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Abstract Nitrogen (N) deficiency is a major

constraint to the productivity of the African

smallholder farming systems. Grain, green man-

ure and forage legumes have the potential to

improve the soil N fertility of smallholder farming

systems through biological N2-fixation. The N2-

fixation of bean (Phaseolus vulgaris), soyabean

(Glycine max), groundnut (Arachis hypogaea),

Lima bean (Phaseolus lunatus), lablab (Lablab

purpureus), velvet bean (Mucuna pruriens), crota-

laria (Crotalaria ochroleuca), jackbean (Canava-

lia ensiformis), desmodium (Desmodium

uncinatum), stylo (Stylosanthes guianensis) and

siratro (Macroptilium atropurpureum) was

assessed using the 15N natural abundance method.

The experiments were conducted at three sites in

western Kenya, selected on an agro-ecological

zone (AEZ) gradient defined by rainfall. On a

relative scale, Museno represents high potential

AEZ 1, Majengo medium potential AEZ 2 and

Ndori low potential AEZ 3. Rainfall in the year

of experimentation was highest in AEZ 2, fol-

lowed by AEZ 1 and AEZ 3. Experimental fields

were classified into high, medium and low fertility

classes, to assess the influence of soil fertility on

N2-fixation performance. The legumes were

planted with triple super phosphate (TSP) at

30 kg P ha–1, with an extra soyabean plot planted

without TSP (soyabean-P), to assess response to

P, and no artificial inoculation was done. Legume

grain yield, shoot N accumulation, %N derived

from N2-fixation, N2-fixation and net N inputs

differed significantly (P<0.01) with rainfall and

soil fertility. Mean grain yield ranged from

0.86 Mg ha–1, in AEZ 2, to 0.30 Mg ha–1, in

AEZ 3, and from 0.78 Mg ha–1, in the high

fertility field, to 0.48 Mg ha–1, in the low fertility

field. Shoot N accumulation ranged from a

maximum of 486 kg N ha–1 in AEZ 2, to a

minimum of 10 kg N ha–1 in AEZ 3. Based on

shoot biomass estimates, the species fixed 25–

90% of their N requirements in AEZ 2, 23–90%

in AEZ 1, and 7–77% in AEZ 3. Mean N2-

fixation by green manure legumes ranged from

319 kg ha–1 (velvet bean) in AEZ 2 to 29 kg ha–1

(jackbean) in AEZ 3. For the forage legumes,

mean N2-fixation ranged from 97 kg N ha–1 for

desmodium in AEZ 2 to 39 kg N ha–1 for siratro

in AEZ 3, while for the grain legumes, the range

was from 172 kg N ha–1 for lablab in AEZ 1 to
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3 kg N ha–1 for soyabean-P in AEZ 3. Lablab and

groundnut showed consistently greater N2-fixa-

tion and net N inputs across agro-ecological and

soil fertility gradients. The use of maize as

reference crop resulted in lower N2-fixation val-

ues than when broad-leaved weed plants were

used. The results demonstrate differential contri-

butions of the green manure, forage and grain

legume species to soil fertility improvement in

different biophysical niches in smallholder farm-

ing systems and suggest that appropriate selection

is needed to match species with the niches and

farmers’ needs.

Keywords Agro-ecological zones � N2–fixation �
15N natural abundance � On-farm � Trade-offs

Introduction

Soil fertility degradation is widely acknowledged

as a major factor limiting productivity of the sub-

Saharan Africa smallholder farming systems

(Franzel 1999; Sanchez et al. 1997; Tarawali et al.

1999). This degradation is particularly significant

in the east African highlands, where rapid popu-

lation growth, continuous cropping, and restricted

use of organic inputs and fertilizers have led to low

productivity of the systems. According to Smaling

and Braun (1996), the average annual mining of

nitrogen (N) in parts of Western Kenya is up to

112 kg N ha–1 year–1. Nitrogen deficiency is

therefore a major factor responsible for the low

productivity of Western Kenya smallholder

systems.

Manure and mineral fertilizers are options for

soil fertility restoration. However, as in many

parts of sub-Saharan Africa, the use of animal

manure in Western Kenya is limited because the

quantities available on-farm are often insufficient

to maintain soil fertility (Jama et al. 1997), while

the use of mineral fertilizers is constrained by

unreliable returns (Ruthenberg 1980; Anderson

1992), limited access to capital by smallholders

(Hoekstra and Corbett, 1995), and unreliable

markets for agricultural produce (Hassan et al.

1998). Therefore, N input via biological N2-

fixation, using appropriate legume species, is a

feasible alternative to N from mineral fertilizers.

