis of variance. The analysis of variance was
herefore performed with GENSTAT v.9 (Lawes Agricultural Trust,
007) using a General Treatment Structure (in Randomized Blocks).
ifferences between treatments were considered at error probabil-

ties ≤0.05.

. Results

.1. Rainfall distribution during the cropping period

Fig. 1 shows the total rainfall recorded during the cropping

eriod in 2013 and 2014. The total rainfall recorded was 475 mm
nd 689 mm in 2013 and 2014, respectively. In 2013, the rain-
all was about 76 mm less than the long-term rainfall (551 mm)
ecorded at the experimental site (ICRISAT Climate Service) and
Fig. 1. Rainfall distribution during the cropping period.

it was  mostly concentrated between 20 to 68 days after sowing
(DAS), corresponding to the flowering stage. A long dry spell of 25
days occurred coinciding with millet reproductive stage period. The
rainfall was more evenly distributed in 2014 compared with 2013.

3.2. Effect of treatments on grain and total dry matter yields

Grain yield and total dry matter yield as affected by the treat-
ments are shown in Table 2 and the summary of analysis of
variance is presented in Table 3. The grain yields were signif-
icantly (P < 0.001) affected by the planting seasons; the highest
grain yields were recorded in 2014 compared to 2013. There was
a significant difference (P < 0.001) in grain yield between fertilizer
micro-dosing options; the grain yield recorded with 2 g DAP  hill−1

was significantly higher than that of 6 g NPK hill−1 treatments. Sim-
ilarly, the total dry matter (TDM) production was highest with 2 g
DAP hill−1 compared with the 6 g NPK hill−1 treatments. The grain
yields were much lower in the fertilizer micro-dosing treatment
plots compared to those receiving the combined application of
fertilizer micro-dosing and manure. There was a marked increase
in millet grain yield when manure was  added to fertilizer micro-
dosing treatments (2 g DAP hill−1 and 6 g NPK hill−1) regardless
of the mode of manure application. Adding manure to fertilizer
micro-dose increased millet grain yields on average by 59%, 83% and
113%, respectively for 1000 kg ha−1, 2000 kg ha−1 and 3000 kg ha−1

application rates. The hill placement of manure performed bet-
ter in improving millet grain yield irrespective of the fertilizer
micro-dosing options. However, there was no significant inter-
action between fertilizer micro-dosing options and the mode of
manure placement in grain millet yield.

The TDM increased significantly with increasing level of manure
regardless to the fertilizer micro-dosing treatments. The highest
TDM was  recorded with hill placement of manure compared to

broadcasting of the same rate of manure. Hill placement of manure
significantly increased TDM production on average by 23% in 2013
and 22% in 2014 as compared to manure broadcasting.
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Table 2
Effect of the treatments on the grain yield and total dry matter.

Fertilizer micro-dosing option Manure rate (kg ha−1) Grain yield (kg ha−1) Total dry matter (kg ha−1)

2013 2014 2013 2014

2 g DAPhill−1 0 354 ± 57 876 ± 24 1642 ± 135 3963 ± 171
1000 503 ± 78 1336 ± 56 2031 ± 149 5118 ± 290
2000 762 ± 34 1429 ± 78 2534 ± 316 5619 ± 335
3000 758 ± 97 1751 ± 73 2529 ± 229 6809 ± 302

6  g NPKhill−1 0 237 ± 13 753 ± 33 1068 ± 126 3729 ± 110
1000 456 ± 58 1230 ± 80 1953 ± 481 4438 ± 294
2000 511 ± 54 1354 ± 98 1973 ± 382 5091 ± 335
3000 784 ± 92 1443 ± 55 2926 ± 493 5020 ± 346

Manure  placement mode
Broadcasting 527 ± 41 1202 ± 108 1864 ± 60 4472 ± 149
Hill  placement 564 ± 56 1341 ± 193 2300 ± 73 5475 ± 279

±Standard error.

Table 3
Summary of analysis of variance on grain yields and total dry matter.

