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Abstract

Legume—cereal rotation may reduce the fertilizer requirement of the cereal crop and we hypothesize that the benefit depends
on the maturity class of the soybean. Field trials were therefore conducted in 1995 in four Guinea savanna sites to monitor the
effect of soybeanGlycine maxL.) Merrill) cultivation on the N balance of the soil. Intrial 1, an early (TGx1485-1D) and a late
(TGx1670-1F) soybean were grown to maturity along with a malea (nays..) reference plot. In trial 2, six varieties of soy-
bean (early: TGx1485-1D, TGx1805-2E and TGx1681-3F; medium: TGx1809-12E and TGx923-2E; late: TGx1670-1F) were
grown to maturity along with a reference maize plot. The total nitrogen (N) contentegtound N fixed, and N remaining in
the stover were higher in the medium and the late varieties than in early varieties. Also, the early varieties had higher nitrogen
harvestindices (81-84%) than medium and late varieties (74—79%). From the N balance calculation, it was found that medium
and late maturing soybean resulted in an addition of 4.2 kg'N twthe soil, whereas the early maturing varieties resulted in
depletion of the soil N reserve by 5.6 kg NHa P < 0.05). On average, among the medium and late varieties, late maturing
TGx923-2E resulted in an addition of 9.5 kg Nlato the soil. When the stover was not returned to the field, early soybean
resulted in more negative N balance than the medium and late soyBear0(05). Therefore, planting an early variety of
soybean for one season resulted in net depletion of soil N, even when the soybean residues were returned to the soil and N
fixed in the roots and N in the fallen leaf litter were included in the N balance calculations. Contrary to this, planting medium
and late soybean for one season resulted in an addition of N to the soil. Therefore, medium and late soybean should be used as
a preceding crop in legume—cereal rotation, if possible, to minimize or avoid depletion of soil N by early varieties of soybean.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Besides being a cheap source of protein to farm house-
holds, legumes fix atmospheric N that enables them
Grain legumes have long been recognized as an im-to grow well on N-impoverished soils without the ad-
portant component of the traditional cropping system. dition of fertilizer N and without depleting soil N re-
serves. Grain legumes have often been intercropped or
rotated with cereals to reduce the fertilizer N require-
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(Carsky et al., 1997; Oikeh et al., 199& has been
found that grain legumes release N through the roots
during the growth periodRoth et al., 1986; Pate and
Farquahar, 1988or through their crop residues af-
ter decompositionGiller and Cadisch, 1995This N

A. Singh et al./Agriculture, Ecosystems and Environment 100 (2003) 231-240

2. Materials and methods
2.1. Experimental sites

The experiments were researcher-managed and

becomes available to the companion crop or the sub- were established at Gidan Waya°’?8N, 8°22E),

sequent crop in rotatioAgboola and Fayemi (1972)
reported that this N, after the decomposition of leaves,

roots and nodules, might accrue more to the subse-

guent crop than to the companion crops. Others ex-
press the view that N benefit may be due to a ‘sparing
effect’, whereby legumes, because of their ability to
fix N, take up less N from the soil than the cereals
(Peoples et al., 1995

However, modern varieties of grain legumes, es-
pecially soybean, efficiently translocate N to the
grain, thus leaving behind only a small portion of
N in the stover. If legume stover is not returned to
the soil at harvest, then there will be a significant
removal of soil N from the system by the legume
crop (Wani et al.,, 1995 Some grain legumes, such

Mokwa (918N, 5°04E), Samaru Kataf (2N,
8°22E) and Yamrat (10LON, 9°49E). The rainfall
pattern and chemical and physical properties of the
surface soil at the experimental sites are presented in
Tables 1 and 2Rainfall was higher in Gidan Waya
and Samaru Kataf than Mokwa and Yamraalfle J).
Mokwa, Samaru Kataf and Gidan Waya are located in
the southern Guinea savanna (SGS) with an average
net radiation of 80—85 kcal cn? per year and grow-
ing period ranging from 180 to 209 days. Yamrat lies
in the northern Guinea savannna (NGS) with an aver-
age net radiation of 85-90 kcal crh per year and a
growing period ranging from 150 to 180 daysofval

and Knabe, 1972; COMBS, 19p%0ils of the exper-
imental sites were low in organic matter and total N

as soybean, have been reported to deplete N presentontent. Soil pH (HO) ranged from 4.8 to 6.5 with

in the soil Jones, 1974 Giller and Cadisch (1995)

strongly acidic soils in Samaru Kataf and Gidan Waya

reported that soybean should not be expected to and moderately acidic soils in Mokwa and Yamrat

leave a substantial amount of N for subsequent
crops.