However, in restoring the productivity of the

systems, legumes are important as a component

of an integrated soil fertility management (ISFM)

strategy, since phosphorus (P) has to be acquired

from elsewhere. Legumes also require P for

effective N2-fixation, since P deficiency can pre-

vent nodulation (Giller 2001). Even though

legumes can play a major role in improving farm

productivity in smallholder agriculture as short

duration fallow species (Hudgens, 2000), current

knowledge on N2-fixation performance under the

non-ideal conditions encountered in African

smallholder farming systems is limited, although

some estimates have recently been made in

Northern Tanzania (Baijukya 2004), and Zimba-

bwe (Chikowo et al. 2004).

Western Kenya is typical of the agricultural

conditions found in the densely populated high-

lands of east and central Africa. Due to this, it is

one of the benchmark sites for the African

Highlands Initiative (AHI), a collaborative

research initiative working on key issues of natural

resource management and agricultural productiv-

ity. Smallholder farms in Western Kenya are

characterized by a high degree of biophysical

and socio-economic heterogeneity. Not only do

farmers operate under diverse agro-ecological

conditions, but there is also wide diversity in

within-farm soil fertility and farmers have varying

resource endowments. Tittonell et al. (2005a and

b) observed differences in the fertility status of

fields in three sites in Western Kenya, which were

generally correlated with the resource endowment

status of the farmers. For example, soil-extract-

able P was higher in the fields of high resource

endowed farmers than in the fields of those with

low resource endowment. These differences may

affect legume N2-fixation and production.

Soil fertility variability and differential

resource endowments give rise to niches with

biophysical and socio-economic dimensions, or

socio-ecological niches (Ojiem et al. 2006), into

which legumes must fit in order to be widely

accepted by farmers. N2-fixation and the provi-

sion of certain goods (grains, fodder, etc.) are

among the major criteria legumes must meet in

order to fit into the socio-ecological niches.

A number of different methodologies are

available for assessment of N2-fixation. However,
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under field conditions, the 15N natural abundance

method (Peoples et al. 1989) has advantage over,

for example, the 15N enrichment method because

no addition of 15N fertilizer is required, and can

therefore be used on-farm, provided appropriate

non-N2-fixing reference plants are present. The

choice of reference plants is a major factor that

can influence the reliability of the methodology

(Peoples et al. 2002). Maize is among the com-

monly used non-N2-fixing plants in on-farm mea-

surements of N2-fixation because it is often

readily available.

The objectives of this study were: (i) to assess

the capacities of a range of grain, green manure,

and forage legumes to fix atmospheric N2 under

on-farm conditions across agro-ecological and soil

fertility gradients in Western Kenya; (ii) to

compare the net N contributions (N balance) of

the grain, green manure and forage legume

species through N2-fixation to the smallholder

farming systems in Western Kenya; and (iii) to

evaluate the suitability of maize as a reference

crop in on-farm N2-fixation assessment using the
15N natural abundance method.

Materials and methods

Sites description

The experiments were conducted on-farm in

Museno, Majengo and Ndori in Western Kenya.

The three sites were selected along an agro-

ecological zone (AEZ) gradient and designated

high, medium and low rainfall, based on a

relative scale: Museno (high rainfall, AEZ 1),

located in Kakamega district at 00o14¢ N and

34o44¢ E at an altitude of 1570 m above sea

level (masl), with a mean annual rainfall of

2000 mm; Majengo (medium rainfall, AEZ 2),

located in Vihiga district at 00o00¢ N and

34o41¢ E at an altitude of 1385 masl, with a

mean annual rainfall of 1600 mm; Ndori (low

rainfall, AEZ 3) is located in Bondo district at

00o02¢ and 34o20¢ E at an altitude of 1170 masl,

with a mean annual rainfall of 1200 mm. All the

sites have bimodal rainfall pattern, with the first

season (the long rains) extending from March to

August, and the second (the short rains), from

September to December.

In each site, experimental fields were selected

to capture the within-farm soil fertility variability,

which is a common feature within smallholder

systems (Tittonell et al. 2005a). Three fields each

were chosen to represent high, medium and low

soil fertility conditions. The selections were based

on farmer knowledge of within-farm soil fertility

variability and the history of crop performance.

However, further soil fertility characterization

was done by sampling the soil in all fields in each

site, prior to sowing the legumes, for laboratory

analysis. Composite soil samples (0–20 cm depth)

were taken from nine spots and bulked. A sub-

sample of about 1 kg for each field was then taken

for chemical and physical analysis. The soil

samples were air dried, crushed and ground to

pass through a 2 mm sieve and analysed for pH

(1:2.5 soil/water suspension), texture (hydrometer

method), extractable P (bicarbonate-EDTA),

total soil organic carbon (Walkley-Black) and

calcium, magnesium and potassium extracted in

ammonium acetate (Anderson and Ingram 1993).

Total N (macro-Kjeldahl) and d15N were also

determined as indicated below for plant material.

Although some soil fertility parameters did not

show much variation, relatively large differences

were observed in phosphorus (P), organic carbon

(OC) and total N contents, especially between the

high and the low fertility fields (Table 1). The

farmer soil fertility classification took into con-

sideration factors such as drainage properties of

the field, soil depth, stoniness, presence of nox-

ious weeds, etc, which are not captured in

laboratory analysis but can affect crop

performance.

