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Nitrogen fixing trees (NFTs) are gaining importance in agroforestry and silvipastoral systems throughout the
world. The NFTs form symbiotic association with rhizobia or Frankia and fix about 60-600 kg N ha™ yr.
Among the higher plants, root nodulation is restricted to Rosid clade I comprising leguminous and non-
leguminous plants nodulated by rhizobia and Frankia. Host specificity for nodulation is regulated by the
exchange of molecular signals between plant and the symbiont, such as flavonoids and Nod factors. The
biological nitrogen fixation (BNF) in NFTs plays an important role in improving crop productivity and soil
fertility. However, systematic studies on nitrogen fixing ability of NFTs and their contribution to soil amelio-
ration are lagging because simple methods to estimate BNF potential in adult trees under field conditions are
lacking. The NFTs are often planted on degraded lands and under these conditions biotic and abiotic stresses
limit nitrogen fixation. Development of Rhizobium and Frankia strains tolerant to extremes of soil pH, salinity
and temperature can help to improve BNF in NFTs and thus help in soil amelioration. Incorporation of foliage
of NFTs in soil through litter fall and green manure as in shaded perennial crop systems and alley cropping
adds plant nutrients, which upon mineralization are available to the intercrop. The mineralization rate is
influenced by the plant species, soil and the climate. Detailed studies on factors affecting BNF in NFTs will
help to remove constraints for successful utilization of nitrogen-fixing ability for afforestation on degraded
and marginal lands.

Key Words: Biological nitrogen fixation (BNF), Nitrogen fixing trees (NFTs), Rhizobia, Frankia, Symbio-

sis, Agroforestry, Nutrient cycling

Introduction

Symbiotic nitrogen fixation has been estimated to
amount to at least 70 million tons of N per year
(Brockwell et al. 1995). Symbiotic nitrogen fixation is
an important source of N and various legume crops
and pastures often fix as much as 200-300 kg N ha™
yr! (Peoples et al. 1995). Every year about 88 million
tons of nitrogenous fertilizers are added to the soil.
Globally the production cost of nitrogenous fertiliz-
ers exceeds US$ 300 millions annually. Establishment
and promotion of fertilizer industries in developing
countries, which have limited resources, is an
economic constraint for the production of chemical fer-
tilizers. Moreover, the impact of fertilizer production
and application on environmental degradation and
human health is another aspect, which should be taken
into consideration. Applied fertilizer N is lost rapidly
due to leaching, volatilization and denitrification

causing water and air pollution. Awareness to con-
serve environment has compelled scientists to look for
technologies that are ecologically sound. Biological
nitrogen fixing systems offer an economically viable
alternative that decreases the dependence on chemi-
cal fertilizers. Nitrogen fixing trees (NFTs) are major
sources of N in tropical agroecosystems. Their impor-
tance is likely to increase as new land use systems such
as alley cropping, shelterbelts and silivipastoral
systems are becoming increasingly popular (Kang et
al. 1990, Palm 1995, Nair et al. 1999). The NFTs
provide fuel, fodder and timber and therefore fit well
in the sustainable form of land use. Although NFTs
have higher potential for nitrogen fixation than
cultivated legumes yet industrial inoculant produc-
tion and application is limited only to grain or
pasture legumes (Brockwell & Bottomley 1995). One
of the factors could be that basic studies regarding
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nitrogen- fixing potential of NFTs and their role in
improving soil fertility are limited. The present article
summarizes the role of nitrogen fixation in
agroforestry with special reference to constraints that
limit BNF.

Nitrogen-Fixing Trees and their Nitrogen Fixation
Potential

There is increasing worldwide interest in the use of
fast growing multipurpose NFTs in agroforestry
systems. Over 200 species of multipurpose tree
legumes have been identified for agroforestry systems.
However, only 25 of these have been widely used
outside their native range and detailed investigation
are confined to a very few species. Genera of NFTs
that have been used globally are Acacia, Albizia,
Calliandra, Erythrina, Flemingia, Gliricidia, Leucaena,
Prosopis and Sesbania (Sprent & Parsons 2000). Among
the non-legumes, Alnus, Myrica and Casuarnia are
widely recommended in agroforestry system (Benson
& Silvester 1993, Sharma et al. 1998, Rajendran 2001).
Actinorhizal trees colonize N deficient soils, sandy
coastal dunes, arctic tundra, mine spoils and volcanic
soils (Benson & Silvester 1993). Tree ecosystem
completely depends on input of natural N.
Dommergues (1987) identified species with high and
low nitrogen fixing potential. Leucaena leucocephala and
Acacia mangium are reported to fix 100-300 kg N ha™
yr~ while Acacia albida, A. senegal and A. pelleta showed
low nitrogen fixation potential which has been
reported as low as 20 kg N ha yr (Table 1). Legumi-
nous shrubs like Sesbania has been reported to
contribute to the N economy of tropical region espe-
cially in saline-alkaline soils that are usually barren
(Felker et al. 1981, Bala et al. 1990). Actinorhizal trees
are important in tropical and subtropical countries as
firewood source. Among actinorhizal plants alder
(Alnus glutinosa) and casuarinas (Casuarina equisetifolia)

Table 1. Nitrogen fixing potential of leguminous and non-
leguminous trees.

Tree N fixed kg ' ha' yr

Leguminous trees:

Leucaena leucocephala 300-548

Acacia nilotica 40-100

Prosopis juliflora 30-80

Gliricidia sepium 100

Albizia lebbek 94

Sesbania sesban 500-584
Non-leguminous trees:

Alnus glutinosa 43-60

Alnus nepalensis 29-117

Causurina equisetifolia 50-80
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have been used in rehabilitation of mine spoils and
stabilizing flood deposits (Dawson 1990). Himalayan
alder (Alnus nepalensis) has been used in shifting
cultivation, and as a shade tree in cinchona planta-
tion in eastern Himalayas (Sharma et al.1998). Sharma
and Ambashi (1984) estimated N gain of 117 kg ha™
yr' in 7 years old stand of Alnus nepalensis. However
in case of A. rubra and mixed stand of 15-20 year old
A.sinuta and A crispa was able to accumulate 130 and
20 kg N ha yr' respectively (Binkley 1981). Johnsrud
(1978) reported N accretion of 45 kg ha' yr' in A. incana
while 43 kg ha? yr? N accretion was observed in
A. glutinosa (Akkermans & van Dijk 1976). The
studies on nitrogen fixation potential of more species
will help in identifying the plant genotype with higher
potential.

Occurrence of Nodulation

Root nodulation occurs as a result of complex interac-
tions between host and the symbiont. There is a great
degree of specificity for nodulation in both rhizobia
and frankiae.

