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Abstract Low soil fertility is one of the main
constraints to crop production in the West African
savanna. However, the response of major cereals
to fertilizer applications is often far below the
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potential yields. Low fertilizer efficiency, inade-
quacy of current fertilizer recommendations, and
the ignorance of nutrients other than N, P, and K
may limit crop production. Nutrient limitations to
maize production were identified in on-farm trials
in Togo and in several long-term experiments in
Nigeria and Benin. Maize ear leaf samples were
analyzed for macro and micro-nutrients, and the
Diagnosis and Recommendation Integrated Sys-
tems (DRIS) was applied to rank nutrients accord-
ing to their degree of limitation to maize. In the
on-farm trials, both yield and DRIS results
indicated that, when N is supplied, P limited
maize production in all fields, reducing yields by
31% on average. Sulfur was limiting in 81% of
the fields and was responsible for an average yield
reduction of 20%. In the long-term experiments
where N, P, and K had been annually applied, Ca
and Mg indices were strongly negative, indicative
of deficiency. Zn indices were negative in all
trials. Despite N-fertilizer additions, N indices
remained negative in some of the long-term
experiments, pointing to low efficiency of applied
fertilizers. There was a direct link between DRIS
indices and the management imposed in the
different experiments, indicating that DRIS is a
useful approach to reveal nutrient deficiencies or
imbalances in maize in the region.

Keywords DRIS - Ear leaves - Fertilizers -
Nutrient indices - Organic inputs
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Introduction

In many parts of Africa, land use intensification
without adequate nutrient inputs has led to declining
crop yields and accelerated nutrient removal and
deficiencies to plants (Bationo et al. 1998; de Ridder
et al. 2004). Problems with poor soil fertility in West
Africa savanna are increasingly addressed by the
application of fertilizers containing primarily N, P,
and K, though still used at inadequate rates with the
overall average applications for all crops of (kg ha™")
46 (N), 22 (P), and 16 (K) although with very large
variations (Vanlauwe et al. 2002). Despite a general
response of cereals, such as maize, to the application
of NPK fertilizers at current recommendations, the
response often remains far below the potential level,
especially under on-farm conditions. Increasing yields
as a consequence of NPK fertilization, however,
accelerates the depletion of nutrients not supplied
and does lead to nutrient deficiencies or imbalances.
Part of the reason why the yield potentials are rarely
reached, despite NPK addition, may be due to other
nutrient limitations, although other factors (water
stress, diseases, weeds, management,...) may as well
play an important role. Responses of maize to S and
Zn have been reported before on savanna soils of
western and southern Africa (Kang and Osiname
1976; Friessen 1991; Ojeniyi and Kayode 1993; Weil
and Mughogho 2000). However, no sufficient infor-
mation is available to establish the scale of these
deficiencies, and a strategy to address these deficien-
cies is lacking. Beside yield, nutrient deficiencies may
affect the nutritional quality of the harvested products.
For example, sulfur deficiency in the crop leads to
lower protein quality for humans and livestock by
lowering the levels of the essential sulfur containing
amino acids methionine and cysteine (Zhao et al.
1999). These amino acids are considered to be
important in promoting the absorption of Fe and Zn
in humans (Snedeker and Greger 1983).

Different approaches to improve soil fertility in the
savanna have been used, including green manure,
cover crops, crop rotations, and alley-cropping; all of
them aiming at improving soil nutrient status as well
as soil organic matter (Carsky et al. 1999; Schulz et
al. 2001; Carsky et al. 2001; Bationo et al. 2003).
However, the major focus has been on N and to some
extent on P with little or no information on the long-
term effects of these approaches on other nutrients.

@ Springer

The objectives of the study were to document nutrient
limitations to maize in the West Africa savanna, based
on on-farm trials and on long-term soil fertility experi-
ments; and secondly, to test the potential of the
Diagnosis and Recommendation Integrated System
(DRIS) as a tool to identify nutrient deficiencies in
maize.