Experimental design and plots establishment

The experiments were laid out in each field in

randomized complete block design (RCBD) rep-

licated in two blocks. Grain legume species: bean

(Phaseolus vulgaris (L.)) variety KK20; soyabean

(Glycine max (L.) Merr.) variety SB20; groundnut

(Arachis hypogaea L.) variety CG 7; Lima bean

(Phaseolus lunatus L.); and lablab (Lablab pur-

pureus (L.) Sweet) variety cv Rongai; green

manure legumes: velvet bean (Mucuna pruriens
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(L.) Walp); crotalaria (Crotalaria ochroleuca

G. Don); and jackbean (Canavalia ensiformis

(L.) DC.); and forage legumes: desmodium

(Desmodium uncinatum (Jacq.) DC.); stylo

(Stylosanthes guianensis (Aublet) Sw); and siratro

(Macroptilium atropurpureum (DC.) Urban)

were planted in mid September 2003 in plots

measuring 4.5 m wide by 5.0 m long. The species

and varieties were selected from a legume screen-

ing trial the season before (Ojiem 2006). All the

legumes were planted at recommended spacing.

Soyabean was planted in rows spaced 0.50 m at

0.05 m intra-row spacing, while groundnut and

bean were spaced 0.50 m inter-row and 0.10 m

intra-row. Lima bean was spaced 0.25 m inter-

row, with 0.10 m intra-row spacing, while velvet

bean, jackbean and lablab were planted in rows

spaced at 0.60 m inter-row and 0.30 m intra-row.

Crotalaria was drilled in rows spaced 0.30 m wide

at a seed rate of 4 kg ha–1. The legume seeds were

not inoculated at planting because there is no

existing infrastructure for supply of inoculants to

smallholder farmers in the target area. In addi-

tion, previous research (Mureithi et al. 2003) did

not demonstrate the need for artificial inoculation

of similar legume species in several sites in

Western Kenya. In all legume plots, except

crotalaria, two seeds were placed in each planting

hole, later thinned to one seed per plant at first

weeding. Maize was planted as a control, spaced

0.75 m inter-row and 0.30 m intra-row. Phospho-

rus (P) was applied at the rate of 30 kg P ha–1 to

all legume plots and the maize plots. One soya-

bean plot was fertilized with P (soyabean+P) and

an extra soyabean plot with no P fertilization

(soyabean–P) was included in the trial to check

response to P.

Biomass production assessment

All the plots were sampled to determine legume

biomass production. The above ground biomass

was determined at near maximum dry matter

accumulation, at mid pod filling stage. Biomass

was determined by destructive sampling of plants

in a 0.5 m by 0.5 m quadrat in 3 randomly

selected positions within each plot, excluding

the border rows. Biomass was immediately

weighed in the field to determine fresh weightT
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and then divided into two. One sub-sample was

weighed with an electronic balance and then

oven-dried at 65�C for 4 days to determine dry

weight and moisture content, which were used to

calculate dry matter production. The other sub-

sample was processed and used for quantification

of N2-fixation.

N2-fixation methodology and calculations

The proportion of legume N derived from N2-fix-

ation was determined using the 15N natural

abundance method (Peoples et al. 1989). This

method is based on the principle that provided

the 15N enrichment (d15N) of the plant-available

soil N differs from atmospheric N2, the %N from

N2-fixation can be determined. The %N from N2-

fixation calculated using the equation of Shearer

and Kohl (1986) and Peoples et al. (1997) as

follows:

%N from N2 �fixation¼100
d 15Nref�d15Nlegume

d 15Nref�B

� �

ð1Þ

where d15Nref is the 15N natural abundance of the

shoots of a non-N2-fixing reference plant deriving

its entire N from the soil N; d15Nlegume is the 15N

natural abundance of the shoots of the N2-fixing

legume plant growing in the same soil; and B is

the d15N of the test legume fully dependent on

N2-fixation for growth, and a correction for

isotopic fractionation during N2-fixation.

The legume shoot samples were air-dried to

constant weight, ground to <1 mm in an electric

mill in preparation for 15N analysis. The 15N

analysis was done at the UC Davis Stable Isotope

Facility, CA, USA, using a PDZ Europa 20–20

mass spectrometer. The 15N natural abundance of

the samples was computed using the equation of

Shearer and Kohl (1986) as follows:

d 15Nð0=00Þ ¼ 1000 ðRsample=RstandardÞ � 1
� �

ð2Þ

where d15N is the 15N natural abundance of the

samples expressed as parts per thousand (&);

and R is the ration of 15N/14N in the sample; and

the atmospheric N2 was used as the standard

(Rstandard). By definition, the d15N of the

atmosphere is zero. A range of broad-leaved

weed plants and maize, growing in the same

fields as the legumes, were used as reference

plants, while B values were obtained from the

literature (see Table 4).

