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Abstract: We mainly aimed at investigating symbiotic interactions of 4-year-old
Aeacia cyanophyiia Lindl. (blue-leafed wattle) with soil indigenous rhizobia in a semmarid
Mediterranean site, in terms of nodulation and N, fixation. Secondary, we measured the
density of indigenous 4. evanophyila-compatible rhizobia into the soil, in parallel with the
biomass, nitrogen and *N natural abundance {(*N) in the shoot components. A small
indigenous population of 4cacia-compatible thizobia was detected. Concurrently, there were
scarce perenmal nodules on.4. evanophyila. The species produced small vegetative biomass
and had low N content. The biomass was more allocated to stems than to phyllodes,
whereas N content was more allocated to latter component. Aeacia cyvanophyila and its
paired non-N,-fixing Ofea oleaster Hoffmgg. et Link. (wild olive tree) showed striking
intraplant variation in N, which suggested marked isotopic discrimination during N
re-allocation among plant components. The measured N, fixation in phyllodes of 4.
cyanophylla was low. It was however not possible to measure N, fixation in total shoots,
because of similar N values in shoots of Q. cleaster and in fully N,-dependent.4.
cyanophyila. Present results indicated no positive symbiotic interactions between.A.
cyanophylla and the indigenous population of rhizobia in semiarid Tunisia.
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Introduction

The N,-fixing tree symbioses are largely used to manage nutrient-stressed soils, mainly in
semmarid and arid zones, characterized by sparse and low-productive plant cover. Sustainable use of
these symbioses however relics on available information of their actual N, fixation capacities
(Dommergues ef al., 1999). The *N natural abundance (**N) method, one of the more reliable
techmques for measuring N, fixation (Unkovich and Pate, 2001), has been widely used to measure
N, fixation in acacia symbioses under field conditions. Nevertheless, measurements based on the
sampling of whole tree were poorly documented and have been made for only young trees
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(Muofhe and Dakora, 1999), because of the huge amount of time and labour required for
harvesting aged trees. Alternatively, N, fixation in acacia symbioses, asin other N,-fixing tree
symbioses, has generally been measured using foliar "N (Polley ef al., 1997, Galiana ef /., 2002;
Chikowo ef al., 2004). The latter approach may provide helpful information on actual N, fixation when
BN values do not differ between plant components, nevertheless values can be component-linked and
thus the sampling should include whole plant or total shoot rather than individual components
(Peoples eral., 1991).

Within acacias, the blue-leafed wattle Acacia cyanophyila Lindl., syn. 4. saligna (Labill.)
H. L. Wendl. (Fabaceac/Mimosoideae) can have great potential in producing biomass in degraded areas
(Nasr ef af., 1986). 4. eyanophyila is originated from south-western Australia and has been successfully
introduced and naturalised in a wide range of contrasting environments, mainly in southern and
northern regions in Africa. This is most likely because of its striking symbiotic promiscuity in
nodulating and fixing N, in symbiosis with either slow or fast-growing rhizobia, as reported by
Nasr ef al. (1999). The N,-fixing capacity of 4. eyanophylia is largely improved by dual inoculation
with compatible rhizobium and arbuscular-mycorrhizal fungus in addition to appropriate P

supply (Nasr and Diem, 1987). The species however has poor growth when unable to fix

N, (Stock ef af., 1995). There is little information on the nodulation pattemns of 4. cyanophyiia
symbiosis in semiarid Mediterrancan environments (Nasr ef af., 1995), whereas there is no available
data on its N, fixation ability in these environments.

Animportant consideration in introducing legumes is their symbiotic interaction with soil-resident
rhizobium strains { Yates ef a/., 2004) and successful establishment of introduced legumes generally
relies on their ability to nodulate with the soil-resident rhizobia (Parker, 1962). In Australia, indigenous
rhizobia nodulating acacias are generally widespread in arid zones, where the host plants are commonly
nodulated (Beadle, 1964); nodules are however most often ineffective (Lawrie, 1983). This strengthens
that acacias symbioses have generally low N,-fixing capacities (Roughley, 1987, Danso et al., 1991).
At our knowledge, there is no available information on long-term interactions between 4. cyanophyiia
and soil indigenous rhizobia in the Mediterranean region. We carried out an experimental plantation in
a semiarid Mediterranean site, to mainly investigate symbiotic interactions of 4-year-old 4. cvanophyila
with putative soil indigenous rhizobia, in terms of nodulation and N, fixation. In parallel, we measured
the density of indigenous 4. eyanophyiia-compatible rhizobia into the soil and the biomass, nitrogen
content and "N in the shoot components. Implications of intraplant variation in *N natural abundance
on N, fixation measurements are discussed.