Source of variation F pr.

d.f. Grain yield Total dry matter

Block stratum 2
Fertilizer micro-dosing option 1 <.001 <.001
Manure rate 3 <.001 <.001
Manure placement mode 1 0.002 <.001
Year 1 <.001 <.001
Fertilizer micro-dosing

option × manure rate
3 0.709 0.759

Fertilizer micro-dosing
option × manure placement
mode

1  0.796 0.066

Manure rate × manure
placement

3 0.285 0.006

Fertilizer micro-dosing
option × year

1 0.313 0.009

Manure rate × year 3 <.001 0.156
Manure placement × year 1 0.064 0.021
Fertilizer micro-dosing

option × maure
rate × manure placement

3 0.753 0.417

Fertilizer micro-dosing
option × manure rate × year

3 0.015 0.001

Fertilizer micro-dosing
option × manure
placement × year

1 0.98 0.421

Manure rate × manure
placement × year

3 0.316 0.574

Fertilizer micro-dosing
option × manure
rate × manure
placement × year

3 0.421 0.474

Residual 62
CV(%) 24.6 26.0

Table 5
Summary of analysis of variance on water use efficiencies (WUE).

Source of variation F pr.

d.f. WUE  in grain WUE  in total dry matter

Block stratum 2
Fertilizer micro-dosing

option
1 0.194 0.376

Manure rate 3 <.001 <.001
Manure placement mode 1 0.072 <.001
Year 1 <.001 <.001
Fertilizer micro-dosing

option × manure rate
3 0.754 0.754

Fertilizer micro-dosing
option × manure
placement mode

1 0.48 0.106

Manure rate × manure
placement

3 0.753 0.117

Fertilizer micro-dosing
option × year

1 0.77 0.327

Manure rate × year 3 0.765 0.66
Manure placement × year 1 0.203 0.1
Fertilizer micro-dosing

option × maure
rate × manure placement

3 0.901 0.78

Fertilizer micro-dosing
option × manure
rate × year

3 0.677 0.254

Fertilizer micro-dosing
option × manure
placement × year

1 0.475 0.197

Manure rate × manure
placement × year

3 0.829 0.696

Fertilizer micro-dosing
option × manure
rate × manure
placement × year

3 0.615 0.218

Residual 62
CV(%) 27 28.3

Table 4
Effect of treatments on grain and total dry matter (TDM) water use efficiencies (WUE).

Fertilizer micro-dosing option Manure rate (kg ha−1) WUE  grain (kg mm−1) WUE  TDM (kg mm−1)

2013 2014 2013 2014

2 g DAPhill−1 0 0.9 ± 0.1 2.0 ± 0.1 4.9 ± 0.3 7.8 ± 0.3
1000 1.7 ± 0.4 2.8 ± 0.3 6.5 ± 1.0 11.6 ± 1.9
2000 2.8 ± 0.7 3.3 ± 0.7 9.0 ± 1.3 13.5 ± 3.4
3000 2.3 ± 0.4 3.5 ± 0.3 8.3 ± 1.0 13.8 ± 2.5

6  g NPKhill−1 0 0.7 ± 0.1 1.7 ± 0.2 4.1 ± 0.9 8.7 ± 0.6
1000 1.3 ± 0.4 2.7 ± 0.3 5.7 ± 1.3 10.5 ± 1.7
2000 2.0 ± 0.6 2.9 ± 0.2 7.9 ± 2.2 11.4 ± 0.4
3000 2.8 ± 0.4 3.0 ± 0.2 11.2 ± 1.4 11.1 ± 0.9

Manure  placement
Broadcasting 1.8 ± 0.1 2.4 ± 0.4 6.4 ± 0.4 9.1 ± 0.5
Hill  placement 1.9 ± 0.3 3.1 ± 0.2 8.0 ± 1.1 13.0 ± 1

±Standard error.
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Fig. 2. Effect manure placement on vertical root

.3. Effect of treatments on water use efficiency

Water use efficiencies in grain yield and in total dry matter pro-
uction are presented in Table 4 and the summary of the analysis
f variance is shown in Table 5. Water use efficiency (WUE) in grain
ield was relatively very low with fertilizer micro-dosing treat-
ents alone. There was  an additive effect of manure and fertilizer
icro-dosing on grain yield water use efficiency. WUE  in grain yield
as markedly increased on average by 68%, 129% and 144% respec-

ively when 1000 kg ha−1, 2000 kg ha−1 and 3000 kg ha−1 were
dded to fertilizer micro-dosing. The method of manure placement
mproved the grain water use efficiency; WUE  in grain yield was
ncreased on average by 18% with manure hill placement com-
ared with broadcasting of manure. Similarly, the total dry matter
UE  was significantly (P < 0.001) improved with manure applica-

ion. WUE  in total dry matter was significantly (P < 0.001) increased
on average by 35%) with manure hill placement as compared to
roadcasting.