Host: Doyle et al. (1998) reconfigured the
taxonomy of higher plants. The family Leguminoseae
has been placed in the group called Rosid clade I. This
clade contains seven separate instances of non-legume
root symbiosis. In six of these symbioses the nodule
endophyte is not Rhizobium but an actinomycete
Frankia The seventh group includes non-legume root
symbiosis involving ulmaceous shrub Parasponia
nodulated by Rhizobium. Therefore, the predisposi-
tion to form root nodules is not restricted to the mem-
bers of family Leguminoseae but rather to clade I
(Brewin 2002). However, for simplicity the NFTs can
be broadly classified as legumes and non legumes.
Nitrogen fixing leguminous trees belongs to family
Leguminiseae, while nitrogen fixing non-leguminous
trees belongs to eight different families, which are phy-
logenetically not related. There are about 16000-19000
species in about 750 genera in the family
Leguminiseae. (Allen & Allen 1981). The nodulation
capacity has been surveyed in 3395 species represent-
ing about 20% of leguminous species (de Faria et al.
1984, 1989, Moreira et al. 1992). Majority of Papilionoid
(97%) and Mimosoid (90%) species examined form
nodules while only 20% of Caesalpiniodeae form nod-
ules (Sprent & Parsons 2000). To date about 200
species and 24 genera of actinorhizal plants have been
identified which fall into eight families. These are
Betulaceae, Casuarinaceae, Coriariaceae, Datiscaceae,
Elaeagnaceae, Myricaceae, Rhamnaceae and Rosaceae
(Baker & O’Keefe 1984). Frankia was isolated
successfully for the first time (Torrey et al. 1978,
Callaham et al. 1978).
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Symbiont: The legume symbionts have been
placed in the family Rhizobiaceae . The Rhizobiaceae
as a distinct taxonomic group does not exist because
rhizobial strains analysed by 165 rtDNA gene sequence
comparisons do not form homogenous evolutionary
group (Lafay & Burdon 2001, Brewin 2002). All these
rhizobial isolates belong to three distinct branches of
alpha-2 subgroup of Proteobacteria. Rhizobia are
intertwined with non-symbiotic bacteria (Moulin
et al. 2001).

However recent taxonomic classification on the
molecular basis has placed the rhizobia to
Mesorhizobium-Sinorhizobum-Rhizobium branch, the
Bradyrhizobium branch and the Azorhizobium branch.
(Young & Haukka 1996, van Berkum et al. 1999).
Bacteria forming root and stem nodule on legume have
been placed into genera Rhizobium, Bradyrhizobium,
Mesorhizobium, Sinorhizobium, Azorhizobium and
Allorhizobium (Wang & Martinez-Romero 2000,
Sessitsch et al. 2002). Recently, Sy et al. (2001)
described another rhizobial branch within the sub-
class of Proteobacteria containing methylotrophic
genus Methylobacterium from Crotolaria nodules. These
bacteria grow in methanol and have been designated
as M. nodulans. Other novel nodule isolates
similar to Agrobacterium strains were identified which
now classified as Rhizobium (Young et al. 2001). Two
new bacterial isolates from nodules of Aspalathus
carnosa and Machaerum lunatuon which were very
distant from rhizobia. These bacteria do not belong
to any of the four branches of rhizobia described so
far, nor even to the a subclass of Proteobacteria. These
bacteria have been placed within f sub division of
Proteobacteria in the genus Burkholderia. Strain of
Burkholderia sp. was able to nodulate Macroptilum
atropurpureum and showed the presence of nod ABC
and #nif H genes (Moulin et al. 2001).

Frankia has been isolated from 25 genera of
actinorhizal plants (Benson & Silvester 1993, Clawson
& Benson 1999). The genus Frankia is a member of
Actinomycetales and placed in new family
Frankiaceae. There are 10 species of Frankia i.e. Falni,
F.elaeagni, F. brunchoestii, F. discariae, F. dryadis,
F.casuarinae F.ceanothi F.coriariae F. purshiae and F.
cercocarpi. The Frankia strains were heterogenous and
clustered within two main groups the Alnus-Myrica-
Causurina -infective group and Elaeagnaceae group.
Pure cultures isolated from Myrica were atypical
because they were not able to nodulate their original
host but nodulated Elaeagnaceae (Richtie & Myrold
1999). Likewise isolates of Ceanothus infective Frankia
strains were unable to nodulate their original host af-
ter isolation (Clawson & Benson 1999). Many Frankia
strains have not been grown in culture and others grow
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slowly once isolated. The diversity of strains that
actually live in the root nodule in natural systems has
been difficult to address. Variability in bacterial 165
rRNA genes sequences amplified from root nodules
has been used to estimate molecular diversity
(Normand et al. 1996). Majority of Frankia isolates
belong to four major groups. Group Iincludes strains
that are typically found in and are isolated from the
nodules of plants in the family Betulaceae,
Casuarinaceae and Myricaceae (Hueget et al.2001)
Group Il includes symbionts and isolates from plants
in the family Elaeagnaceae and Rhamnaceae (Navvaro
etal. 1997). Group III contains symbionts of plants in
the family Coriariaceae, Datisaceae, Rosaceae, and
Ceanothus of the family Rhamnaceae (Benson et al.
1996, Clawson et al.1998). The group IV contains
Frankia like organisms whose role in symbiosis is
unclear (Ramirez-Saad et al. 1998). Isolates from group
I, Il and IV have been obtained but not from group III.
Muyrica pensylvanica was unusual in the sense that
Frankia belonging to group I, II and IV were found in
the nodules. The M. pensylvanica is assumed as a
promiscuous host. The existence of such reservoir
plants may explain why certain actinorhizal plants are
nodulated wherever they are planted (Clawson &
Benson 1999).

Specificity of Nodulation

Rhizobium and Frankia are strictly host specific and
form nodules on specific host (Sharma et al. 1993,
Lakshminarayana & Sharma 1994, Clawson & Benson
1999, Huguet et al. 2001). Host specificity in rhizobia
is controlled by the exchange of molecular signals
between rhizobia and host legumes. Rhizobia carry
the nod genes, which are essential for initiation of nod-
ules on legume roots, but not for survival as free-
living bacteria. The interactions of nodulation genes
especially (nodD) with flavonoids present in seed and
root exudates of host plants control the first host
specific step in host specificity. The activation of nodD
gene with the host specific flavonoids exuded from
host roots induces the transcription of other nod genes
which are involved in the synthesis and secretion of
Nod factors ( Lerouge et al. 1990 , Puppeke &
Broughton 1999). These Nod factors are
lipochitooligosacchrides(LCOs) and are oligomers of
N-Acetyl glucosamine (the constituent of chitin). The
N-acetyl glucosamine unit carries an unsaturated acyl
chain linked onto the terminal non-reducing sugar.
The host specific nod genes of different rhizobia add
different substitutions on Nod factors to impart host
specificity. The Nod factors specifically activate host
cells of the appropriate legume and initiate the corti-
cal cell division leading to the nodule morphogenesis
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and cell colonization by reorganizing the of cell wall
growth in epidermal cells and root hairs (Hanin et al.
1999, Perret et al. 2000, Stougaard, 2001, Brewin 2002).
Several legume genes involved in nodule morphogen-
esis have been identified which encode receptor
kinases (Gresshoff 2003).