Materials and methods
Nutrient omission trials

Nutrient omission trials were conducted in the 2004
and 2006 growing seasons in two villages, Affem (9°
9'N, 1°30'E) and Sessaro (8°38'N, 1°10'E), in the
central region of Togo. The trials consisted of 18
farmers’ fields in 2004 and of 20 farmers’ fields in
2006. The selection of fields excluded sloping and
hydromorphic fields. Every individual farmer’s field
in the trial was considered as a replicate (block) and
the experimental field size for each farmer was 30 mx
10 m. Soil samples were taken in the fields before the
start of the experiment, at 0—10 and 10-20 cm depths.
For each field and each depth a composite sample was
taken consisting of 12 cores taken along each
diagonal of the field. Soils in the two villages cover
the typical range of cultivated soils in the savanna
with sandy loam or loamy sandy texture and pH
ranges between 4.8 and 6.8 (Table 1). A village
survey classified all soils in the fields in Affem under
the order of Acrisols, whereas soils in the fields in
Sessaro were either Acrisols or Cambisols (FAO
1998). Olsen P in all fields and all years was below
the critical threshold value of 12 mg kg ™' (Vanlauwe
et al. 2002). Each farmer’s field was subdivided in
eight parallel plots of 10 mx3 m, and eight treatments
were randomly allocated to these plots (Table 2). The
treatments included a treatment which received all
nutrients considered in the study (N, P, K, S, Zn, B)
with P applied at 40 kg ha ' and referred to as P40 in
the text, a treatment in which the P rate in P40 was
reduced by half (P20), five treatments in which the
nutrients, P, K, S, Zn, and B, were omitted one at a
time, and a farmer practice treatment where the farmer
managed the plot as he/she wished (Table 2). All
plots, except the farmer practice treatment plots,
received N at 120 kg N ha ', Nutrients were applied
as urea (N); TSP (P); (NH4)»SO4 (S); muriate of
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Table 1 Selected soil properties in the top 10 cm of fields used in the nutrient omission trials (minimum, maximum and mean)

Parameter 2004 2006
Affem n=8 Sessaro n=10 Affem n=10 Sessaro n=10
PHyater Range 5.6-6.3 5.9-6.6 4.8-6.0 5.0-6.8
Mean 5.9 6.3 5.6 5.8
Org C (%) Range 0.6-1.1 0.6-1.1 0.4-1.3 0.5-1.5
Mean 0.86 0.81 0.79 0.79
Total N (%) Range 0.03-0.09 0.03-0.09 0.05-0.13 0.01-0.12
Mean 0.06 0.05 0.07 0.06
Olsen P (mg kg ") Range 1.3-3.2 1.2-7.3 3.1-7.8 2.2-8.9
Mean 2.32 2.83 4.9 4.5
Exch Ca (cmol, kg ") Range 1.7-3.9 2.3-5.5 1.6-5.2 1.7-5.9
Mean 2.85 3.83 2.5 32
Exch Mg (cmol, kg™") Range 0.4-1.1 0.8-1.9 0.5-1.4 0.6-1.4
Mean 0.77 1.13 0.7 0.9
Exch K (cmol, kg™") Range 0.1-0.3 0.1-0.3 0.2-0.3 0.2-0.4
Mean 0.16 0.19 0.2 0.2
Sand (%) Range 70-82 67-83 73-81 68-83
Mean 78 76 77 76
Silt (%) Range 5.6-12 5.6-14 8-16 8-16
Mean 8.1 10.2 10.9 11.8
Clay (%) Range 10-18 9.6-18.8 10-14 10-16
Mean 13.8 13.6 11.5 11.5

potash (K); ZnCl (Zn); and BCI (B). All fertilizers
except urea were broadcast and incorporated in the
upper 10 cm of the soil prior to maize planting. Urea
was split-applied (one half at 2 weeks after planting
and the other half at 6 weeks after planting). The open-
pollinated maize variety, Ikenne 8149, was sown at
0.75%0.50 m and thinned to two plants per stand
(53,333 plants per hectare). Maize was harvested at
maturity in a net plot of 9 m? (the two middle rows in

Table 2 Treatments applied in the nutrient omission trials
conducted in two villages in central Togo

Treatments Code Nutrients added

As farmer wished
N,P K, S, Zn, B
N,P K, S, Zn, B

Farmer practice® FP
N120P40K80S26Zn5B1 P40 = control
N120P20K80S26Zn5B1 P20

N120K80S26Zn5B1 PO N, K, S, Zn, B
N120P40K80ZnSB1 S0 N, P, K, Zn, B
N120P40826Zn5B1 KO N, P, S, Zn, B
N120P40K80S26B1 Zn0 N,P K, S, B

N120P40K80S26Zn5 B0 N,P K, S, Zn

The numbers in the treatments indicate the rate of application of
the nutrient in kg ha™'

? Farmer managed the plots as they wished. No record of the
management was made.

each plot, excluding 2 m at each end of a row), and
grain yields were presented at 12% moisture.