Materials and Methods

Experimental design
The experimental sitz was located at the Kondar region in the semiarid central Tunisia. The
soil had poor natural plant cover and low fertility. Soil characteristics averaged 2 mg C g! soil, 0.5
mg Ng! soil, 0.9 mg P,0; g' soil and 0.3 mg K,0O gl soil. Seeds of 4. cyanophylla Lindl. (seedlot
KL086) were disinfected and scarified with 96% (v/v) H,80,. The disinfected seeds were sown in
a tyndallized sandy clay loam soil in plastic growth bags, which were placed in nursery benches and
watered daily. No rhizobial inoculum was added to saplings. Three-month-old saplings were
outplanted to 0.5 ha plot. Wild olive tree Olea oleaster Hoffmgg. et Link. (Oleaceae), one of the
dominant native species in the experimental site, was planted between.4. cyanophyila hedgerows, as
a reference plant to measure putative N, fixation inA. eyanophylia. Planting was carried out at the
rainy season (late fall). Spacing between plants was 4.5 m(i.e., 494 plant ha'). Both species are
evergreen woody plants and have a mesic origin.
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Plant Sampling

When trees were 4-year-old, six randomly-selected replicates of 4. cvanophyila were
harvested. Phyllodes were mixed and repetitively quartered to generate a representative sample.
Branches with different diameters were cut into small portions and pooled in a representative sample
of branch diameters. Stems were sawn at different heights to make a composite sawdust sample.
Concurrently, the stems, branches and leaves of six O. ofeaster replicates were randomly selected,
harvested and sampled separately. This sampling method can mimmize "N measurement errors due
to the nitrogen cycling in woody plants. For each sampled A. evanophyila tree, the ground area of
potentially nodulating roots, as defined by Nasr ef af. (1995), was dug out to 50 cm depth. Then, roots
were excavated and examined for the presence of nodules. When present, nodules were excised, gently
washed, dried and weighed. Fresh fine root samples were fixed in a solution of formalin-acetic
acid-ethanol (65-25-910, v/v/v) for mycorrhizal analysis. The fresh samples of shoot components were
separately oven-dried at 70°C to a constant weight, weighed and the total biomass of each component
was calculated. Dried samples were finely ground for nitrogen analysis.

Analytical and Calculation Procedures

Density of rhizobia in the soil nearby A. cyanophyila was calculated, using the most probable
mumber method (Brockwell, 1963). The fine root samples were cleared with 10% (w/v) KOH, stained
with fuchsin-lactic acid solution (Kormamik and McGraw, 1982) and scanned by light microscopy for
the presence of arbuscular-mycorrhizal structures.

For each shoot sample, N concentration on a dry matter basis (mg N gy and °N expressed in %o
were measired with a CHN elemental analyser (SCA, CNRS Vernaison, France) connected to a mass
spectrometer (Funnigan Mat Delta S, Bremen, Germany).

IN%o = [(%!*N, %N} — 1]x1000

sarpl
Where,
%N, = 0. 3663

The weighted °N in total shoots was caleulated using the following equation:
Shoot" " N%e = [(N; xTN) + (PNpxTNg) + (PNxTNATN, + TNg + TN

Where, TN represents the N content and L, B and S denote photosynthetic  components
(phyllodes for 4. eyanophyiia and leaves for O. oleaster), branches and stems, respectively.