Grain production assessment

Grain production was assessed in all the fields at

each site. The species matured at different times

and were harvested between November and

December, 2003. The pods were sun-dried for

several days and then threshed. Grain was then

weighed and grain moisture content determined

using an electronic moisture meter. Grain yield

was calculated at 12% moisture content.

Statistical analysis

Data was subjected to analysis of variance (ANOVA)

procedure using SAS statistical software (SAS Insti-

tute Inc, Cary, NC, U.S.A.). A cross-site analysis was

performed using agro-ecological zones, soil fertility

and legumes as factors. Legume shoot 15N natural

abundance, %N derived from N2-fixation, legume

biomass, shoot N content and grain yield were

analysed. Where significant differences were detected

between means, standard error of difference (SED)

values were calculated and used to compare means.

Results

Legume establishment and performance

There was good legume emergence and growth at

all sites. The legumes were well adapted to the

agro-environmental conditions in the three agro-

ecological zones and as a result, only minor

incidence of pest and diseases were observed. The

total amounts of rainfall received in AEZs 1 and 2

during the short rains 2003 season were nearly the

same (Fig. 1a and b). However, in AEZ 2, a total

of 788 mm of rainfall was received in the period

between sowing (September) and harvesting

(December), while in AEZ 1 only 428 mm was

received over the same period. However, rela-

tively higher rainfall was recorded in AEZ 1 in

August, before legume sowing, which should have

Plant Soil (2007) 292:119–135 123
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recharged the soil with moisture. Nevertheless,

the legume performance was relatively better in

AEZ 2 than in AEZ 1. Rainfall was low in AEZ 3

(Fig. 1c). A total of 356 mm of rainfall was

recorded during the season, about 50% of the

normal rainfall for the zone. The rainfall gradient

in 2003 was therefore considered to be in the

sequence AEZ 2-AEZ 1-AEZ 3.

Legume grain yield performance

Grain yield significantly (P<0.001) differed with

species, AEZ and soil fertility (Table 2). Mean

grain yield generally decreased with decreasing

rainfall, ranging from 0.86 Mg ha–1 in AEZ 2, to

0.30 Mg ha–1 in AEZ 3. Similarly, grain yield

consistently decreased with soil fertility. For

example, in AEZ 1, grain yield of bean ranged

from 1.25 Mg ha–1 in the high fertility field to

0.37 Mg ha–1 in the low fertility field. Similarly,

the grain yield of soyabean+P ranged from

1.13 Mg ha–1 in the high fertility field to

0.68 Mg ha–1 in the low fertility field. Similar

reductions in grain yield were observed in AEZs

2 and 3. In AEZ 1, bean (0.82 Mg ha–1), lablab

(0.77 Mg ha–1) and soyabean+P (0.85 Mg ha–1)

had the best grain yield performance, while in

AEZ 2, soyabean+P (1.04 Mg ha–1), lablab

(1.05 Mg ha–1) and groundnut (1.06 Mg ha–1)

performed best. In AEZ 3, the best grain yield

was found with groundnut (0.31 Mg ha–1), Lima

(0.33 Mg ha–1) and soyabean+P (0.34 Mg ha–1).

15N natural abundance of the soil

and reference plants

The detected 15N natural abundance signatures

(d15N) for soil and non-N2-fixing reference plants

varied between species in all AEZs (Table 3).

Generally, d15N signatures of maize plants of the

same age as legumes, and growing in the same

field, were lower than those of similar aged broad-

leaved weeds growing in the same field. In AEZ

1, the d15N values for all reference plants ranged

from +2.78 to +6.85&. The mean for maize

samples was +3.20&, while the broad-leaved

reference samples had a mean of +5.89&. The

d15N signatures for all reference plants were

slightly higher in AEZ 2 compared with AEZ 1.

The maize reference plants had a mean value of

+3.61&, while the mean for broad-leaved weeds

was +6.29&. Maize had relatively higher d15N

signatures in AEZ 3, with a mean of +4.14&. The

mean for broad-leaved weeds was +5.74&. The

d15N signatures in the soils showed little variation

between sites, with mean values ranging from

+7.96& in AEZ 1 to +6.54& in AEZ 3. However,

no consistent trends were observed in the rela-

tionship between d15N and soil fertility status of

the trial fields.
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15N natural abundance of legumes

and estimates of N2-fixation

There was no consistent trend between shoot 15N

natural abundance of the legume shoots and

rainfall (Table 4). However, the mean d15N of the

green manure species (+0.48&) showed less

enrichment than that of the grain (+0.97&) and

forage legumes (+1.55&) in AEZ 1. A similar

trend was observed in AEZ 2. However, in AEZ

3, the forage legume shoots showed relatively

lower enrichment (+1.40&) than the grain

legumes (+2.71&) and green manure legumes

(+1.93&). Among the grain legumes, soyabean-P

(+0.15&), soyabean+P (+0.37&) and lablab

(+0.82&) showed the least shoot enrichment in

AEZ 1, while in AEZ 2, soyabean-P (+1.36&),

soyabean+P (+1.51&) and groundnut (+1.68&)