(Table 2. Fields with low N fertility were selected to
assess the Nfixing potential of the soybean cultivars.

The effect of soybean on N balance depends on the Also, in low N soil, the N-difference method of esti-

difference between the inputs and outputs of N in the
system. For a grain legume receiving no N fertilizer
and with stover being incorporated into the soil, the N

benefit to the soil can be assessed by calculating the

difference between the percentage offied biologi-
cally from the atmosphere (Pfix) and the N removed in
the harvested grain (NHI). Therefore, N balance will
be positive as long as the NHt Pfix and it will be
negative if NHI> Pfix. In general, positive N balances

are associated with the return of a greater amount of jay

fixed N in crop residues compared with the removal of
soil N in grain (McDonagh et al., 1993 Thus, grain
legumes with high biomass N, low NHI, and high bi-
ological N, fixation have the greatest potential to con-
tribute positively to the soil N poolGhalk, 1998. We
hypothesized that medium and late maturing varieties
will produce more biomass, fix more N, and conse-
quently contribute positively to the N balance of the
soil. The objective of the experiment was to estimate

the N balance of several soybean varieties to help guide

their integration into legume—cereal rotation systems.

mating N> fixation is reported to agree with the stan-
dard!°N dilution technique Vasilas and Ham, 1984

Table 1
Average monthly rainfall (mm) in 1995 and 1996 cropping season
at the experimental sites

Month Yamrat Mokw&  Gidan Wayd  Samaru
Kataf®
April 25 31 na 70
75 189 48 180
June 137 199 282 223
July 134 191 420 214
August 255 207 367 310
September 147 134 156 287
October 39 83 100 57
Total 811 1033 1373 1363
aSource: National Cereal Research Institute (NCRI),

sub-Station Mokwa, Niger State.

bSource: Rain gauge was not available in 1995 and before
May in 1996. na: not available.

¢Source: Agricultural Development Project (ADP), Samaru
Kataf, Kaduna State.



A. Singh et al./Agriculture, Ecosystems and Environment 100 (2003) 231-240 233

Table 2
Physico-chemical properties of the surface soil (0-15cm) at the experimental sites before planting in 1995 croppifig season

Properties Yamrat Mokwa Gidan Waya Samaru Kataf
pH (H20) 6.5+ 0.10 5.6+ 0.12 4.9+ 0.15 4.7+ 0.12
Bray-l P (mgkg?) 1.5+ 0.13 6.4+ 0.41 3.0+ 0.50 2.24 0.41
Organic C (gkg?) 494 0.49 3.5+ 0.23 7.34+ 0.28 5.0+ 0.23
Total N (gkg™) 0.5+ 0.04 0.4+ 0.03 0.7+ 0.03 0.5+ 0.03
Exch. K (cmolkgl) 0.2+ 0.03 0.1+ 0.02 0.2+ 0.02 0.1+ 0.02
Exch. Acid (cmolkg?t) 0.0 + 0.00 0.4+ 0.12 0.7+ 0.14 0.9+ 0.12
ECEC (cmolkg?) 5.0+ 0.30 2.3+ 0.21 3.3+ 0.26 2.7+ 0.22
Sand (gkg?) 770 770 590 870

Silt (gkg™) 150 110 210 110

Clay (gkg™®) 80 120 200 20

Soil texture Loamy sand Sandy loam Sandy clay loam Sandy soil

2Values are the average of four samples in Yamrat and four samples and two trials in Gidan Waya, Samaru Kataf ardstéoidsed
error of means.

2.2. Trial management TGx1485-1D (95 days to maturity), TGx1805-2E (90
days to maturity) and TGx1681-3F (98 days to matu-
rity); medium: TGx1809-12E (112 days to maturity);