The fraction of plant N derived from atmospheric N, (%Ndfa) was measured according to the

equation of Shearer and Kohl (1986), as follows:

%Ndfa = [(“Nyz — *Ny) / {*Nys — B)]*100

Where,

BNy = BN%oin N,-fixing plant (4. cyanophyila)

BNy = PN% in non-N,-fixing reference plant (O. oleaster)
B = "N%o during N, fixation, also named "B value"
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Based on the general equation of the standard error of %Ndfa obtained by Shearer and Kohl
(1986}, we calculated and used the standard error with null covariance, as follows:

SE (%Ndfa) = [("*N; — B)*<(SE PNy /(*Nyr — BY* + (SE PNp¥
("Nyr = BY + ("Nyz = PNl < (SE BY/("Nye — BY']"

Statistical Analysis

A one-way ANOVA with a plant component factor was carried out. When significant differences
were found at p<0.05, means were compared with Duncan's Multiple-Range Test. The biomass and
nitrogen content data were In-transformed, whilst *N%o data were arcsine-transformed prior to
analysis. All data presented are untransformed means.

Results and Discussion

Indigenous Rhizobia and Root Specialisations

The density of indigenous 4caecia-compatible rhizobia at the experimental site was equal to 65
infective cells g! soil, indicative of a very small thizobial population. This density was markedly lower
than that nodulating 4cacia spp. in other African regions (Odee ef al., 1995). Survival of indigenous
rhizobia was likely to be limited by the dry soil conditions, which resulted from long and recurrent
drought periods prevailing in the semiarid Mediterransan zones. In parallel, roots of 4.
cyvanophvlla showed sparse nodules, which averaged 20 g nodule (dry weight) tree!. Root nodules of
A. eyanophylla were perennials, dichotomously branched and showed a fresh and healthy live
component, which covered a dark-coloured and suberized dead component (Fig. 1). This indicated that

Fig. 1: Root nodule on Aecacia cvanophyille with a Dead Component (DC) covered by a Live
Component (L.C). Baris 1 cm
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Fig. 2: Biomass and its distribution in Phyllodes (Ph), Branches (Br) and Stems (St) of Acacia
cyanophyiia. Error bars indicate SE of the mean; n = 6. Bars with the same case letter are not
significantly different at p<0.05

nodule growth was indeterminate and cyclic with a senescence phase, most probably at the dry season,
followed by a regrowth phase during the relatively less dry season; thus underlying that nodule
growth can cease during dry periods and resume at relatively moist periods. At senescence phase,
nodules can release large numbers of viable cells, which constitute an inoculant source of new roots
(Brockwell ef af., 2005). Thus renewed nodule growth with secasonal mortality may be a strategy that
helps nodule persistence and expansion on roots of perennial N,-fixing plants in dry environments.
Analysis of the collected fine-root samples showed that both 4. cyanopinifla and O. oleaster were
devoid of arbuscular mycorrhizal structures, which may decrease plant N (Spriggs ef al., 2003).
Absence of arbuscular mycorrhizal fungi could be attributed to the lack of appropriate soil moisture,
concomitant to poor native-plant cover at the study site.

Distribution of Biomass, Nitrogen Content and :N

Biomass of stems, expressed as dry weight, of 4. cyanophylia was significantly
higher than each of the two other components (Fig. 2). Within shoots, biomass was similarly
distributed between phyllodes and branches. Total biomass, on per hectare basis, was equal to
6 Mg ha!, strongly lower than that reported for Acacia spp. growing in other regions (Shanmughavel
and Francis, 2001, Harmand er «f., 2004), probably because performance of the nodulating
rhizobium strains and environmental conditions differed. The N content in phyllodes was low
(Fig. 3) and in the range of non-nodulated woody legumes growing on low-fertile Sahelian soils
(Breman and Kessler, 1995), a fact most likely due to very low available soil N concomitant with no
or low N, fixation. In contrast to biomass partitioning, N content was more allocated to phyllodes than
to stems. Total N accumulated by 4. cyanophylla plantation was equal to 57 kg N hal The PN
values in phyllodes of 4. cyanophyila and in leaves of O. oleaster were positive, whereas those in
branches and stems were negative (Fig. 4). The magnitude of intraplant variation in °N, as expressed
by differences in *N  between shoot components, varied from 1.27 to 2.81%o. for 4. eyanophyila
and from 0.31 to 3.39%c for O. oleaster. This intraplant variation was comparable to that
obtained for other woody N,-fixing and non-N,-fixing trees {Yoneyama, 1984; Boddey ef af., 2000,
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Fig. 3: Nitrogen content and its distribution in Phyllodes (Ph), Branches (Br) and Stems (St) of Acacia
cyanophyila. Error bars indicate SE of the mean; n= 6. Bars with the same case letter are not