.4. Effect of treatments on root length density
The effect of manure placement on vertical root length density
RLD) is shown in Fig. 2. The millet RLD was mostly concentrated
n soil layer of 0–20 cm from tillering to dough stage and dropped
h density of millet at tillering and dough stages.

drastically in deeper soil layers. The RLD tended to be higher in
the topsoil with manure hill placement compared with broadcast;
but in the deeper soil layer roots became significantly (P < 0.001)
denser with broadcasting of manure (Table 6). This increase of RLD
in subsoil with broadcasting of manure was  particularly impor-
tant at dough stage in 2013 when the crop experienced rainwater
shortage. However, the root distribution in the lateral direction
was markedly higher with manure hill placement in all the soil
depths compared to manure broadcast (Fig. 3). At the early millet
growth stage (tillering), the total lateral RLD was increased by 66%
and 42% in manure hill placement respectively at 25 cm and 50 cm
from the hill centre compared with manure broadcast. Similarly, at
the dough stage, manure hill placement exhibited greater root dis-
tribution pattern in topsoil and deeper soil layers compared with
manure broadcast.

4. Discussion

Lack of reliable rainfall often obscures the positive response of
a crop to a soil fertility management strategy aimed at increasing

crop productivity in the Sahelian agroecological of Niger (Bationo
et al., 1990; Eyshi Rezaei et al., 2014). The mean grain yield response
to fertilizer and manure applications recorded in 2013 were rela-
tively low and were attributed to the low and irregular distribution
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Table 6
Probability values of root length density with respect to different treatments.

Tillering stage Dough stage

0–20 cm 40–100 cm 0–20 cm 40–100 cm 120–200 cm

Fertilizer
micro-dosing
option

NS NS NS NS NS

Manure rate 0.042 <.001 <.001 0.009 ns
Manure placement NS 0.025 0.02 0.036 NS
Fertilizer

micro-dosing
option × manure
rate

NS <.001 NS 0.007 NS

Fertilizer
micro-dosing
option × manure
placement

NS NS NS NS NS

Manure
rate × manure
placement

NS 0.019 NS 0.018 NS

Fertilizer
micro-dosing
option × manure
rate × manure

NS 0.01 NS NS NS

N

o
i
a
t

level of fertilizer in the soil poor in organic matter led to no signif-
placement

S = Not significant.
f rainwater during the reproductive stage (Fig. 1). Although it
s adapted to dry conditions, millet is sensitive to water short-
ge especially when this occurs during the flowering stage as was
he case in the current study. The low millet grain yield observed
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Fig. 3. Effect of manure placement method on lateral root
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in 2013 is rather similar to those reported earlier for the Sahel
(Bieler et al., 1993; Graef and Haigis, 2001; Rockström and de
Rouw, 1997; Sivakumar and Salaam, 1999; Winkel et al., 1997).
Yet, millet responded positively to the nutrient management treat-
ments imposed. Manure application improved millet yield and total
dry matter production significantly as compared to the no-manure
treatments (Table 2). There was a significant increase in millet yield
and total dry matter production when manure was added to the
fertilizer micro-dosing (Table 3).

The positive effect of manure on millet yields can be attributed
not only to the supply of additional nutrients such as Ca and Mg
(Bayu et al., 2005; Zingore et al., 2008) which are lacking in suf-
ficient quantity in this experimental sandy soil (Table 1). But this
positive effect can also be explained by the low level of organic
matter content which limits soil water and nutrient retention in
this extremely sandy soil (Table 1). Liu et al. (2013) demonstrated
that applications of fertilizer and manure not only accelerated the
improvement of soil fertility but also maintained soil water bal-
ance, and significantly improved crops yields in the short term. The
current results show once more the need for improving soil organic
matter in order to enhance millet productivity in low input rainfed
farming systems.