were the least enriched. In AEZ 3, groundnut

(+1.58&), lablab (+1.83&) and Lima (+2.47&),

showed the least shoot enrichment. Among the

green manure legumes, velvet bean (–0.70&)

showed least shoot enrichment in AEZ 1, jack-

bean (–0.31&) in AEZ 2, and crotalaria (+0.49&)

in AEZ 3, while for forage legumes, stylo was

least enriched in AEZ 1 (+1.23&) and AEZ 2

(+1.42&), while siratro (+1.25&) was least

enriched in AEZ 3.

The % N derived from atmospheric N2-fixation

was significantly (P<0.01) influenced by AEZ and

legume species (Table 4). The use of maize as

reference plant consistently resulted in smaller

values of %N derived from N2-fixation than when

broad-leaved weeds were used. The d15N signa-

tures of the broad-leaved weed plants, which were

relatively consistent around 6&, were closer to

the total soil d15N (about 8&) than the d15N

signatures of maize, which were around 3.5&.

Based on this, the broad leaved weed reference

plants were considered better indicators of the

d15N signatures of the available soil N, hence

providing more accurate estimates of N2-fixation

than maize. Therefore, based on broad-leaved

weeds as reference plants, the legumes derived

35–90% of their N requirements from atmo-

spheric N2-fixation in AEZ 1, 48–90% in AEZ 2

and 1–77% in AEZ 3. Averaged over species, the

%N from N2-fixation was higher for green

manure legumes than for grain and forageT
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Table 3 Estimates of the 15N natural abundance signatures detected in soil, maize and broad-leaved non-N2-fixing refer-
ence plants in different agro-ecological zones and soil fertility conditions in Western Kenya

Site Farm No. Soil fertility
status

Soil d15N (&) Reference plant d15N (&)

Maize Weeds

Museno: High rainfall zone
(AEZ 1)

1 Low 8.61 Zea mays 3.82 –
Bidens pilosa – 6.20

2 High 7.80 Zea mays 3.36 –
Bidens pilosa – 6.85

3 High 7.55 Zea mays 2.78 –
Bidens pilosa – 3.98

4 Low 7.72 Zea mays 2.79 –
Bidens pilosa – 6.00
Galinsoga spp. – 5.79

5 High 8.05 Zea mays 3.17 –
Bidens pilosa – 5.63

6 Medium 7.34 Zea mays 3.78 –
Bidens pilosa – 6.11

7 Medium 9.19 Zea mays 2.97 –
Bidens pilosa – 6.16

8 Low 7.71 Zea mays 2.99 –
Lantana trifolia – 5.83
Bidens pilosa – 6.11

9 Medium 7.73 Zea mays 3.15 –
Lantana trifolia – 6.17

Mean 7.96 – 3.20 5.89
Majengo Medium rainfall zone

(AEZ 2)
1 High 6.87 Zea mays 4.19 –

Bidens pilosa – 5.88
2 Low 7.56 Zea mays 3.58 –

Lantana trifolia – 5.14
3 Medium 8.25 Zea mays 3.13 –

Lantana trifolia – 7.23
4 High 7.72 Zea mays 3.24 –

Bidens pilosa – 6.15
5 High 8.38 Zea mays 3.89 –

Galinsoga spp. – 6.81
6 Low 7.93 Zea mays 2.21 –

Bidens pilosa – 6.39
7 Medium 7.87 Zea mays 6.19 –

Bidens pilosa – 6.82
8 Medium 7.54 Zea mays 3.05 –

Conyza banariensis – 6.42
9 Low 7.15 Zea mays 3.05 –

Conyza banariensis – 5.80
Mean 7.69 – 3.61 6.29

Ndori Low rainfall zone (AEZ 3) 1 Low 6.83 Zea mays 4.13 –
Bothriocline laxa – 5.76

2 High 5.93 Zea mays 4.23 –
Leonoptis nepetifolia – 5.82

3 Medium 5.45 Zea mays 4.40 –
Bidens pilosa – 5.59

4 Low 8.07 Zea mays 4.40 –
Bidens pilosa – 5.82

5 Low 6.30 Zea mays 3.89 –
Leonoptis nepetifolia – 3.82

6 Medium 6.06 Zea mays 4.40 –
Leonoptis nepetifolia – 6.30
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legumes in AEZs 1 and 2. In AEZ 3, however, the

%N from N2-fixation was higher for forage

legumes than for green manure and grain

legumes. Bean showed the least dependence on

N2-fixation for its N requirements in AEZs 1 and

2, while in AEZ 3, soyabean+P showed the least

dependence on N2-fixation for its N requirements.