late: TGx923-2E (118 days to maturity), TGx1670-1F

In trial 1, established at all the locations in 1995,
an early maturing (TGx1485-1D) and late maturing
(TGx1670-1F) soybean were grown to maturity along (120 days to maturity); K.E. Dashiell, personal com-
with non-N-fixing maize (open-pollinated TZB-SR, munication, 18 April 1995, IITA, Ibadan). The treat-
120 days to maturity) as a reference crop. The treat- ments (soybean varieties and maize control) were laid
ments (soybean varieties and maize) were laid out in out in a randomized complete block design replicated
a randomized complete block design replicated three three times at Gidan Waya and four times at Samaru
times at Gidan Waya and four times at Samaru Kataf, Kataf and Mokwa. Plot size was as in trial 1. Early
Mokwa, and Yamrat. The plots were 7m4m in varieties were planted in July while the medium and
size, large enough to contain five rows of soybean late varieties were planted in June as in trial 1. Fertil-
and maize at a row-to-row spacing of 0.75m. Plant- izer application and weed control were as in trial 1.
ing of the late soybean TGx1670-1F and maize was
done in June at all locations while the early cultivar 2.3. Sampling and analysis
TGx1485-1D was planted in mid-July to avoid the

rains at physiological maturity. No N fertilizer was
applied to any of the treatments. However, 50 kgha
of K and 16 kg ha! of P were applied as muriate of

At harvest, in both trials 1 and 2, three central rows
5m long of soybean and maize were harvested for
yield estimation. The grain was weighed and yields

potash and single super phosphate, respectively, in allcalculated on a 110gKkg moisture basis (11%) in
locations. Weeds were controlled with pre-emergence soybean and 150 g kg moisture (15%) in maize. The

application of metachlor/metabromureparaquat ap-
plied at the rate of & + 0.2kga.i.hal in Samaru
Kataf, Gidan Waya, and Mokwa. Chemical weed con-
trol was supplemented by two manual weeding at 3
and 6 weeks after planting (WAP). Weeds were con-
trolled manually at 3 and 6 WAP in Yamrat.

In trial 2, in 1995, established at Gidan Waya,
Mokwa, and Samaru Kataf, six varieties of soybean
of different maturity groups were grown to maturity
along with a non-N-fixing maize reference plot (early:

mass of nodules, leaf litter, roots at podding, and grain
and stover yield, and their N content were quantified.
The amount of N fixed by each soybean variety us-
ing the N-difference method and the dry matter yield
and the N content in the maize reference plot were
quantified; N fixed by each soybean variety was cal-
culated by subtracting the aeground N content in
the reference maize plot from that of soybean plots.
Only one reference maize was used for estimating the
N-difference. For the early soybean variety that was
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planted about 3 weeks later, it was assumed that maizehad a less negative N balance (13kgNQHathan
took up very little N from the soil at the beginning of early TGx1485-1F (18 kg N hd) (P < 0.05).
growth.

In the estimation of M fixed in the roots and nod-
ules, it was assumed that the fixed N constituted a sim-
ilar proportion of the N in roots as in the aseground Results inTable 4showed a distinct effect of growth
plant parts and N content in the roots at podding was duration on the stover, litter, and total N content, as
maintained at harvest. Fallen leaf litter was collected well as N fixed in the top and the roots of the soybean.

3.2. Trial 2

only once at harvest and its N content was included in Total N content (76 kg N hial) and aboveground N

the total albbveground N accumulation.
Analysis of variance (ANOVA) combined for sites

fixed (54 kg N hal) in the medium and late maturing
varieties were significantly higher than in the early

and comparisons of treatment means were done usingmaturing varieties P < 0.05). N, fixed in the roots

the general linear model (GLM) procedure in SAS
(SAS Institute, 1996 The effect of growth dura-
tion in trial 2 was evaluated by group comparisons
(medium and late varieties vs. early varieties) using
the ‘Estimate’ statement in the GLM procedure.

3. Results

3.1. Trial 1

Results Table 3 showed a significant effect of
growth duration on the stover, litter, and total N con-
tent as well as B fixed in the top and the roots of
the soybean. Total N content (107 kg N and
aboveground M fixed (82 kg N ha?l) in the late ma-
turing TGx1670-1F were significantly higher than
in the early maturing varietiesP( < 0.05). Also,
N, fixed in the roots (3.9kgNhd), leaf litter N
(8.1kg N hal), and stover N content (16.8 kg N'h§
were significantly £ < 0.05) higher in the late
maturing TGx1670-1F than in the early maturing
TGx1485-1F. The early maturing TGx1485-1F had
significantly higher nitrogen harvest index (84%) than
the late maturing TGx1670-1F (77%)P (< 0.05).
Soybean maturity had a significar® & 0.05) effect
on the grain yield of soybean, with late maturing
TGx1670-1F (1446kghd) higher yielding than
early TGx1485-1F (1357 kg ha).