Long-term experiments

Long-term experiments have been established at
various locations to explore strategies for improving
soil fertility in maize-based systems in the savanna. In
this study, we considered five experiments (Table 3):

1. a 20-year-old experiment, referred to as D2,
located in the derived savanna zone of South-West
Nigeria, Ibadan (7°30'N, 3°54E) consisting of
maize grown (1) in alley-cropping systems with
either Senna siamea or Leucaena leucocephala,
(2) in relay-cropping with Mucuna pruriens or (3)
with no organic inputs (control). In all systems,
maize is grown with or without application of N,
P, and K fertilizers (Vanlauwe et al. 2005);

2. two 9-year-old experiments conducted simulta-
neously from 1998-2006 at two sites: the derived
savannah zone of south-west Nigeria, Ibadan (7°
30'N, 3°54'E) referred to as WBE in the text, and
the northern Guinea savannah zone, northern
Nigeria (10°24'N, 7°42'E) referred to as Shika.
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These trials compared 1 or 2-year rotations of
maize with a natural fallow or with legumes: a
forage legume (Stylosanthes guianensis), a green
manure legume (Pueraria phaseoloides), a dual-
purpose legume (forage and edible grain; dual-
purpose soybean) or grain legumes (grain cowpea
and grain soybean). Adjacent to these trials, N
response tests were established at both sites
cultivating maize annually with 0, 30, 60, 90 or
120 kg N ha ! applied as urea (Franke et al.
2008). In each rotation system, plots were sub-
divided into 2 subplots; one received 60 kg N
ha ' and the other one without N fertilization.
Phosphorus and K were applied in all subplots.
Shika experiment started receiving S application
as SSP in 2002 after a pot experiment revealed S
deficiencies at the site (Schulz et al. 2002);

3. two 10-year-old organic—inorganic interaction
trials, one in the derived savanna in south-west
Benin, Sekou (6°37'N, 2°14'E) and the other in
the Northern Guinea savanna in North Nigeria,
Samaru (11°11'N, 7°38’E), which study the
effects of various combination of ex situ pro-
duced organic inputs (Senna siamea prunings,
Parkia biglobosa prunings, cow dung and poultry
manure) with N fertilizers at equal N application
on maize, and in situ organic matter production in
relay-cropping or rotation of maize with different
legume species (Lablab purpureus, Centrosema
pascuorum, Mucuna cochinchinensis, Cajanus
cajan). At both locations, N response tests were
established with continuous cultivation of maize
with application of urea at 0, 45 and 90 kg N ha'.
Within a system in the in situ organic matter
production, N, P and K from fertilizers were either
applied or omitted altogether or one at a time.

Treatments in the long-term experiments were laid
out as randomized complete block designs with three
to five replicates (Table 3).

Maize ear leaf samples and analyses

Maize ear leaf samples were taken between tasseling
and silking (60 days after planting) in all treatments
of the nutrient omission trials in 2004 and 2006, and
in the long-term experiments in 2006 except for the
Sekou trial which was sampled in 2005. The number
of ear leaves sampled per plot varied between 18 and

25 depending on the size of the plot. Samples were
oven dried at 65°C and ball-milled. For N analysis,
ground ear leaf samples were digested in hot
sulphuric acid solution in the presence of Se as catalyst
(Novozamsky et al., 1983), followed by colorimetric N
analysis on a Technicon autoanalyser using the
indophenol blue method (Searle, 1984). For the
determination of other nutrients, ball-milled samples
were digested with nitric acid and the nutrient content
in digest determined on inductively coupled plasma
optical emission spectrometry (ICP-OES Optima 3300
DV, Perkin Elmer, Norwalk, USA).

Data analysis
DRIS analysis

Based on the nutrient concentrations in ear leaves, the
Diagnosis and Recommendation Integrated System
(DRIS; Beaufils 1973) was applied to generate
nutrient indices applied in the assessment of the
nutrient status in the maize. The DRIS uses a system
of nutrient ratios and ranks nutrients according to
their importance in limiting yields. DRIS indices are
calculated based on ratios of each nutrient relative to
all other nutrients using the equations below by
Walworth and Sumner (1988):

If we consider hypothetical nutrients A through N,
then:

A index — LA/BI(A/CLTA/D) .41 (A/N).
B index — —LA/BI/(BIC)H](B/D) .41 (B/N).
N index — =LAINI/ BIN) 2 (DIN)—..~f (M/N).

n

where A/B denotes the ratio of the concentrations of
nutrients A and B in the maize ear leaves, n is the
number of nutrients considered, and f{4/B) is a
function of the form:

farB) = (4 - 1) 52
fiap) = (1-45) o0

if A/B>a/b or
if A/B<alb

where a/b is the norm for the ratio of nutrients A and
B, and CV is the coefficient of variation associated
with that norm.

Norms are established after distinction between high-
yielding and low-yielding subpopulations of a large
population of observations. Norms are the average ratios
from the high-yielding subpopulations. In sub-Sahara
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Africa, no norms have been established for maize yet,
except for South Africa where norms for only few
nutrients have been calculated. We have therefore used
norms reported in literature for a subpopulation yielding
over 10,000 kg ha™' (Escano et al., 1981). However we
used our small database (695 observations) as an
attempt to verify the appropriateness of used norms,
considering high yielding subpopulation as that yielding
at least 4,000 kg ha '. The resulting high-yielding
subpopulation in our case represented 13% of the
database. The comparison of norms calculated from
our small database and those provided in literature were
similar for ratios of major nutrients (N, P, Ca, Mg, S)
with a deviation of 1-15% from the norms in Escano et
al. (1981). However, norms generated from our database
for ratios involving micronutrients (Zn, Cu) were very
different from those in literature, most probably because
micronutrients were not supplied at any time in our
experiments. We therefore judged that the norms in
Escano et al. (1981) were appropriate to be used in this
study. DRIS indices can range from negative to positive
depending on whether a nutrient is deficient, sufficient
or excessive relative to other nutrients considered. The
more negative an index is, the more imbalanced or
deficient that nutrient is relative to others. In our study
we calculated indices for N, P, K, Ca, Mg, S and Zn.