However, there is no strict correlation between the
type of loci of LCOs produced by rhizobia and plants
they nodulate. Rhizobium etli and R .loti have distinct
host range but the Nod factors produced by them are
identical (Cardenas et al. 1996). Likewise major Nod
factors secreted by R. leguminosarum bv. trifolii are same
still the two biovars nodulate distinct hosts
(Orgambide et al. 1995, Spaink 1996). Further two
rhizobia may nodulate the same host but at the same
time secrete different Nod factors. Rhizobium tropici
and R.etli produced sulphated and acylated Nod
factors respectively but both were able to nodulate
Phaseolus vulgaris (Poupot et al. 1995). Bradyrhizobium
elkani, B. japonicum and Rhizobium strain NGR234 have
a number of common hosts but their Nod factors vary
considerably (Puppeke & Broughton 1999). It is not
type but amount of Nod factors released by rhizobia
are also important in determining the host range. It
appears that proportion of different Nod factors
released in the rhizosphere of different legumes and
their combinations present at optimum level induces
the nodule morphogenesis.

Earlier workers isolated Rhizobium from cultivated
legumes and used these rhizobia on tree legumes and
vice versa. Trinick (1968) reported that fast growing
Rhizobium isolated from Leucaena was able to
nodulate Vigna that was reported to be effectively
nodulated by slow growing Bradyrhizobium. Further
there was no host—specificity barrier among the tree
legumes for nodulation and fast growing rhizobia iso-
lated from NFTs Mimosa invis, M. pudica, Acacia
farnesina and Sesbania grandiflora were able to nodu-
late Leucaena. This was further confirmed by the
observation that Bradyrhizobium isolate from
Adenanthera pavonina, Brownea ariza, Gliricidia maculata,
Leucaena leucocephala, Malintoa grandiflora, Mimosa
pudica, Sesbania grandiflora and S. punctata was able to
nodulate Vigna ungiculata (Lewin et al.1987).
However, more than 50% of fast growing rhizobia iso-
lated from Acacia, Albizia, Gliricidia, Pithocellobium and
Sesbania failed to nodulate Vigna mungo (Mohamed
et al. 2000, Sharma et al. 2003) and Macroptilum
atropurpeus (Moreira et al.1992). Rhizobium sp. isolated
from Acacia, Albizia and Prosopis are able to nodulate
pigeonpea and cluster bean besides nodulating dif-
ferent species of Acacia, Albizia and Prosopis (Badhwar
et al. 2002). Dommergues (1987) reported that slow
growing Bradyrhizobium isolated from Acacia holosericea
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was able to nodulate A. senegal, A. sieberiana and A.
farnesiana, however, fast growing Rhizobium isolated
from A. farnesiana failed to nodulate A. holosericea. Tt
was interesting to note that some species of Acacia were
nodulated by Rhizobium but not by Bradyrhizobium iso-
lated from same plant genus. Conversely such spe-
cies were effectively nodulated by Bradyrhizobium
strains isolated from unrelated host Leucaena
leucocephala. This indicates that host specificity of a
strain is an inherited and complex phenomenon and
this could be major limiting factor for nodulation of
introduced species. Moreover, authenticity of rhizo-
bia isolated from leguminous NFTs should not be
tested on promiscuous host like Siratro or Vigna. Rhizo-
bia isolated from leguminous NFTs should be tested
for nodulation on homologous hosts. In Australia, both
fast and slow growing rhizobia occur naturally in
Acacia nodules and Bradyrhizobium species are
predominant throughout the continent (Barnet & Catt
1991). However, Rhizobium, Mesorhizobium and
Bradyrhizobium are represented among rhizobia
symbiotically associated with a variety of native
legume hosts (Marsudi et al. 1999). Rhizobia isolated
from nodules of Calliandra calothyrrus, Gliciridia sepium,
Leucaena leucocephala and Sesbania sesban were tested
on 20 different hosts. Symbionts of all original hosts
exhibited a wide range of promiscuity and symbiotic
effectiveness, with isolates of L. leucocephala and
S. sesban having widest and narrowest host range
respectively (Bala & Giller 2001).None of the strains
was effective with all the 20 hosts.Host plants inocu-
lated with effective rhizobial strains showed better N
use efficiency than plants supplied with mineral N
(Bala et al. 2003).

Host-specificity phenomenon of Frankia is, how-
ever, very complex. A strain from one host specificity
group (HSG) can be isolated from host normally nodu-
lated by the member of other HSG. Even some of the
strains fail to nodulate source plant or nodulate very
poorly .Recently strains have been isolated which can
nodulate the members of more than one HSG i.e. some
strains isolated from Elaseagnus can effectively nodu-
late Alnus (Betulaceae) and Elaeagnus (Elaecagnaceae)
{Hueguet et al.1999). This is not true for the isolates
of Myricaceae, Casuarinaceae, Coriariaceae, or
Rhamnaceae.

Measurement of Nitrogen Fixation in NFTs

Accurate measurement of BNF is a prerequisite in
determining how environmental factors can be
managed to increase BNE. This is one of the biggest
challenges facing those working with NFTs. Most
studies on nitrogen fixation in NFTs are restricted to
nursery stage because of the problems associated with
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estimation of nitrogen fixation in adult trees. Annual
crops have specific period in their life cycle when
nitrogen fixation is maximum (pre-flowering stage),
however, for most of the perennial trees and shrubs
when the period of nitrogen fixation is maximum is
not known. The methods like total nitrogen differ-
ence (TND) method, acetylene reduction assay (ARA)
and natural ®N, abundance method have been used
extensively to quantify BNF (Danso 1985, 1995, Danso
etal. 1992, Shearer and Kohl 1993, Chalk & Ladha 1999,
Sprent & Parsons 2000).

TND Method: The simplest and one of the oldest
method of quantifying the amount of nitrogen fixed
measures BNF as difference between total N content
of plants that fix nitrogen and those that do not derive
N from fixation. The major assumption of the method
is that the legume and non-fixing control take up the
identical amounts of N from the soil. Because of this,
the choice of control is of utmost importance. Ideally
the legume and control should explore the same
volume of soil, having the ability to extract and
utilize soil mineral N, and have similar pattern of N
uptake. Several estimates of BNF in trees have been
made using TND method. The problem associated
with this method is the estimation of uptake from soil
nitrogen. Most of the time non-fixing or non-nodulat-
ing plant of other species is taken as a control and this
does not give true picture. Non-nodulating species
like Senna siamea as well as non-nodulating mutants
of the same species can also be used instead of using
unrelated species. However, the use of unrelated
species affects the accuracy of N estimation. (Danso
1985, Danso et al.1988, Pareek et al. 1990). On the
basis of these limitations Danso et al. (1992) have
recommended the measurement of BNF in sandy or
low N soil where N uptake from soil is minimum.
Secondly, in young plantation the problem of reabsorp-
tion of N from decomposed leaf litter, senescencing
roots and nodules is negligible but such values are
multiplied manifolds in old trees. Because of these
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limitations currently this method is not widely used,
however, a number of estimates of BNF have been
made using this method (Table 2). Despite the inher-
ent limitations the TND method has provided BNF
estimates that are very close to those obtained by more
sophisticated techniques.