significantly different at p<0.05
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Fig. 4. "N natural abundance (') in Photosynthetic components (Pc) (i.e., phyllodes for Acacia
cyanophylla and leaves for Olea oleaster), Branches (Br), Stems (St) and Shoots (Sh) of
A. cyanophylla and O. oleaster. Error bars indicate SE of the mean; n = 6. Bars with the same
letter are not significantly different at p<0.05

Schmidt and Stewart, 2003) and indicated that *N was preferentially re-allocated from N-
enriched photosynthetic components to woody components. This is commonly attributed to the
mobilization of N from voung leaves to later-formed woody tissues (Unkovich ef af., 2000). Intraplant
variationin "N obviously indicated that "N in phyllodes of 4. eyanophyiia and that in leaves of
O. oleaster were not representative of the other plant components. In spite that roots were not
investigated here, ideally, wherever feasible, "N in roots should also be measured to get further
information on the distribution of "N within the whole plant.
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Nitrogen Fixation

It is noteworthy that there was no significant difference in N between phyllodes of
A. evanophylla and leaves of O. oleaster (Fig. 4), suggesting little or no contribution of N, fixation to
phyllode N. For measuring %oNdfa, Unkovich and Pate (2001) proposed to derive "B value" from
plants established under similar conditions to those of the investigated ones, because several factors
other than N, fixation per se can discriminate against "N under fully symbiotic conditions.
Nevertheless, B values derived from host plants grown under controlled and optimal conditions
have been commonly used to measure field N, fixation in acacias (Galiana ef ef., 2002;
May and Attiwill, 2003; Chikowo et a/., 2004). Moreover, B values of Prosopis sp. have been widely
used to measure N, fixation in field-growing acacias (Shearer er af., 1983; Shearer and Kohl,
1986; Yoneyama ef af., 1990; Schulze ef af., 1991, Handley er al., 1994; Polley ef al., 1997). We
however used the B value derived from Aeacia saligna (svn. A. cyanophyila), as reported by
Stock er al. (1995), because at low %Ndfa wvalues, errors associated with an inaccurate
B value are small (Unkovich er af., 1994). As expected, measured %Ndfa in phyllodes of
A. evanophylla, using leaves of O. ofeaster as a reference, resulted in a low value, which was equal to
6.2+0.1% (MeantSE). This value was however in the range reported for .4 cacia spp. growing in other
Aftican dry zones (Schulze ef af., 1991; Handley ef al., 1994; Stock et al., 1995; Lehmann ef af., 2002),
thus supporting litfle contribution of soil-resident rhizobia in such zones to N nutrition of acacias. The
weighted PN in total shoots of 4. eyanophylla was equal to -0.6940.13%0 (MeantSE), whereas that
in total shoots of ©. oleaster was equal to -1.25£0.14%.. Magnitude of difference in.*N between
shoots (0. 65%e) of the two paired plants was higher than that between photosynthetic components
(0.12%o), underlying that %Ndfa value may be higher when pairing shoots relative to photosynthetic
components. Interestingly, there was no signficant difference (p<0.05) in *N between shoots of O.
oleaster, which is fully soil-N-dependent and those of fully N,-dependent 4. cyanophyila (-
1.27+£0.10%o). Thus, it is not possible to measure N, fixation in total shoots of 4. eyanophylia based
on the "N method.