Statistical analysis

The effects of fertilizer application rates on maize
yield and nutrient concentrations in the nutrient
omission trials were determined through analysis of
variance with a mixed model (SAS Institute 1992),
treating farm as a random classification variable. Data
from each village and each year were analyzed
separately. Where the analysis of variance was done
in the long-term ftrials, the experimental block was
considered as a random variable.

Results

Maize grain yields and nutrient concentrations
Nutrient omission trials

In the nutrient omission trials, maize grain yields

ranged between 438 and 4,696 kg ha ' in 2004 and
533 and 5,463 kg ha ' in 2006 (Table 4). Fertilizer

@ Springer

application significantly affected maize grain yields in
both years (p<0.0001). In all villages and all years,
the omission of phosphorus (P0) reduced the yields
compared to the all nutrient control (P40) with an
overall average reduction of 31% (Table 5). Omission
of sulphur significantly reduced the yield of the P40
treatment except in Affem in 2004. Although there
was reduction in yields by omission of zinc, it was
only significant in Affem in 2006. In general the
yields obtained with the farmers’ practice treatment
were less than half of the yields in the P40 treatment
and was significantly lower than the yields in all other
treatments. Omission of potassium or boron did not
affect the yields of the P40 control.

All treatments received an equal rate of N except
the farmer practice and N concentrations in ear leaves
were, in general, not different between treatments that
received N (Table 5). However, farm variations were
observed with some farms giving lower concentra-
tions than others. Phosphorus concentrations in ear
leaves ranged from 0.10% to 0.35% and were
influenced by the P application rates (Tables 4
and 5). Omission of S in the nutrient omission trials
resulted in lower S concentrations compared to
treatments that received S (Table 5). Potassium
concentrations in ear leaves ranged between 1.11%
and 2.94% (Table 4). Within a farm, K concentrations
were generally lower in plots where K application
was omitted compared to other plots (Table 5). Ca and
Mg concentrations in ear leaves varied between fields.
Within a field, Ca and Mg concentrations were the
highest when K was omitted (Table 5); but there was
no other clear effect of treatments on these nutrients.

Long-term trials

Given the large number of treatments in the long-term
trials, only the averages and ranges of grain yields and
nutrient concentrations are presented in this paper for
all experiments. However, in order to illustrate the
effect of treatments on yields, nutrient concentrations,
and their link with DRIS, we showed the details for
two experiments (Shika and WBE), which had similar
set of treatments but with some differences in
management, and were located in two different zones.

The overall range of yields in the long-term trials
was similar to that in the nutrient omission trials but
differences were observed between trials, and be-
tween treatments within a trial. Shika experiment
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Table 5 Average grain yields, nutrient concentrations in ear leaves and DRIS indices for treatments across all fields used in the on