From the N balance calculation where soybean

(6 kg N ha1), leaf litter N (5 kg N ha'l), and stover N
content (14 kg N hal) were significantly £ < 0.05)
higher in the medium and late maturing varieties than
in the early maturing varieties. The only exception
to this was that the early maturing TGx1805-2E took
up more N and fixed more N from the atmosphere
than the medium TGx1809-12E. The early maturing
varieties had significantly { < 0.05) higher NHI
(81-84%) than the medium and late maturing varieties
(74-79%) with the exception of late TGx1670-1F,
which had NHI similar to early TGx1485-1D. With
the exception of TGx1805-2E (1098 kgt and
TGx1681-3F (1018 kg hel), there was a significant
effect of growth duration on the grain yield of soy-
bean varietiesTable 4. Late maturing TGx923-2E
(1133kghal) and TGx1670-1F (1180 kg hd) had
significantly (P < 0.05) higher grain yield than
the early maturing TGx1485-1F (928 kgha and
medium maturing TGx1809-12E (893 kgHa.

From the N balance calculation where soybean
stover was returned to the soil and the N removed in the
grain was subtracted fromJ\ixed in the top, roots,
and nodules, the medium and late varieties had a more
positive (or less negative) N balance than the early va-
rieties (P < 0.05). When the varieties were averaged
across locations, positive N balances were estimated
with only TGx923-2E (9.5kg hal), TGx1809-12E
(1.7kghal) and TGx1670-1F (1.5kghd). When
the soybean stover was exported from the field, the
medium and late maturing varieties had a less nega-

stover was returned to the soil and the N removed tive N balance (10 kg N ha) than the early varieties

in the grain was subtracted fromyNixed in the
top, roots, and nodules, TGx1670-1F (3.8 kg NHa

(14kgNha?l) (P < 0.05) (Table 4.
Results by locationTable § showed a more posi-

had a more positive N balance than TGx1485-1F tive N balance with medium and late maturing varieties
(P < 0.05) (Table 3. When the soybean stover was at all the locations and trials. The most positive bal-
exported from the field, late maturing TGx1670-1F ances were from growing TGx923-2E (24 kg Nfix



Table 3
Nitrogen fixed in the top and roots and nodules, stover and litter N uptake, N removed in the grain and calculated N balance in two soybean gen&eypesméatdifity
groups grown in the Guinea savanna of Nigeria (trial 1)

Soybean Maturity Grain Total N Fixed N Fixed N Litter N Grain N NHI (%) Stover N N balance N balance
genotypes group yield uptaké (top) (root) content removed content (+stovery  (—stoverf
(kgha™) (kgha') (kgha™) (kgha™) (kgha™) (kgha™) (kgha™) (kgha™) (kgha™)
TGx1485-1D Early 1357 92 67 3.2 4.5 77 84 10.6 -7.2 —18
TGx1670-1F Late 1446 107 82 3.9 8.1 82 77 16.8 3.8 -13
S.E.M. 425 2.8 3.1 0.19 0.23 2.3 0.5 0.9 1.10 0.4

aTotal N includes leaf litter N+ stover and pod wall Nresidug + grain N.
b N balance= (N fixed in top+ No fixed in rood — N removed in grain.
¢N balance= (N2 fixed in top+ N> fixed inrooy — Ningrain— N in stover.
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Table 4

Nitrogen fixed in the top and roots and nodules, stover and litter N uptake, N removed in the grain and calculated N balance in six soybean genétypes robtifity

groups grown in the Guinea savanna of Nigeria (trial 2)

Soybean Maturity  Grain Total N Fixed N Fixed N Litter N Grain N NHI (%) Stover N N balance N balance
genotypes group yield uptaké (top) (root) content removed content (+stoverf  (—stovery
(kgha')  (kgha') (kgha') (kgha') (kgha') (kgha?) (kgha')  (kgha')  (kgha™)

TGx1485-1D Early 928 63 43 25 25 51 81 9.5 -5.4 -15
TGx1805-2E Early 1098 77 57 3.0 3.8 64 83 9.2 -3.9 -13
TGx1681-3F Early 1018 63 43 2.9 2.0 53 84 7.5 -75 -15
TGx1809-12E Medium 893 65 45 5.2 3.3 48 74 13.0 1.7 -11
TGx923-2E Late 1133 83 63 75 6.2 61 74 16.2 9.5 -7
TGx1670-1F Late 1180 81 62 4.4 43 64 79 12.7 15 -11
S.E.M. 49.6 35 3.6 0.24 0.21 3.3 1.0 0.74 0.95 0.4
Medium and late maturing soybean vs. early soybean (effect of growth duration)