Acetylene reduction assay (ARA): The acetylene
reduction assay is based on the fact that nitrogen
fixing enzyme, nitrogenase, catalyzes the reduction of
acetylene (C,H,) to ethylene (C,H,). The standard ARA
method involves enclosing detached nodules or nodu-
lated roots in airtight containers and exposing them
an atmosphere of CH,. After an incubation period,
gas samples are withdrawn and analyzed for C,H,
using gas chromatography. The ARA has been
adopted for field studies of legumes nitrogen fixation,
to mainly compare treatment effects on nitrogen
fixation, rather than to estimate the amount of
nitrogen fixed for a particular time interval.

The ARA method is not very popular because of a
number of major problems. First, this method is
applicable to seedling stage of trees only and is
difficult to apply in mature trees (Toky et al. 1995).
Secondly, the ARA is a short duration assay, which
may not reflect nitrogen fixing ability of a tree over a
long period. Diurnal variation and plant age affect
the ARA significantly. Thirdly the conversion ratios
between C,H, produced and nitrogen fixed, can vary
according to environmental factors. Comparison of
nitrogen fixation estimates using TND and ARA
revealed that the two are not comparable and estimates
using ARA are quite low (Danso et al. 1992).

The N isotope methods: The use of N isotope
dilution method to estimate N derived from nitrogen
fixation has become a familiar feature of studies
involving quantification of nitrogen fixation in the N
economy of soil-plant system. The use of N
technique gives accurate estimates of nitrogen fixation
as compared to TND and ARA. Both ®N enrichment
and ®N natural abundance methods have provided

Table 2. Suitability of various methods of estimation of BNF in trees

isogenic control
not available

Suitability for developing Most suitable

countries

Advantage/Disadvantage TND Method ARA 5N

Simplicity Yes Yes No

Special equipment required No Yes Yes

Validity of estimates Low Low High

Major problem Non-fixing Estimates are made Requirement of

for short duration costly N and
equipment

Suitable Not economical
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information regarding identification and management
of constraints in nitrogen fixation (Peoples et al. 1991
1995, Chalk 1996, Chalk & Ladha 1999).

The method based on N enrichment depends
upon differences in isotopic composition between the
soil N, fertilizer N and atmospheric nitrogen. The *N-
labelled fertilizer is supplied to the plant, which is
slightly enriched in N compared with atmospheric
nitrogen In case of ®N natural abundance method,
the only soil source is indigenous N. Soils have N of
slightly higher N abundance than the atmospheric
nitrogen. Therefore, relative to atmospheric nitrogen
most soils are slightly enriched in ®N. Unlabelled
atmospheric nitrogen, which is biologically fixed,
dilutes the labeled N taken up by the plant, and the
isotopic dilution is used to estimate the proportion of
N derived from the atmosphere through BNF. The
isotopic composition of the plant N derived from soil
sources is usually estimated by measuring the N
enrichment of a non-fixing reference plant grown in
identically labeled soil.

The soil is enriched in N by applying labeled
fertilizer in aqueous solution. Labeled nitrate and
ammonium forms have been used. Labeling can be
done for short (days, weeks), medium (months) or long
periods (years) depending on the time the experimen-
talist is prepared to wait for the added isotope to
equilibrate with unlabelled soil N (Nadoye et al. 1995).
The short and medium term labeling have met with
only partial success (Giller & Witty 1987, Boddey et
al. 1995). Medium to long term labeling are by far the
best options for minimizing isotopic variation. The
choice of reference plant represents the major limita-
tion of the N dilution technique (Androsof et al. 1995,
Chalk 1996). Reference plants are deemed to be
suitable if they do not fix nitrogen and have the
following characteristic in common with the legume:
(i) rooting zone, (ii) relative N uptake pattern and, (iii)
growth duration. Awonaike et al. (1993) concluded
that Eucalyptus gandis and E. camaldulensis were suit-
able reference plants for Gliricidia sepium and Leucaena
leucocephala .The main advantage is that it provides a
time-averaged estimate of, fraction of N derived
through BNF (P, ) integrated for the period to plant
growth to the harvest.

15
atom% N excess for legume
Py =1-

(atom %" N excess for non - fixing control)

where, atom % N excess = (atom % N in sample)
- (atom % "N in air nitrogen), and atom % "N of air
nitrogen = 0.3663.

Using N isotope dilution technique, it has been
estimated that 94-99% N in Stike Alder (Alnus sinuta)
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is derived from nitrogen fixation, while in case of
Acacia species this range was low with an average of
30%, the highest being 71% in A. mellifera and lowest
being 2% in A. tkida (Schulze et al. 1991). The high
cost of instrumentation to measure ®N and the expense
of N labeled materials are the real constraints of this
method.

Natural ®N abundance method is based on the
fact that there is often a small increase in the "N
abundance of the soil N compared with atmospheric
nitrogen (Shearer & Kohl 1986). Because the differ-
ences are so small, data are commonly expressed as
parts per thousand (% or 6®N).

(atom % BNin sample) - (atom % BNin standard)

5N - 15
(atom % “°N in standard)

Standard is usually atmospheric nitrogen (0.3663
atom %). By definition, the 8N of air nitrogenis zero.
The plant N derived from nitrogen fixation is calcu-
lated as: (8N non fixing control)- (8"N for legume)

(8"3N non fixing control) - (5'°N for legume)
(815N non fixing) - B

Pgix =

The 6"N value of B is a measure of isotopic
fractionation during nitrogen fixation and is deter-
mined by analysis of the 8N of total N of plant of
nodulated legumes grown in N free media.

Ureide estimation: Ammonia is the first stable
product of nitrogen fixation in symbiotic nitrogen
fixation systems. It is excreted into the host cell cyto-
sol, where it is assimilated and used in the synthesis
of organic-N for transport. Based on the products used
for transport of fixed N, the nitrogen-fixing legumes
have been classified as amide exporters and ureide
exporters (Schubert 1986, Singh & Malhotra 2002). The
amide exporters transport asparagine, glutamine or
4-methylene glutamine, while ureide exporters
transport either allantoin and allantoic acid or citrul-
line. Allantoin and allantoic acid account for 60-90%
of the total N in the xylem sap of many tropical
legumes grown symbiotically.