farm trials in the two villages of central Togo

Year Code and rainfall (mm) Trt* Yield (kg ha™') Nutrients (%) DRIS
N Mg K Ca P S N Mg K Ca P S
2004 Affem FP 2121 2.72 0.14 196 028 0.23 0.14 243 -73 37.0 -3.0 42 6.7
1,022 PO 2439 244 0.17 195 031 0.17 0.14 144 3.6 352 1.1 —185 43
P20 3137 247 0.16 195 032 021 0.14 12.1 2.1 319 24 =25 1.0
P40 3329 2.37 0.14 1.87 031 0.21 0.13 14.0 -3.6 339 43 2.4 1.0
SO 2900 2.30 0.15 1.86 030 0.22 0.12 12.6 1.2 333 39 51 -7.6
KO 3148 246 0.18 1.73 034 022 0.13 13.7 74 222 7.6 29 1.7
Zn0 3195 2.50 0.14 1.99 030 0.23 0.13 169 —45 390 04 74 09
BO 3080 243 0.15 1.87 032 0.23 0.13 158 2.6 330 59 69 05
LSD 609 0.24 0.02 0.12 0.04 0.02 0.02
Sessaro FP 923 1.78 0.13 1.77 0.25 0.20 0.11 -1.2 -02 422 -1.6 47 -4.0
1,063 PO 2323 2.39 0.17 1.70 0.30 0.16 0.13 20.0 8.1 272 3.7 —23.1 5.4
P20 3089 240 0.17 1.63 032 021 0.12 16.1 7.1 199 56 08 -2.0
P40 3311 226 0.17 1.70 033 0.23 0.12 94 6.6 242 83 9.1 0.1
S0 2521 242 0.17 1.56 032 0.23 0.10 23.5 92 198 10.0 10.0 —17.7
KO 3058 229 021 1.37 038 023 0.12 10.8 185 47 184 78 3.7
Zn0 3199 247 0.17 1.64 035 0.24 0.12 16.1 4.8 200 11.0 7.8 -1.7
BO 3071 2.38 0.14 1.75 032 0.24 0.12 16.1 —4.7 281 79 10.7 -2.0
LSD 475 0.30 0.02 0.14 0.04 0.02 0.02
2006 Affem FP 1907 299 0.18 2.50 035 0.26 0.20 149 —-19 441 -24 09 184
991 PO 2460 2.89 0.19 2.37 0.33 0.19 0.20 135 1.7 38.1 —-59 223 188
P20 3227 297 0.18 2.40 033 0.24 0.19 13.6 —-3.8 372 —6.6 6.0 154
P40 3865 2.86 0.19 234 035 0.26 0.19 10.8 1.1 37.0 —2.3 28 134
SO 2532 2.83 0.17 2.33 0.33 0.27 0.16 149 —2.5 392 22 59 28
KO 3503 298 0.21 2.14 039 0.26 0.19 129 57 255 49 —-04 116
Zn0 3066 290 0.18 235 034 027 0.18 142 —-1.0 395 -29 53 14.6
BO 3719 293 0.19 2.38 035 0.26 0.19 123 09 37.1 -19 1.9 129
LSD 717 0.16 0.02 0.12 0.04 0.02 0.02
Sessaro FP 1351 2.68 020 231 045 027 0.17 42 34 348 147 46 29
1,185 PO 2789 292 024 236 049 027 0.19 54 102 274 145 59 59
P20 3949 3.06 0.21 242 046 029 0.19 10.1 48 313 125 29 72
P40 4149 293 0.23 2.34 049 029 0.18 56 8.0 265 154 28 3.8
SO 3387 292 0.24 220 048 0.31 0.16 7.6 94 218 14.1 92 -8.6
KO 4318 3.09 0.28 2.12 0.55 0.30 0.19 82 184 16.1 224 43 5.5
Zn0 3915 295 024 229 049 029 0.19 7.5 11.8 27.0 16.6 4.8 6.4
BO 4139 3.09 0.25 2.07 049 0.28 0.18 129 14.8 18.7 18.1 20 7.0
LSD 647 0.36 0.04 0.16 0.06 0.06 0.02
 Treatment

provided the highest yields among all long-term
experiments with an average of 2,657 kg ha !
(Table 4). Within a cropping system, yields were
higher in treatments that received N fertilizers than in
treatments without N-fertilization (Table 6). The same
trend was observed in WBE experiment although with
lower yields compared to Shika experiment. In D2

@ Springer

experiments the lowest yield reported in Table 4 was
observed in the treatment that did not receive any
fertilizers or organic inputs whereas the highest yields
were obtained from the alley-cropping systems with
fertilizer additions. Sekou trial received poor rainfall
in the season considered in this study (2005) with a
total rainfall of 410 mm, suggesting that the crop
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might have been more constrained by moisture than
nutrients, leading to poor yields (Table 4). The
maximum yields reported for this experiment were
obtained in maize/Mucuna system with NPK applica-
tions, whereas the minimum value resulted from the
maize monocrop without N applications (Table 4).
Nitrogen concentrations in ear leaves ranged from
1.2-3.3% with the lowest value observed in the
Samaru experiment (Table 4). Shika experiment had
the highest N concentrations with the majority of
treatments having N concentration greater than 2.0%
(Tables 4 and 6). Phosphorus concentrations in ear
leaves ranged from 0.09 to 0.39% with the highest
concentrations obtained in Shika (Table 4). P concen-
trations were higher in treatments that received P
fertilizers compared to their homologue without P
addition (data not shown). Ca concentrations in ear
leaves ranged from 0.11-0.56% (Table 4). The highest
Ca concentrations were observed in Shika, higher than
0.3% except for the control (ON) treatments in the N
response test. Ear leaves sampled in the D2 experiment
had the lowest Ca concentrations (Table 4), but were
higher in fertilized treatments compared to similar
treatments without fertilizer additions (data not shown).
Mg concentrations followed a similar trend as the
Ca concentrations but were extremely low in the D2
experiment, for all treatments and within a narrow
range of 0.05-0.09% (Table 4). Sulfur concentrations
in ear leaves ranged from 0.05% to 0.23%, with the
highest range observed in Shika where the average S
concentrations were about 0.14% and above for all
treatments (Table 6). In the other long-term experi-
ments, S concentrations were below 0.15% (Table 4).
Mn concentrations in ear leaves varied extensively
between experiments. The lowest concentrations were
found in the experiment in Samaru and the highest in
the D2 experiment (Table 4). Within D2 experiment,
Mn concentrations differed much between treatments
with an average concentration of 57 mg Mn kg ' in
Senna treatments, compared to 441 mg Mn kg ' in the
Mucuna treatment with NPK application. In all experi-
ments, Mn concentrations were higher in treatments
that received urea fertilizer than in treatments without
urea N addition (data not shown). In the N response
test, in Shika and WBE experiments, Mn concentra-
tions increased with increasing rate of N addition
(46 mg Mn kg ' in ON vs 67 mg Mn kg ' in 120N in
WBE; and 68 mg Mn kg ' in ON vs 101 mg Mn kg '
in 120N for Shika). Zinc concentrations ranged from
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4.8 to 25.8 mg kg ' (Table 4), with 53% of the values
being smaller than 13 mg kg ', whereas 99% of the
values were below the maximum limit of the critical
range (25 mg kg ") reported by Reuter et al. (1997).