Estimate 54 8.8 8.6 3.0 1.8 1.8 —-6.7 5.2 9.8 4.6

Probability level 0.1925 0.0045 0.0051 0.0001 0.0001 0.5107 0.0001 0.0001 0.0001 0.0001

aTotal N includes leaf litter N+ stover and pod wall Nresidue + grain N.
b N balance= (N; fixed in top+ No fixed in rood — N removed in grain.
©N balance= (N2 fixed in top+ N> fixed inrooy — Ningrain— N in stover.
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Table 5
Calculated N balance in six soybean genotypes grown at different locations in the Guinea savanna of Nigeria (trials 1 and 2)
Soybean genotypes Maturity group N balance (kg N
Yamrat Mokwa Gidan Waya Samaru Kataf
Trial 1
TGx1485-1D Early -7 -17 -1 —4
TGx1670-1F Late 18 —4 1 1
Trial 2
TGx1485-1D Early -10 -6 1
TGx1805-2E Early -2 -7 -3
TGx1681-3F Early -13 -8 -1
TGx1809-12E Medium 4 -3 3
TGx923-2E Late 24 1 4
TGx1670-1F Late 5 -3 2

2N balance= (N fixed aboveground- N3 fixed inroo) — N removed in grain.

at Mokwa and TGx1670-1F (18 kgNh&) at Yam- (1260—-1370 mm) and strongly acidic soil (pH5.0).
rat. The most negative balances were from growing When the stover was returned to the soil, all loca-
TGx1485-1D and TGx1681-3F at Mokwa. tions had negative N balance values with Mokwa
Averaged over all varieties, Mokwa and Yamrat (6kgNhal) and Yamrat (5kg N hal) having more
with moderately acid soil (pH 5.9-6.5) and rainfall negative values than Samaru Kataf (2 kg NHaand
ranging from 740 to 1050 mm had significantly higher Gidan Waya (5 kg N ha!) (Fig. 1). These values were
N2 fixed and grain and stover N accumulation than more negative and followed the same trend when the
Samaru Kataf and Gidan Waya with high rainfall stover was not returned to the soil.

120
T Yamrat (1373 mm),
100 F ¢ Mokwa (1260 mm)
S Gida Waya (1373 mm), Acid Soil
80 [~ B o Samaru Kataf (1260 mm), Acid Soil
‘T‘-és a2
> 40r
2
20
0 T ml—uq___y T
Iz
-20
-40

Fixed N Grain-N Stover-N  Nbalance(1) Nbalance (2)

Fig. 1. Average amount of Nfixed, N removed in the grain, N in the stover and the calculated N balance in soybean grown at different
locations in Guinea savanna of Nigeria. N balance (1) is with soybean stover returned to thgNpfixed in top+ N3 fixed inroo) — N
removed in grain. N balance (2) is with soybean stover expeséhl, fixed in top+ N3 fixed inroo) — Ningrain— N in stover. Values in
brackets are annual rainfall at sites in 1995.
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4. Discussion
4.1. N fixation

The potential contribution of grain legumes to the
soil N balance will depend on the capacity of grain
legumes to fix atmospheric N However, the actual
amount of N added to the soil will largely depend
on the amount of N translocated to the grains at har-
vest (NHI) and the amount of N returned to the soil
as crop residuesdller and Cadisch, 1995In this
study, soybean fixed 43-82 kg N'Haacross the lo-
cations, within the ranges of 26-188 kg Nfare-
ported byGiller et al. (1994)and 37-126 kg N hat
by Sanginga et al. (1997Higher values of N fix-
ation reported byGiller et al. (1994)and Sanginga
et al. (1997)may be due to inoculation with rhizo-
bia. In this study, no inoculation was done because
soybean varieties released from International Institute
of Tropical Agriculture (IITA) usually nodulate well
with the naturally occurring rhizobia in farmers’ fields
in Nigeria (ITA, 1994, 1996; Sanginga et al., 2000
Compared to early maturing varieties; fikation was
higher in the medium and late maturing varieties (with
one exception), largely as a result of higher biomass
(Bushby and Lawn, 1993nd longer duration of stay
in the field Eaglesham et al., 1982However, with
the N-difference method of estimating fixation, the
values for early varieties may be slightly underesti-

A. Singh et al./Agriculture, Ecosystems and Environment 100 (2003) 231-240

offset the N harvested in the grain, therefore resulting
in a positive N balance. In all the varieties, when the
crop residues were removed, the N balance was more
negative than that obtained when crop residues were
returned to the soilPeoples and Craswell (1992jhd
Toomsan et al. (199%)btained similar results.