Biomass production and N2-fixation

by the green manure and forage legumes

Biomass production, shoot N yield and biological

N2-fixation by the green manure and forage

legume species were significantly (P<0.01) influ-

enced by AEZ and soil fertility (Table 5). How-

ever, performance was generally better in AEZ 2

than in AEZ 1 due to greater rainfall received in

AEZ 2. Mean biomass production was highest

(6.86 Mg ha–1) in AEZ 2 and lowest (3.28 Mg ha–1)

in AEZ 3. Similar to biomass production, shoot N

accumulation by the legumes was best

(177 kg N ha–1) in AEZ 2 and worst

(85 kg N ha–1) in AEZ 3.

N2-fixation estimates reported are based on the

above ground legume biomass. While estimates of

total crop N fixed would provide a better assess-

ment of the contributions of legumes, such an

assessment is made difficult by the complications

associated with the recovery of complete root

systems. The capacity of the legumes to fix

atmospheric N2 differed significantly (P<0.01)

with AEZ, soil fertility and legume species. The

green manure legumes generally fixed greater

quantities of N2 than the forage legumes. For

example, in AEZ 2, where the best N2-fixation

performance was recorded, mean N2-fixation by

the forage legumes (estimated using broad-leaved

weeds as reference plants) was 35–37% of that of

the green manure legumes, while in AEZ 3,

where least N2-fixation was recorded, mean N2-

fixation of forage legumes estimated by broad-

leaved weeds was 12–21% of that of green

manure species. N2-fixation reduced by 12% from

high fertility field to medium fertility field, and by

22% from medium fertility field to low fertility

field. Velvet bean and crotalaria had greater N2-

fixation than jackbean, among the green manure

legumes. Crotalaria had the best N2-fixation in

AEZ 1, fixing 154–232 kg N ha–1, while in AEZ

2, velvet bean had the best performance, fixing

163–319 kg N ha–1. N2-fixation was also best with

crotalaria in AEZ 3 (56–95 kg N ha–1). The

amount of N contained in legume root biomass

accounts for about 30% of the total plant N

(Khan et al. 2002; McNiel et al. 1997). When this

contribution by the below ground biomass is

taken into account, the N2-fixation estimates for

crotalaria can be considered to be about 200–

302 kg N ha–1 in AEZ 1, and that for velvet bean

in AEZ 2 about 212–415. Similarly, the contribu-

tion for crotalaria in AEZ 3 can be considered to

be about 73–124 kg N ha–1. Among the forage

legumes, N2-fixation was greater with desmodium

and stylo than with siratro.

The use of maize as reference crop consistently

underestimated N2-fixation compared with broad-

leaved weeds. Averaged over species and soil

fertility, mean N2-fixation estimated by broad-

leaved weeds, ranged from 139 kg N ha–1 in AEZ

2 to 51 kg N ha–1 in AEZ 3, compared with mean

N2-fixation estimated using maize, which ranged

from 94 kg N ha–1 in AEZ 2 to 40 kg N ha–1 in

Table 3 continued

Site Farm No. Soil fertility
status

Soil d15N (&) Reference plant d15N (&)

Maize Weeds

7 High 6.60 Zea mays 3.92 –
Bidens pilosa – 6.30

8 Medium 6.61 Zea mays 3.89 –
Bidens pilosa – 6.25

9 High 7.05 Zea mays 4.03 –
Leonoptis nepetifolia – 6.44
Bothriocline laxa – 5.30

Mean 6.54 – 4.14 5.74
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AEZ 3. Factoring in the contributions of the

below ground biomass would increase these N2-

fixation estimates by about 30%, as discussed

above. Averaged over all species and soil fertility,

N2-fixation estimated by maize and that estimated

by broad-leaved weeds differed by 20–30%

(Table 5). In AEZ 1, mean N2-fixation estimated

by maize was 78% of that estimated by broad-

leaved weeds, while in AEZs 2 and 3, mean

N2-fixation estimated by maize was 70% and

80% of that estimated by broad-leaved weeds,

respectively.

N2-fixation, N export and net N contributions

of the grain legumes

The grain legumes shoot N yield, grain N accu-

mulation and net N inputs from N2-fixation

significantly (P<0.01) decreased with rainfall and

soil fertility status (Table 6). Averaged over

species and soil fertility, mean shoot N accumu-

lation was greatest in AEZ 2 (135 kg N ha–1) and

least in AEZ 3 (40 kg N ha–1). In contrast, mean

N2-fixation estimated by broad-leaved weeds was

greatest in AEZ 1 (76 kg N ha–1) and least in

AEZ 3 (20 kg N ha–1).

Significant (P<0.01) differences were observed

between the grain legumes in shoot N accumu-

lation, N2-fixation and net N contributions to soil

N fertility. Generally, shoot N accumulation, N2-

fixation and net N inputs were best with lablab

and groundnut and worst with bean in AEZ 1.