In this method the content of ureides, amino-N
and nitrate in the xylem sap is estimated after decapi-
tating the plants .The principle underlying the ureide
assay is that the composition of N solutes in xylem
sap changes from one dominated by ureide
compounds in nitrogen-dependent plants, to one
dominated by nitrate and amino-N in plants utilizing
soil N (Herridge & Peoples 1990). To obtain actual
estimates of nitrogen fixation, the ureide content must
be calibrated with nitrogen- fixation using some other
method for measurement such as ®N or ARA. The
major limitation of this method is that the composi-
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tion of xylem sap changes with the age of plant. There-
fore, several calibrations are needed to cover all stages
of growth of plant. Only few NFTs show abundance
of ureides, in the xylem sap (van Kessel et al. 1988).

Inoculation of NFTs

Development of NFT inoculants demands that their
efficacy and host range of nodulation should be
worked out. The inoculation of host with inefficient
strains will restrict nodulation and compel the plants
to scavenge N from soil. Therefore, host range of
nodulation is the important character, which should
be studied after isolation of symbionts to get
maximum benefits from nitrogen fixation. Casuarina
and Ceanothus, which were introduced from North
America to New Zealand, failed to nodulate in New
Zealand (Silver1964, Tyson & Silver 1979). Likewise
Australian species of Acacia performed poorly in North
America and Africa where rhizobia suitable for only
indigenous Acacia genotypes were present. Host
specific rhizobia have been described for tree legumes
by using biovar epitphet. For example strains of
Rhizobium etli bv mimosae, Sinorhizobium teranga and
S. saheli bvs acacige have been described which have
ability to nodulate Mimosa and Acacia (Wang et al.
1999).The NFTs are usually introduced in degraded
lands with low soil N. It has been proved in
cultivated legumes that inoculation with Rhizobium
will improve plant establishment. There is no reason
why these practices will not be beneficial in the tree
legumes at nursery stage.

The seedling vigour determines NFTs establish-
ment in the soil. Majority of nodulation and nitrogen
fixation studies have been carried out on plants grown
in nursery conditions. Inoculation with Rhizobium
increases nodulation, plant biomass, and N content of
the plant (Bala et al 1990, Beniwal et al. 1995, Toky
etal. 1995) .The primary aim of inoculation with Rhizo-
bium/Frankia is to produce healthy seedlings of NFTs.
A number of reports confirm that inoculated sand or
soil grown seedlings when transplanted in degraded
soil have better survival and establishment under field
conditions. Moreover, after the nodule senescence the
released symbiont can reinfect the emerging roots.
There should be extensive screening programme to test
and select better strains of nitrogen fixing organisms
for NFTs using the same methodologies as for annual
legumes (Turk & Keyser 1992). This will yield strains
effective with different hosts over a range of environ-
mental conditions. These efficient strains need to be
tested in the nursery and later under field conditions
after transplanting. Inoculation of NFTs with nitro-
gen fixing organisms is the economical input to
produce healthy seedling. Detailed investigations on
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role of nitrogen fixation in plant health improvement
will convince farmers for the application of inoculants
for NFTs.

Many NFTs are known to be infected by
arbuscular mycorrhizal fungi, which help the plant to
acquire P from the soil. Dual inoculation with
nitrogen fixing organisms and vesicular mycorrhizal
fungi has proved effective in soils of low P content
(Beniwal et al. 1992, Morques et al. 2001). Inoculation
with mycorrhizal fungi is required to establish healthy
plantations in degraded soils (Reddel & Milnes 1992,
Bhatia et al. 1998).The degree of dependence of the
mycorrhizae for acquisition of P, other non-soluble
plant nutrients, and water is still poorly documented
in case of NFTs. Attempts to grow arbuscular
mycorrhizal fungi in pure culture have so far been
unsuccessful. Large scale multiplication is achieved
by growing them in roots of living plants. Most
formulations are suited for use at the nursery stage
( Sylvia & Jarstfer 1992).

Constraints of Nitrogen-fixing Systems in
Agroforestry

Appropriate management practices can enhance
nitrogen fixation by reducing the effect of major biotic
and abiotic constraints. These can act at different
levels; reducing the growth and survival of symbiont
in the soil, affecting the infection process or nodule
functioning, and hindering the growth of host plant.

Bacterial components: The significance of BNF in
NFTs under field conditions has been questioned since
attempits to find root nodules in some NFTs have been
unsuccessful or few nodules have been found. Intro-
duction of NFTs to new sites where occurrence of
microsymbiont is not known, could limit nodulation
and nitrogen fixation potential. Further, the presence
of symbiont does not ensure effective symbiosis. This
has been demonstrated for inoculants in cultivated
legumes and could to be a serious problem for other
nitrogen fixing systems also. One of the major prob-
lems to successful establishment and effective perfor-
mance of inoculants is the competition from native
organisms. The numerous problems associated with
competition among the symbionts for nodulation sites
affect the symbiotic performance of the nitrogen fix-
ing systems (Dowling & Broughton 1986).

Majority of studies with cultivated legumes have
pointed out that symbionts are present in topsoil only
(0-15 cm), while majority of NFTs have deep root sys-
tem. The movement of symbiont is restricted in soil
which occurs only with the percolation of water in the
deeper layers. This is very rare under arid and semi-
arid conditions where rainfall in scanty. The presence
of symbionts in deeper layer is doubtful.
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Jenkins et al. (1988) studied the distribution of
mesquite (Prosopis glandulosa) Rhizobium up to 13 m
depth. Significant population of Rhizobium was present
up to 1-4 m depth at the sand dunes in Sonaran desert
of South California. More than 10° cells per g were
present in the soil up to 8 m depth. Even the nitrogen
fixing nodules containing Rhizobium were present up
to 7 m depth. It was concluded that deep-rooted woody
legume Prosopis glandulosa can form nitrogen fixing
nodules as deep as 10 m. The rhizobia, which were
present in deeper layers of soil, were different than
those rhizobia, which were present in the surface layer
of soil. The rhizobia that were present in deeper soil
layers were slow grower while rhizobia present in
surface soil were fast as well as slow growers (Jenkins
et al. 1989). It is not known whether symbionts nodu-
lating other NFTs are also present upto 10 m depth or
not. So far studies on NFTs have been focused on
symbionts, which are present in surface soil or
nodulating at nursery stage. No systematic studies
have been carried out with deep-rooted NFTs with
reference to occurrence of rhizobia. Improvement of
nitrogen fixation in NFTs under arid zone will demand
the isolation and characterization of rhizobia, which
have the potential to nodulate the deep root system
prevalent in NFTs of arid and semi-arid zone.