In most of the previous N balance estimates, the
contribution of roots and nodules and the leaf litter that
fell before harvest was not taken into account. In this
study, when fixed N partitioned into leaves and roots
was taken into consideration, N balance estimates were
less negative than otherwise obtained. Fallen leaf lit-
ter and petiole-N (2-11kgN ha) contributed only
4-8% of the total N in the soybean crop. This was
similar to 6 kg N ha' reported byvan Noordwijk and
Purnomisid (1992pand lower than the 24% reported
by Hanway and Weber (19710 owever,Hanway and
Weber (1971}¥tarted sampling leaf litter from the time
of planting. In this study, leaf litter was sampled only
once at harvest, therefore underestimating the poten-
tial contribution.

Roots and nodule N contributed 4—14% of the total
N amounting to 3-8 kg N h&. This was less than the
estimate of 15% obtained bdrmstrong et al. (1994)

On the assumption that root N at podding is maintained
at harvest, roots and nodules contributed 27% of N in
the residues after the grain harvest. This was similar to
the value (25%) that was obtained Aymstrong et al.
(1994)with field pea in southwestern Australia. Fur-

mated because the maize reference crop was of 120thermore, a study on lupine usiftgN indicated that

days duration. This underestimate may be only slight
because maize takes up only about 2% of the total N in
the first 3 weeks of the growth perioHé&nway, 1962

4.2. N balance

With a high NHI of 76—85%, similar to that reported
by Eaglesham et al. (1982ndToomsan et al. (1995)
the N balance calculation indicated a N balance rang-
ing from +9.5 to—8 kg N ha L. This range, however,
varied with the cultivar. For example, planting late ma-
turing TGx923-2E with a NHI of 76% resulted in an
addition of 9.5kg N hat to the soil, while the early
maturing varieties with high NHI resulted in the re-
moval of 4-8kgN hal. Similar to this experiment,
Sanginga et al. (199@&)Iso obtained more negative N
balance values for early maturing varieties. In medium
maturing TGx923-2E, B fixation was sufficient to

root N may be 3-fold higher than that calculated using
only N contained in recoverable root materidaepples

et al., 199%. Thus, the potential N benefits from the
roots and nodules may still be underestimated.

4.3. Effect of soil characteristics

Due to the low N content of the soil at all the loca-
tions, nitrate accumulation did not hindep fixation
from the atmosphere. The exceptionally low fika-
tion and grain and stover N accumulation by soybean
in Samaru Kataf and Gidan Waya may be attributed
to a lower rhizobial population or an inability to form
effective nodules$anginga et al., 20001t has been
reported bySanginga et al. (199@hat rhizobial pop-
ulation is influenced by cropping sequence, i.e., plots
cropped to a cereal in the previous season had fewer
rhizobia than those cropped to legumes. In this regard,
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plots at Gidan Waya and Samaru Kataf may have had IITA scientists for technical review of the manuscript.
a low rhizobia density because they were cropped to This is IITA manuscript number [ITA/O0/CP/16.
maize and millet in the previous season.

Using a critical pH of 5.1 for soybean and 5.0 for
maize Aune and Lal, 199y, the soils at Yamrat and
MOk.Wawere mor? suitable for soybean and maize Cyl_ Agboola, A.A., Fayemi, A.A., 1972. Fixation and excretion of
t|v§1t|on than at Gidan .Waya and Samar_u Kataf. Acid nitmg’en 'by"tropical I,egu.mle,zs. Agr.on. 3. 64, 409-412.
soils are less productive because aluminum (Al) and armstrong, E.L., Pate, J.S., Unkovich, M.J., 1994. Nitrogen
manganese (Mn) toxicity and calcium (Ca) deficiency  balance of field pea crops in southwestern Australia, studied
are often associated with low pH. Furthermore, phos-  using the ®N natural abundance technique. Aust. J. Plant
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nodules and N in the fallen leaf litter were included Giller, K.E., Cadisch, G., 1995. Future benefits from biological
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