In AEZ 2, lablab and soyabean+P generally had

the best shoot N accumulation and N2-fixation.

However, net N contribution to soil N fertility

was negative for all the legumes in the high

fertility field, except lablab, which had

+42 kg N ha–1 contribution to soil N fertility.

Generally, the grain legumes had small positive

or negative net N contributions to soil N fertility

in AEZ 2. In AEZ 3, most of the grain legumes

had negative net N inputs, which indicated

mining of soil N. When the N contributed by

the below ground legume biomass would be

taken into account all legumes would give

positive net N inputs. Soil N mining was rela-

tively greater with soyabean+P (–27 kg N ha–1)

and bean (–25 kg N ha–1).

Discussion

N2-fixation by the legumes in response

to AEZ and soil fertility

The 15N natural abundance signatures detected in

the legume shoots varied with AEZ (Table 4).

The enrichment of the grain, green manure and

forage legume shoots decreased with increasing

rainfall, demonstrating greater N2-fixation poten-

tial by the legumes in AEZ 2 than in AEZs 1 and

3. Similarly, legume biomass production also

varied with rainfall (Table 5). The higher rainfall

received in AEZ 2 greatly enhanced legume

growth, with biomass production ranging from

3.0 Mg ha–1 to 14.8 Mg ha–1, which was much

greater than the range from 2.5 Mg ha–1 to

8.4 Mg ha–1 for AEZ 1. In AEZ 3, where only

about half the normal rainfall was recorded

during the experimentation period, the species

showed considerable reduction in performance.

Biomass production ranged from 2.5 Mg ha–1 to

4.9 Mg ha–1. Consequently, N2-fixation in AEZ 2

was generally greater than that in AEZs 1 and 2.

The study was carried out for only one season and

seasonal fluctuations can affect legume perfor-

mance. However, the trends observed confirmed

that rainfall is an important factor in legume

productivity and suggest that the impact of the

legumes on smallholder productivity, especially of

the soil improving green manure species, is likely

to diminish with rainfall.

The N2-fixation by the green manure, forage

and grain legume species generally decreased

with soil fertility status (Tables 5 and 6). Com-

pared with the high fertility field, N2-fixation by

the green manure and forage legume species

reduced by up to 36% in the low fertility field,

while that of grain legume species reduced by up

to 44% in the low fertility field, compared with

the high fertility field. This significant reduction in

N2-fixation with soil fertility suggests that the N

benefit of legumes is likely to be small in

smallholder systems characterized by poor soil

fertility.

N2-fixation performance of the species showed

interaction with AEZ and soil fertility. For the

green manure legumes, crotalaria was the best

species in N2-fixation across the soil fertility

130 Plant Soil (2007) 292:119–135
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gradient in AEZ 1 (Table 5). In AEZ 2, however,

velvet bean was the best in the high and medium

fertility fields, while crotalaria was the best in the

low fertility field. In AEZ 3, similar to AEZ 1,

crotalaria had the best N2-fixation across the

fertility gradient. For forage legumes (Table 5),

desmodium was best in the high and low fertility

fields in AEZs 1 and 2, while stylo was best in the

medium fertility fields in the same zones. In AEZ

3, however, stylo was the best species in the high

and the medium fertility fields, while siratro was

the best in the low fertility field. For the grain

legumes (Table 6), N2-fixation was best with

lablab and groundnut across the fertility gradient

in AEZs 1 and 3, while in AEZ 2, lablab and

soyabean were the best species in N2-fixation

across the fertility gradient. These observations

have significant implications for species selection

for the various biophysical niches.

There were strong linear relationships between

legume shoot biomass and the computed N2-

fixation in all the AEZs (Fig. 2), suggesting that

N2-fixation was highly dependent on the capacities

of the legumes for growth and biomass accumula-

tion in the different AEZs. There were differences

in the N2-fixation efficiencies in the three AEZs.

The species fixed about 26 kg N per Mg of legume

biomass in AEZs 1 and 2, and 14 kg per Mg of

biomass in AEZ 3. These figures are in reasonable

agreement with those obtained in the high and low

rainfall zones in Bukoba in northern Tanzania

(Baijukya 2004), and those obtained in different

farming systems in eastern Australia (Peoples

et al. 2001). Biomass production below about

2 Mg ha–1 resulted in virtually no N2-fixation.

Net N contributions to soil N fertility

through N2-fixation

Net N inputs by the grain legume species varied

with AEZ and soil fertility (Table 6), indicating

differential contributions by the legumes to soil N

fertility maintenance in the AEZs. Mean net N

input generally decreased with rainfall, ranging

from 44 kg N ha–1 in AEZ1, to 8 kg N ha–1 in

AEZ 3. This suggests that the capacity of the grain

legumes to improve productivity could be fairly

limited in the relatively lower rainfall AEZ 3,

especially during a season with sub-normal pre-

cipitation. The performance of the individual

species varied with AEZ. In AEZs 1 and 3, lablab

and groundnut had consistently the greatest net N

inputs across the soil fertility gradient, while in

AEZ 2, lablab and groundnut had the greatest

inputs in the high fertility field, lablab and Lima in

the medium fertility field, and lablab and soya-

bean+P the greatest inputs in the low fertility field.