DRIS indices

In all experiments used in this study and all treat-
ments, Zn indices were negative and were often the
most negative of all nutrients (data not shown). This
may be due to inappropriate norms for the ratios
involving Zn as mentioned earlier for micronutrients,
but may be as well an indication of Zn deficiencies
since no Zn-containing fertilizers are used in the
region. Unless otherwise mentioned, Zn indices will
be considered as the most negative in the text and will
not be taken into account in the ranking of nutrients.

Nutrient omission trials

In the farmer practice treatment, N indices were
negative in 11% of fields in Affem and in 50% of
the fields in Sessaro (data not shown). Addition of N
at 120 kg ha ' in fertilized treatments turned all N
indices to positive (Table 5, Fig. 1).

Phosphorus indices were negative in 33% of the
fields in Affem and 37% in Sessaro in the FP treatment.
Omission of P in the PO treatment resulted in negative P
indices in all fields (Table 5), whereas the application of
the highest P rate in the P40 treatment reduced the
number of fields with negative P indices to 23% in
Affem and 8% in Sessaro. The reduction of P rate to
20 kg ha ' was accompanied by negative P indices in
76% of the fields in Affem and 50% of the fields
in Sessaro. Overall negative P indices were observed in
34% of all fields and treatments (Fig. 1).

In the FP treatment, sulphur indices were negative in
6% of the fields in Affem compared to 50% of the fields
in Sessaro. Omission of sulphur resulted in negative S
indices in all fields in Sessaro (Table 5) and in 62% of
the fields in Affem. Although K indices were smaller
in KO treatment compared to values in treatments that
received K (Table 5), they remained positive except for
two fields (one in Affem, one in Sessaro).

Ca and Mg indices were negative in 60% of the
fields in Affem, whereas in Sessaro negative indices
were observed in 37% of the fields for Ca and 50% of
the fields for Mg, in the FP treatment. The number of
fields with negative Ca indices was reduced upon
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application of P in the P40 treatment to 41% in Affem
and 8% in Sessaro.

Long-term experiments

N indices Nitrogen indices were mainly negative in
Shika with negative indices found in all rotation
systems and in the N response test (Fig. 1). Within a
system, N indices turned to less negative when urea
was applied but only few systems provided positive
indices (Table 6). The WBE trial has similar treat-
ments as that in Shika with equal rates of N
application, but negative N indices were observed
mainly in rotation systems that did not receive
fertilizer N. Within a system, the application of N
fertilizer shifted N indices to positive except for the
dual purpose soybean and the 1 year fallow systems
(Table 6). In the N response test, application of N
from 0 to 60 kg ha ' resulted in negative N indices
whereas positive N indices were obtained from the
application of 90 and 120 kg N ha'. In the D2
experiment, N indices were positive in all treatments,
whereas in Samaru experiment, N indices were
negative only in treatments that did not receive urea
regardless the type and form of organic input

(Fig. 1).

P indices In general, P indices were positive in the
long-term experiments (Fig. 1). Negative indices
were observed in Samaru in treatments that did not
receive P fertilizers. In D2, negative indices were
obtained in the continuous alley-cropping with
Leucaena without fertilizer addition. In the N
response test in the Shika and WBE experiments, P
indices were positive but values were smaller at high
N rates (90 and 120 kg N ha™ ") than at low rates (0
and 30 kg N ha™'; Table 6).