The Frankia has been isolated from nodules;
however the early studies were conducted on the
basis of cross inoculation with crushed nodules. Total
failure to obtain Frankia isolates from nodules by
earlier workers classified it as obligate symbiont.
However, isolation of Frankia from the soil and
nodules and their successful culture in simple media
led to conclusion that Frankia have saprophytic free
living existence in soil (Callaham et al. 1978, Baker &
O Keefe 1984). The general belief that the presence of
host is essential for the survival and existence of
symbiont does not hold true in case of Frankia. Many
observations reveal Frankia strains to be present in soil
well outside the normal geographic range of appro-
priate host plants or long after host plants disappeared
(Benecke 1969, Smolander & Sundman 1987). Both
Alnus and Elaeagnus were able to nodulate in New
Zealand where they were grown for the first time.
Therefore, before the introduction of NFTs at new site
it is important to know their nodulation behavior and
whether the required symbiont is present or not.
Generally, the symbionts which show high degree of
host specificity are absent in the site where NFTs are
introduced for the first time. However, with the
promiscuous symbiont (Bradyrhizobium and Frankia)
which have wide host range, such problems are rarely
encountered.

Efficacy of symbiont: Nodulation alone is not
sufficient to support the growth of NFTs on marginal
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lands if these nodules are ineffective. In case of
cultivated legumes normally the efficacy of symbionts
for nodulation and nitrogen fixing ability is assessed
under laboratory and green house condition and
superior strains are tested under field conditions, so it
takes years to develop inoculants for NFTs. This could
be the possible reason why inoculants for NFTs have
not become popular so far. Efficacy of strain varies
from host to host, as well as genotype to genotype.
Even the environmental conditions affect the strain
efficacy with all the hosts. However, it is not possible
to develop a single efficient strain for all the legumi-
nous or non-leguminous NFTs. Even different
provenances of same species differ significantly in their
nitrogen fixation ability (Sanginga et al. 1990ab,
Beniwal et al. 1995, Toky et al. 1995). A single efficient
strain often fails under different agroclimatic condi-
tions; therefore, symbionts should be developed for a
particular location taking into consideration the soil
and environmental conditions. The efficient strains
should be well adapted to grow and fix nitrogen
under stress conditions (Kapoor & Dudeja 1995,
Rustogi et al. 1996, Upadhayay et al. 1996)

Plant component: Even among the family
Leguminoseae majority of genera nodulate but some
non-nodulating genera have been reported. The promi-
nent woody legumes which lack nodulation are Senna
siamea, Ceratonia sp., Siliqua sp., Bauhinia sp.,
Campsiandra sp., Dicorynia sp., Bocoa sp., and Aldena
sp. (Allen and Allen 1981, Sprent et al. 1988, Morieira
et al.1992). A number of species, which have been
found non-nodulating under natural conditions, were
shown to be capable of nodulation in nursery beds.
Therefore, it is essential to determine the nodulation
status of host whether it has inherent property to form
nodules in association with the symbiont or not
(Binkley et al. 1992, Bala et al. 2003). Nodulating trees
have different nodulation potential under different set
of conditions. Studies on nodulation status of tree
legumes under saline condition showed that Albizig,
Dalbergia, Leucaena and Sesbania nodulated better than
Acacia, Prosopis and Pithcellobium (Bala et al. 1990).

Genotypic variation for nitrogen fixation: Host
specificity and compatibility of given genotype with
specific symbiont controls the extent of nodulation and
nitrogen fixation. The symbionts may have the ability
to nodulate all the genotypes of a host plant but with
different levels of efficacy. Sanginga et al. (1990b) and
Sun et al. (1992) found 2-3 fold differences in nitrogen
fixing potential of A. albida and L. leucocephala.
Likewise 3-5 fold differences for nitrogen fixation was
found between different provenances of Casuarina
equisetifolia and Casuarina cunninghamiana (Sanginga et
al. 1990b, Burdon et al. 1999). These differences are due
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to the difference in compatibility of host and symbiont.
Beniwal et al. (1995) tested the compatibility of
Rhizobium strain AC-1 isolated from Acacia nilotica with
18 provenances (16 from India, 2 from Israel). These
provenances showed wide variation in nodule
number, nodule mass, plant biomass and plant N
content. The two exotic provenances fixed low amount
of nitrogen with the Rhizobium AC-1 than the indig-
enouse provenance. Even the progenies of same
provenance of A. nilotica differed significantly in
nitrogen fixation ability (Toky et al. 1995).

Early nodulation is another factor, which is
controlled by host plant genotypes and the symbiont.
Sanginga ét al. (1990b) reported that in L.leucocephala
and Rhizobium association there were significant
difference in nitrogen fixation at 11 weeks but these
differences disappeared after 24 weeks. From these
results it was hypothesized that some host plant and
Rhizobium combinations nodulate and accumulate
more N in short duration. The wide differences in
nitrogen fixation ability of different genotypes should
be explored to maximize the BNF by NFTs. (Awonaike
& Hardersen 1992).

Different plant genotypes also differ in their
ability to uptake P from soil. These differences affect
their nitrogen fixation ability in the soil having low P
contents. Further genotypic differences are also
observed to fix nitrogen in soil having high N contents.
Application of 40 kg N ha™ reduced the BNF by 50% in
L. leucocephala (Sanginga et al. 1994). Selection of plant
genotypes on the basis of nitrogen fixing ability under
high soil N, and low P conditions will improve BNF
under different soil conditions.

Plant age: Most of the studies on the nitrogen
fixation in NFTs have been focused on one season.
There are few reports of nitrogen fixation by NFTs in
more than one season or subsequent years. The plant
species with annual or perennial nodules should be
identified and then how the age of the plant affects
nitrogen fixation should be determined. Itis not known
in which species nodules are functional for more than
one season. Hansen & Pate (1987a) studied the two
species of Acacia for nitrogen fixation potential for two
years. Some genotypes fixed same amount of nitrogen
in subsequent season whereas the others acquired 50
% higher nitrogen fixation potential in the second year.
On the basis of these observations the practice of screen-
ing of NFTs for their nitrogen fixing potential for one
season or short duration does not give a true picture of
nitrogen fixation potentials as the nitrogen fixation
potential changes with age. Unlike cultivated legumes,
which are harvested after one season, NFTs are planted
for long terms gains. Therefore, to assess nitrogen-
fixing potentials, NFTs should be studied for long term
(at least 3-5 years) under natural conditions.

153

Environmental constraints: The NFTs are planted
on degraded lands for soil amelioration and
ecosystem stability. Both the partners of symbiosis
(plant host and bacterium) are equally exposed to
hostile environment where soil temperature, moisture,
salt and pH stresses are frequent. These stresses limit
the nitrogen fixation under natural conditions (Kapoor
& Dudeja 1995). Before planting NFTs the nature of
stress for particular site should be known so that
symbiotic system suitable for such ecosystem can be
evolved. Appropriate management practices can
enhance nitrogen fixation by reducing the effect of
major abiotic and biotic constraints. These constraints
can act at the level of growth and survival of the
symbiont in the soil as well as infection process or the
function of the nodules.