The results of the present study confirmed also the earlier
reports that showed the positive response of the crop to N fertilizer
in the soil rich in organic matter while the application of the same
icant crop response (Zingore et al., 2008). The method of manure
application improved millet yields markedly. The hill placement
of manure performed better in improving millet grain yield and

1 2 3
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ry matter than broadcasting, irrespective of the fertilizer micro-
osing option (Table 3). It is possible that the positive effect of hill
lacement of manure could have resulted from a better scavenging
f the limited amount of nutrients by the roots due to early roots
roliferation favoured by hill placement of manure (Figs. 2 and 3).
he concentration of manure in the vicinity of crop rooting system,
uch as was the case in hill application of manure, led to the creation
f a “micro-climate” around the plant root system which resulted
n the rapid early root growth leading to better use of nutrients
nd rainwater. Smit et al. (2013) argue that enhancing early root
rowth could stimulate uptake of soil nutrients such as phospho-
us because of high capacity of young roots in improving nutrients
ptake capacity.

Increase in grain and biomass yields due to the combined appli-
ation of fertilizer micro-dosing and manure was  accompanied by
n increase in the water use efficiency (WUE) (Table 4). Viets (1962)
xplained that since the evapotranspiration is little affected by the
anagement, as was the case in the current study (data not pre-

ented), any factor that increases yield will increase WUE. These
esults are consistent with the earlier studies which reported an
ncrement of millet water use efficiency in response to soil fer-
ility management options in the Sahelian zone due to increase
n biomass production (Akponikpé et al., 2008; Manyame, 2006;
ayne, 1997; Yamoah et al., 2002). The results of the present study
re also in agreement with the findings of Wang et al. (2013) for
aize. The results obtained in the current study indicate that the
ater use efficiency can be improved through an efficient use of

he limited resources available for the smallholder farmers in the
ahel.

There was marked increase in vertical root length density (RLD)
alues from tillering to dough stage in the topsoil (0–20 cm) ranging
rom 2.7 to 5.7 cm cm−3 and from 3.4 to 6.5 cm cm−3 respectively,
or manure broadcast and hill placement (Fig. 2). These values were
n close agreement with those reported by Hafner et al. (1993)
nd Ibrahim et al. (2014). The vertical RLD tended to be higher
n the topsoil (0–20 cm)  with manure hill placement. The root
ength increase influenced by the hill placement of manure can be
ttributed to roots behaviour tending to be more profuse in root
ones where nutrients are mostly concentrated (Hodge, 2004). The
reater RLD obtained with manure hill placement in the topsoil
ndicates a strategy adopted by millet and many other crops to
nvest in roots where the return is highest (Hodge, 2009). Roots
ended to penetrate into deeper soil layers probably to scavenge
or water in the case of manure broadcasting in 2013 when the
rop experienced a long dry spell during the reproductive phase
Fig. 1). Higher root growth was observed by Hafner et al. (1993)
hen the rainfall was unfavourable; and by Yamauchi et al. (1996)
ho showed that there is concentration of roots in the deeper soil

ayers under drought condition. A high root length density in deeper
oil profile is important for the crop because it can make use of
ater in the subsoil to cope with the dry spells and also utilize
utrient leached in the deeper soil layer (Brück et al., 2003; Wiesler
nd Horst, 1997).

The results of the current study show that millet production
an be improved further by combining the fertilizer micro-dosing
echnology with the placement of manure. Based on the results
f this study, the hill-placement of 2000 kg ha−1 of manure and
0 kg ha−1 of DAP appeared to be the most effective combination
or improving millet yield, nutrient and water use efficiencies in the
ahelian millet-based systems. However, hill application of manure
equires further labour investment for digging the holes which can
e a constraint on the adoption of this technology. Consideration

f the economic benefits will surely guide farmers’ decision to the
doption of this technology. There is therefore a need to test this
echnology further, together with farmers to enable a more effec-
ive economic analysis of the technology.
search 180 (2015) 29–36 35
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