S indices Sulfur indices were negative in all the
treatments of the WBE experiment (Fig. 1, Table 6).
In Sekou, negative S indices were obtained in treat-
ments that received organic matter through Mucuna or
Cajanus, and the combination of Senna and urea with
45 kg N ha™' supplied by each of the N sources (data
not shown). Those treatments provided the highest
yields over years implying that S imbalance might
have been accelerated by higher nutrient removal
compared with other treatments. In other experiments,
S indices were positive (Fig. 1).
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K, Ca, and Mg indices K indices were positive in all
long-term experiments (Fig. 1).

Ca indices were negative in most of the treatments of
the WBE (Table 6), D2, Samaru and Sekou experi-
ments (Fig. 1). In the WBE experiment, only the
green manure treatments had consistently positive Ca
indices (Table 6). In Shika, Ca indices were positive,
in general, except the ON in response test, and for a
few cases in rotation systems where some reps within
a treatment provided negative values but not the
overall treatment mean (Table 6, Fig. 1). Ca indices
were the second most negative in the D2 and Samaru
experiments after Mg (Fig. 1), whereas in Sekou, Ca
indices were in general the first most negative and
were more negative in treatments that received
fertilizer only (=27 to —15) than in treatments that
received organic input (=3 to —4).

Negative Mg indices were observed in all long-
term experiments and in the majority of treatments
(Fig. 1). Overall, 63% of the treatments in long-term
experiments had negative Mg indices, but there was
no clear link between the Mg indices and the
treatments. Among all experiments, the D2 had the
most negative Mg indices, negative in all treatments,
and the most negative among all nutrients (Fig. 1).

Discussion

Maize yields and nutrient concentrations in the
nutrient omission trials reflected the treatments
imposed with evidence that P and S and to some
extent Zn were limiting maize production in the two
villages. Nutrient indices generated through the DRIS
approach reflected the different management options
applied both in the nutrient omission and in the long-
term trials. Where P and S were not supplied in the
nutrient omission trials, indices of these nutrients
were negative. In treatments that did not receive N
and P in the long-term experiments, N and P indices
were negative, whereas they were positive in similar
treatments but with N and P addition. S indices were
positive in most of the long-term experiments except
in the WBE and in Sekou experiments. Sulfur was
applied in the Samaru experiment in 2005, whereas
the Shika experiment received S from 2002 onwards,
after a pot trial revealed S deficiency on maize grown
on soil from Shika (Schulz et al. 2002). Sulphur
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addition in those experiments would explain the
positive S indices. The WBE experiment had similar
treatments as the Shika one but no S was added,
explaining the negative S indices. However, the 20-year
old D2 experiment, located in the same area as WBE
did not show any negative S index. While S might have
not been limiting, it is also possible that the pronounced
Ca and Mg imbalances have hidden the S effect as
indicated in progressive diagnosis of deficiencies
(Sumner 1981). The direct link between DRIS indices
and the management imposed in the different experi-
ments indicates that DRIS is a useful approach to
reveal nutrient deficiencies or imbalances in maize in
the region. For this, it is necessary to establish norms
for a wide range of nutrient ratios, including both
macro and micronutrients, which can be referred to
while conducting DRIS analysis in the region.

The DRIS approach identified P as the most limiting
nutrient in a number of ‘PO’ treatments which could be
predicted from the soil available P results and the yield
results. In these treatments, P concentrations were also
the lowest and were below the critical range of 0.22—
0.27% reported for maize ear leaves (Reuter et al. 1997
Tables 4 and 5). Addition of 40 kg P ha ' in the P40
treatment reversed the trend, P indices becoming
positive in most of the fields, whereas more than
50% of the fields had negative P indices when the rate
was reduced to 20 kg ha™'. This indicates that the rate
of 20 kg P ha ' was not sufficient to overcome P
limitation. In the long-term experiments, P was
supplied at least at 30 kg ha ', except for the WBE
trial, and hence no negative P indices were observed in
general. A rate between 20 and 30 kg P ha ' may be
adequate to overcome P deficiencies.

N indices were positive in the nutrient omission
trials after application of N fertilizers in all treatments.
In these trials, N was applied at 120 kg ha', a rate
higher than the recommended rate of 90 kg ha™' in the
area. In long-term experiments, omission of fertilizer
N in the WBE and Shika trials resulted in negative N
indices regardless the type of rotation (Table 6). This
indicates that the rotation alone did not generate
sufficient N for maize. The application rate of 60 kg
ha™' in rotation systems in WBE resulted in positive
N indices in most systems, suggesting that the rate
was sufficient to overcome N limitation. In the N
response test, only the application rates of 90 and
120 kg N ha ' resulted in positive N indices. Based
on this, it would appear that the contribution of the