In the tropics and subtropics soil temperature may
reach 40 — 50 °C (Chatel & Parker 1973a,b, Alexander
1982) and symbiont may get exposed to ambient
temperature. High root temperature may affect the
formation of root hairs, binding of symbiont to root
hairs, nodule development, and nitrogen fixation. The
plants which are dependent on symbiotically fixed
nitrogen are more sensitive to elevated temperature
when compared with similar plants supplied with
inorganic N. Therefore, the potential benefits of the
symbiotic associations of NFTs may not be fully
exploited when soil temperature becomes limiting.
High soil temperature has a detrimental effect on the
survival of symbionts. Therefore selection of tempera-
ture tolerant strains of rhizobia for tropical and
subtropical regions is necessary (Rustogi et al. 1996).

Low temperature adversely affects the Frankia-
non-legume symbiosis. Casuaring cunninghamiana
plants supplied with N fertilizer grow moderately well
at 15°C soil temperature, however, the plants
dependent on symbiotically fixed nitrogen showed no
nitrogen fixation and extremely poor growth at that
temperature (Reddell et al. 1986). The optimum
temperature requirement for nitrogen fixation may
limit the benefits of BNF to the NFTs. Development of
strains capable of fixing nitrogen at high or low
temperature extremes is required.

The NFTs are also susceptible to desiccation.
Desiccation affects the physiology of host and survival
of symbionts. Nodulation of --Acacia mellifera in sand
increased with increasing soil moisture (Habish 1970).
Moisture stress induces senescence in the nodules and
therefore, determines the seasonality and duration of
nitrogen fixation. Under drought condition NFTs shed
their fine roots and nodules. With the onset of rainy
season new flush of nodules appear on NFTs when
moisture is optimum. Hansen and Pate (1987b) found
that nitrogenase activity per plant of two species of
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Acacia was highest in August/September due to the
increased activity of peak number of nodules. This
activity decreased and detectable activity was observed
after November/ December as nodules senescence
because of moisture stress. However, the arid and semi
arid trees like Prosopis glandulosa have deep roots on
which nodules appear at 6-15 m depth (Jenkins et al.
1988). Not much is known about the effect of moisture
stress on such deep-rooted trees. Moisture may be
limiting for such nitrogen fixing systems. It is interest-
ing to monitor the nitrogen fixation of deep-rooted trees
growing in arid region when surface soil is encounter-
ing drought conditions.

Soil nitrogen: Presence of inorganic N inhibits the
BNF in two ways. It represses the nitrogenase enzyme
and the infection and nodulation processes are
adversely affected. The role of ethylene in NO,
inhibition of nodulation and nitrogen fixation has been
postulated although the exact mechanism of this
inhibition is not known. Nitrogen fixation in Alnus,
Muyrica, Casuarina and Hippophae was also decreased
when inorganic N was applied (Stewart & Bond 1961).
The NFTs are grown under marginal conditions where
soil is always deficient in N, and chances of such
inhibition are very remote unless inorganic fertilizers
are applied to the soil. In case of cultivated legumes
genotypic differences for their sensitivity to soil N has
been observed. Selection should be made for those
NFTs, which have ability to fix nitrogen in presence of
high soil N. Such NFTs will have advantage over the
soil N sensitive NFTs because of nitrogen fixation in
subsequent seasons. Alnus incana has the ability to fix
nitrogen in the presence of high soil N (Domenach et
al. 1989). Likewise Bond (1951) reported that in Alnus
spp., but not in the Myrica low soil nitrogen enhanced
the nodule development and nitrogen fixation. Even
the addition of inorganic N to Acacia pulchella and
A. extensa inhibited nitrogen fixation (Hansen & Pate
1987b). Application of N in the form of urea indicated
that Acacia nilotica is unable to uptake combined N and
dependent primarily on BNF (Goi et al. 1992,
Toky et al. 1994).

Soil toxicities: The NFTs are widely recommended
for plantation on wasteland where soil toxicities like
salinity, alkalinity or acidity restrict the growth of plant
host as well as symbionts (Ahmad 1991). Selection of
appropriate tolerant species of NFTs for plantation
under such conditions may improve their establish-
ment. Such soil toxicities on cultivated legumes are
well documented. However, a few reports indicate the
detrimental effects of such toxicities on NFTs. Felker
et al. (1981) observed that Prosopis has the ability to
grow in soil having high salinity levels, which are
considered brackish for cultivated legumes.
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Bala et al. (1990) compared the performance of
salinity tolerant and sensitive strains of Rhizobium
isolated from Acacia, Dalbergia, Leucaena and Prosopis
under controlled conditions. Salinity tolerant Rhizo-
bium strains showed better survival, nodulation and
nitrogen fixation than salinity sensitive rhizobia. Thus,
BNF was increased significantly by inoculating the
legumes with salinity tolerant Rhizobium. Habish
(1970) observed that no growth and nodulation
occurred in Acacia amelifera at pH 5.5 in the absence of
added N. The plants have the ability to grow at pH
3.8-4.2 when N is applied. Acidic soils have low levels
of P, Ca and Mo and high concentrations of Al and
Mn. Ruaysoonghern et al. (1984) found that
L. leucocephala is poorly adapted to highly acid soils
particularly when associated with high exchangeable
aluminium.

Methodological constraints: The major constraint
to BNF in NFTs is the non- availability of simple
method to estimate nitrogen fixation under field
conditions. The methods estimating nitrogen fixation
are available for few NFTs species. Therefore, the NFTs
with higher nitrogen fixing potential have not been
identified or not included in the agroforestry system
because of lack of knowledge of their nitrogen fixing
potential. The second methodological constraint is the
characterization of symbiont from deep-rooted trees.
Whether it is true for other deep-rooted NFTs is not
known. It is difficult to characterize such symbionts if
these are not isolated from deep soil layers. The third
constraint to NFTs system is the identification of nitro-
gen fixing organisms introduced into the field. The
identification of introduced microorganisms in the field
will assess their success or failure as inoculant under
natural conditions. Simple method using gene tag to
identify Rhizobium in soil and nodules has been devel-
oped (Sharma et al. 1997). These studies are very
essential for development of inoculant production
technology for NFTs. Recently genetic markers such
as lacZ, gfp, and gusA have been introduced into
rhizobia for their identification in the soil and nodules
(Bhatia et al. 2002).

Soil Amelioration by NFTs

Agroforestry systems consisting of association of NFTs
with crops and pastures are traditionally used by many
farmers in tropics and are increasingly recommended
by the researchers and planners as sustainable form of
land use (Kang & Wilson 1987, Szott et al. 1991, Nair
et al.1999, Kaushik et al. 2002). There are three main
tree-mediated processes that determine nutrient
cycling in agroforestry systems (Nair et al. 1999). These
include,(i) increased input of N through BNF by NFTs;
(if)enhanced availability of nutrients resulting from
production and decomposition of tree biomass; and
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(iii) greater uptake and utilization of nutrients from
deeper soil layers by the trees. The NFTs have
additional advantage over the other species because
of their nitrogen fixing ability. Several studies have
reported positive influence of NFTs on soil fertility
(Dunham 1991, Ishichei & Miroghalu 1992, Kessler
1992, Chander et al. 1998, Dommergues 1995,
Rajendran 2001). There is a flow of N from canopy to
the forest floor through litter fall. The N from litter fall
and fine roots is gradually released by the activities of
soil microbes (Dhyani et al. 1990, Toky & Bisht 1992,
Dommergues 1995). The mineralization rate depends
on the species, soil and climate (Palm 1995).