In AEZ 3, only lablab and groundnut had positive

net N inputs (Table 6). The net N inputs of the rest

of the grain legumes were negative, with soya-

bean+P showing relatively greater soil N mining

potential than the rest of the grain legumes. These

results suggest that lablab and groundnut have the

potential to make substantial contributions to the

improvement of soil N fertility, besides contribut-

ing to the household food needs.
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The relatively large net N contribution by lablab

resulted from its high N2-fixation capacity but

relatively low N export (Table 6). However, lablab

is a poor grain producer in certain environments,

e.g. AEZ 3 (Table 2), hence farmers would be

better off with groundnut, which had a lower net N

input in AEZ 3 (24–29 kg N ha–1) compared with

lablab (42–54 kg N ha–1) (Table 6) but a relatively

much greater grain yield (Table 2). A general

assessment of such trade-offs was done for the

grain legumes (Fig. 3). Legume grain yield and net

N inputs to soil N fertility showed strong linear

relationships in all AEZs. Grain yield was nega-

tively correlated with net N input, indicating that

the more grain a legume produces the less its

contribution to soil N fertility. The relationships

also indicated differences between the AEZs in

the trade-offs between grain yield and N inputs for

soil N fertility improvement. In AEZ 1, 128 kg N

was traded-off for every 1 Mg of grain harvested,

while in AEZ 2, 98 kg N was traded-off for every

Mg of grain harvested. In AEZ 3, 143 kg N was

traded-off for every Mg of grain harvested. In

AEZ 1, net N input become negative at grain yield

of 1.0 Mg ha–1, while in AEZs 2 and 3, net N inputs

were zero at grain yields of 0.90 Mg ha–1, and

0.40 Mg ha–1, respectively (Fig. 3). This shows

that in AEZs 1 and 2, grain yields of up to

1 Mg ha–1 can be produced without much concern

about soil N mining, while in AEZ3, yields of

0.5 Mg ha–1 are likely to result in soil N mining of

about 20 kg ha–1. Since grain legumes showed

grain yield potential of up to 1.40 Mg ha–1 in

AEZs 1 and 2 (Table 3), potential for soil N mining

is high and a critical consideration of these trade-

offs is essential in deriving suitable legume options

for smallholder systems with competing objectives

of food production and soil fertility management.

The 15N natural abundance methodology

and on-farm N2-fixation assessment

The flexibility of the 15N natural abundance

method (since no addition of 15N-enriched fertil-

izer is required) makes it ideal for N2-fixation

assessments on-farm. However, the reliability of

the method depends on the choice of appropriate

reference species (Peoples et al. 2002). The d15N

signatures of maize and the broad-leaved weeds

used as reference species differed considerably.

Except for one or two cases, the d15N values for

broad-leaved weeds plants were much greater

than those for maize, and were closer to the d15N

signatures of the total soil N (Table 3). Due to

this, large variations were obtained in the esti-

mates of %N derived from N2-fixation. The %N

derived from N2-fixation values computed using

maize as reference plant were consistently smaller

than those computed using broad-leaved weeds

(Table 4), indicating that the use of maize as a

reference crop underestimated N2-fixation by the

legumes. The 15N signatures detected in the soil

varied slightly with field and AEZ. However, the

values were between 5.93& and 9.19&, which

was within the range recommended for the use of

the 15N natural abundance method for N2-fixation

(Peoples et al. 1989).
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Conclusions

The productivity of the legumes varied greatly

with agro-ecological zones and soil fertility, sug-

gesting that different legumes are needed for the

improvement of productivity of smallholder farms

in different agro-ecological zones and soil fertility

conditions in Western Kenya. All the legume

species (green manure, forage and grain legumes)

studied were capable of fixing atmospheric N2 on-

farm without artificial inoculation. Mean N2-fixa-

tion by the legume species differed greatly in the

three agro-ecological zones, and ranged from 14–

253 kg ha–1 in AEZ 2, to 5–77 kg N ha–1 in AEZ

3. Lablab and groundnut showed the greatest

resilience in N2-fixation and net N input across the

agro-ecological and soil fertility gradients. The

results of the study indicate that maize is less

appropriate as a non-N2-fixing reference species

than the tested broad-leaved weeds in N2-fixation

assessment using the 15N natural abundance

method. The study demonstrates that the green

manure, forage and grain legumes studied have

the potential for making significant contributions

to the N economy and productivity of the small-

holder systems through atmospheric N2-fixation.

However, the potential of species vary in the

different biophysical niches and careful selection

is therefore needed to optimize productivity.
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