rotation to N has been of at least 30 kg N ha ' in the
WBE trial. Although the application of N fertilizers in
Shika increased N indices in all systems, they
remained negative in general. Nitrogen concentrations
in ear leaves were the highest in this experiment
among all the long-term trials. The negative N indices
in treatments that received N were probably not a
translation of N deficiencies, but rather an indication
that N was becoming imbalanced relative to other
nutrients. Shika experiment received Ca and S in
addition to N, P, and K, unlike other long-term expe-
riments. Studies on progressive diagnosis of nutrient
requirements have reported negative N indices as a
result of a continuous supply of P, K and S to correct
the deficiencies of these nutrients (Sumner 1981).
Potassium indices were positive even when K was
omitted both in nutrient omission trials and in long-
term experiments. Studies of nutrient budgets, based
on inputs of K from fertilizers and on its removal
through crop harvest, leaching and runoff/erosion,
have reported negative balance of K in the region
(Stoorvogel et al. 1993). The lack of yield response to
omission of K on one hand and the positive K indices
may indicate that soils in the region have good
capacity to supply sufficient K. Potassium concentra-
tions in ear leaves were in general higher than the
critical range of 1.2-1.7% reported by Reuter et al.
(1997) for tropical and temperate regions, even when
K was omitted in the on-farm trials (Tables 4 and 5).
Dust deposition through the harmattan winds, occur-
ring yearly in West Africa, may play a role in reple-
nishing K. Studies have shown that such deposition
supplies about 18.7 kg K ha ' annually (Harris 1998).

Most results from this study, particularly from the
long-term experiments, indicated that Mg and Ca are
nutrients that require attention. Neither Mg nor Ca
was considered in the nutrient omission trial design.
In long-term experiments, only Shika showed positive
Ca indices except in the ON treatment as control in the
N response test. Shika received SSP as source of S to
address S deficiency. SSP contained higher Ca than
TSP, which may explain the positive Ca indices in
this experiment. The fact that the Ca indices were
negative in WBE where similar treatments as in Shika
were applied but received TSP instead of SSP also
support the supply of Ca by SSP. Looking at the range
of Ca concentrations in Shika, an attempt was made to
define the critical Ca concentration in ear leaves
below which Ca indices become negative. The critical
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concentration was about 0.30%, which is higher than
the range of 0.20-0.21% reported by Reuter et al.
(1997) for tropical and temperate regions. The only
treatment in Shika with lower concentration was the
ON of the N response test and was the only one to
have negative Ca indices. This is supported by data
from Sekou, where the only treatment with a positive
Ca index had a Ca concentration of 0.32% (data not
shown). The range of Ca concentrations in D2 was
below 0.30% (Table 4), explaining the negative Ca
indices obtained in all treatments (Fig. 1). In
accordance with previous findings on D2, Ca indices
were less negative in Senna treatments indicating less
depletion of Ca in that treatment. Vanlauwe et al.
(2005) reported higher Ca concentrations in Senna-
treated soil and concluded that Senna tree was able to
recover subsoil Ca and recycle it to the top layer.

Soils in the West-African Savanna are commonly
believed to have adequate Ca and Mg reserves in
view of the high Ca and Mg saturation of their
exchange complex. However, Agbenin (2003) pointed
out that exchangeable Ca and % Ca saturation of the
exchange complex are poor predictors of Ca activities
in the soil solution, and thus of Ca availability to
plants. In a long-term experiment in Zaria (northern
Nigeria) he observed that, after continuous cultiva-
tion, the Ca activity ratio (*Ca/}.* cations in solution,
where * is the activity), considered as a good index of
Ca availability, had decreased to levels where Ca
deficiency is likely, and suggests that, as farmers
replace SSP with other P fertilizers that contain little
Ca, widespread Ca deficiencies will develop in the
region. The fact that D2 had the lowest Ca and Mg
concentrations in ear leaves and the most negative
indices of these nutrients supports the observations of
Agbenin (2003) since D2 was the oldest experiment
in the study with 20 years of continuous cultivation.
Ear leaf Mg concentrations in all treatments of the D2
experiment were below the critical range of 0.10—
0.21% reported for tropical and temperate regions
(Reuter et al. 1997; Table 4).

Conclusions
DRIS proved to be capable of identifying nutrient
limitations to maize in the region. DRIS indices were

found to be very sensitive to the management
approaches imposed, indicating deficiencies of a
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given nutrient where it was not supplied. Nutrient
limitations to maize in the savanna go beyond N and
P. Prolonged cultivation resulted in deficiencies of Ca
and Mg regardless of application of NPK fertilizers or
organic matter. Sulfur deficiency occurred at several
farm sites at long or short-term cultivation. Zinc
concentrations were low compared to concentrations
reported elsewhere for maize particularly in the long-
term experiments. Strategies for soil fertility improve-
ment should include measures to replenish Ca, Mg, S
and Zn alongside the macronutrients N, P and K.
Given the usefulness of the DRIS approach, it is
necessary to establish norms for a wide range of
nutrient ratios, including both macro and micronu-
trients, which can be referred to while conducting
DRIS analysis in the region.
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