Among various agroforestry systems in the
tropics, the most widely studied are alley cropping and
shaded perennial crop systems (Sanginga et al. 1995,
Beer et al. 1997). Soils in arid and semi arid tropics are
very low in fertility. The NFTs are rich source of
nutrients and their incorporation as green manure into
soil not only improves crop yields many fold by
improving soil fertility but also improves soil physical
properties (Gerakis & Trangarakis 1970). In low input
sustainable agriculture as found in many developing
countries the use of green manures especially from
leguminous trees and shrubs offers an economical tech-
nology (Nyberg et al. 2002). The role and scope of green
manures in agricultural system has been reviewed by
Ladha et al. (1992). Applying green manure is one of
the techniques by which intense agroforestry system
can enhance productivity. For example cuttings of NFTs
containing leaves and twigs from tree in alley
cropping system are frequently applied to soil as a
source of nutrients for associated crop (Goyal et al.
1996). Nitrogen release from green manures is in part
dependent on decomposition of material applied (Palm
& Sanchez 1990, Oglesky & Fownes 1992, Jama et al.
2000).The lignin content of the organic material is the
most important factor in determining the rate of
decomposition. Because the woody tissues generally
have higher lignin and low nitrogen content than leaves
of same species, the N availability tends to decrease
with increasing lignin and decreasing N content of
plant tissue (Palm et al. 1988). Many studies have
shown that polyphenols which comprise a small
percentage of organic material has a large negative
effect on decomposition and N release (Palm & Sanchez
1990, Constantinides & Fownes 1993).Correlation
analysis shows that both polyphenol and lignin
content are inversely related to N release. The % N is
the primary factor and % polyphenol is the secondary
factor in determining the percent of initial N released
(Palm 1995, Tian et al. 1995).

Salazar et al. (1993) used three multipurpose NFTs
Leucaena leucocephala, Inga edulis and Erythina sp. as
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green manure after pruning at a height of 60 cm above
ground after every two months and the biomass was
incorporated as green manure. This practice used to
add 3.3 and 6.7 t biomass ha® yr'. In addition to N,
other nutrients like phosphorus, potassium, calcium,
sulphur, sodium and magnesium were also added to
the soil through green leaf manure. In general rice
yields were higher with L. leuocephala and Erythina sp.
Among the NFTs Sesbania and Leucaena have high po-
tential for nitrogen fixation. High potential of nitrogen
fixation has made L. leucocephala as an ideal NFT in
alley cropping and green manuring in many develop-
ing countries (Lehmann et al. 1995). In comparison to
Acacia and Gliricidia, Leucaena added 4 and 1.5 times
higher biomass into the soil respectively, which en-
riched the soil 6 times higher in N, P and Kin compari-
son to Acacia and Gliricidia (Kang et al. 1990). Sanginga
et al. (1995) cited nitrogen fixation levels of 100-300 kg
N ha? yr! in fast growing trees Leucaena leucocephala
and Gliricidia sepium used as hedge rows in alley crop-
ping. Such estimates are subject to variables such as
soil, climate and plant management conditions. Ap-
propriate management practices can enhance nitrogen
fixation by reducing the effect of adverse soil condi-
tions such as salinity and alkalinity (Singh 1995, Singh
et al. 1997, Kaur et al. 2000, Goyal et al.2001). Growing
of Acacia nilotica with rice-wheat inter crop resulted in
decrease in pH and electrical conductivity of alkali soil
in five years. There was overall improvement in soil
properties as evident by increase in soil organic matter
and available N, P and K (Singh et al. 1997). Acacia
nioltica alone or in combination with crops caused
greater improvement of soil carbon compared to
Populus and Eucalyptus (Kaur et al. 2000). Campbell
et al. (1994) observed that NFTs like Acacia karoo and
A.nilotica were superior to other trees like Terminalia
sericea and Burkia africana in increasing soil fertility. The
extent of benefits derived depends on the quality and
nutrient content of biomass added. Most of the reports
on nutrient content of tree biomass deal with N. Other
nutrients such as P and K are less commonly reported.
While trees in agroforestry may supply N to
associated crops; their ability to supply P is limited
(Sanchez & Palm 1996).

Few reports indicate the direct estimates of N trans-
fer from NFTs to associated crops. Gueverra (1976)
estimated of N transfer from Leucaena to maize crop. It
was shown that 36% of nitrogen fixed by Leucaena is
transferred to maize. Using N isotope Blair et al.
(1990) reported that only 9% of the total harvested
nitrogen from trees was transferred to the grass directly.
Similarly Vanlauwe et al. (1996) using N labeled
Leucaena after 129 days of leuceana green manure (78kg
N/ha) recovered only 10% of added N by maize crop.
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This study showed that direct transfer of biologically
fixed nitrogen from NFTs to associated crop is very low;
however, major portion of N supplied to associated
crop occurs as a result of leaf fall and subsequent
decomposition via passing through grazing animals or
via mineralization by soil microbes.

NFTs of genera Acacia, Prosopis and other have deep
rooting system (Jenkins et al. 1988, Bisht & Toky 1993).
Nutrient distributed in different soil profiles are taken
up by the tree roots and become concentrated near the
soil surface from litter fall and decomposition (Virginia
et al. 1986). The effect of trees on the associated crop
growth depends on a variety of factors including soil
moisture and temperature, soil organic matter, soil
structure and recycling of nutrients (Dommergues,
1995, Palm, 1995). Shaded plantation systems such as
growing of Cacao under shade of Gliricidia, Erythrnia
or Cordia are very common in Latin America (Kass et
al. 1997). Other crops frequently grown under shade
or with leguminous trees for support are coffee,
vanilla, black pepper and tropical yam. Pruning
regimes may vary from no pruning to several pruning
in a year, in which all pruning of leguminous
component are placed on the ground. Transfer of
nitrogen from leguminous shade tree to the associate
crop has generally been assumed to come largely from
the pruning and litter fall. Nitrogen fixation in several
such systems has been estimated to be about 150 kg
ha™ yr! (Giller & Wilson 1991). Nitrogen fixing shade
trees generally function well in supplying N and K to
shaded crop systems particularly Cacao plantation with
Erythrina poeppigiana or Cordia alliodora (Alpizar et al.
1986, Beer et al. 1990). Biomass , net primary
production and litter production were higher in
Alnus-cardamom based agroforestry than mixed tree
species associated cardamom The total annual inputs
(kg/ha) via tree litter fall in Alnus nepalensis
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