Present results showed that 4. evanophyiia and its neighbouring non-N,-fixing O. oleaster had
negative shoot *N values, whereas in contrast, Nasr e a/. (2003) reported that Casuaring glauca
Sieber ex. Spreng. and its neighbouring non-N,-fixing Stipa fenacissima L., in plantations in an another
experimental site located at the study area, had positive shoot °N values. The ”N values in the two

plant pairs were however in the same range as reported in other N-limited areas
{Bustamante ef af., 2004). The N in a particular species of plant reflects interaction of many soil and
plant processes (Stewart, 2001); we however assumed that particularly root patterns should have no
significant implications on °N of the two plant pairs because N leaching is trivial in soils in
Mediterranean-type climate (Fillery, 2001) and additionally roots of all studied species lacked
mycorrhizal structures, which may differently affect plant *N. Nevertheless, we suggested at least
two possible explanations for such differences in "N between the two plant pairs. Firstly, these
differences may reflect horizontal variation in °N of plant-available soil N between the two
experimental sites. Secondly, each of the two plant pairs may have same patterns in N physiology,
which differed from the other pair. Implications of horizontal variation in *N on the measurements
of N, fixation can be alleviated in planting the reference plant adjacent to its paired N,-fixing plant
(Shearer and Kohl, 1986; Peoples et al., 2001), as the hedgerow planting system we used. Further
detailed investigations are needed to precisely identify factors that triggered differences in °N between
A. evanophyllia and O. oleaster pair and C. glauce and S. fenacissima pair.
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It is concluded that trivial and sparse root nodulation, concurrent with low N, fixation rate and
poor plant growth indicated no positive symbiotic interactions between A. eyanophyila and the
indigenous rhizobium strains. However, small population of indigenous strains in the study site
commonly implies successful establishment of introduced strains. Thus, inoculating saplings with
selected host-compatible strains, prior to be outplanted, can potentially stimulate growth of
A. evanophylla in semiarid Tunisia.

Acknowledgements

We thank Dr. Murray Unkovich (Seil and Land Systems, School of Earth and Environmental
Sciences, Unmiversity of Adelaide, Australia) for critical review of the manuscript. We also thank
Dr. David Carty (NyPa-Greenbridge, Flenniken, El Dorado, USA) for helpful comments on an earlier
draft of the manuscript. Thanks to Hervé Casabianca (CNRS, Solaize, France) for assistance on mass
spectrometric analysis and to the Regional Department of Agriculture in Sousse (Tunisia) for field
support.

References

Beadle, N.C.W., 1964. Nitrogen economy in arid and semi-arid plant commumnities. Part III. The
symbiotic mtrogen-fixing organisms. Proceedings of the Linnaean Society of New South Wales,
89: 273-286.

Boddey, R M., M.B. Peoples, B. Palmer and P.J. Dart, 2000. Use of the "N natural abundance
technique to quantify biological nitrogen fixation by woody perennials. Nutr. Cycl. Agroecosyst.,
57: 235-270.

Breman, H. and J.J. Kessler, 1995. Woody Plants in Agro-Ecosystems of Semi-arid Regions. With
an Emphasis on the Sahelian Countries. Advanced Series in Agricultural Sciences, Vol. 23.
Springer-Verlag, Berlin, pp: 340.

Brockwell, J., 1963. Accuracy of a plant-infection technique for counting populations of
Rhizobium trifolii. Appl. Microbiol., 11: 377-383.

Brockwell, J., S. Searle, A.C. Jeavons and M. Maayers, 2005. Nitrogen Fixation in Acacias: An
Untapped Resource for Sustainable Plantations, Farm Forestry and Land Reclamation. Australian
Centre for International Agricultural Research (ACIAR), Canberra, pp: 132

Bustamante, M.M.C., LA Martinelli, D.A. Silva, P.B. Camargo, CA. Klink
T.F. Domingues and R V. Santos, 2004. "N natural abundance in woody plants and soils of
central Brazilian savannas (cerrado). Ecol. Appl., 14: 5200-5213.

Chikowo, R., P. Mapfumo, P. Nyamugafata and K.E. Giller, 2004. Woody legume fallow productivity,
biological N,-fixation and residual benefits to two successive maize crops in Zimbabwe. Plant
Soil, 262: 303-315.

Danso, S.K.A, F. Zapata, G.D. Bowen and N. Sanginga, 1991. Applications of N Methods for
Measuring Nitrogen Fixation in Trees. In: Stables Isotopes in Plant Nutrition, Soil Fertility and
Environmental Studies. International Atomic Energy Agency (laca), Vienna, pp: 155-168.

Dommergues, Y., E. Duhoux and H.G. Diem, 1999. Les Arbres Fixateurs d Azote. Caractéristiques
Fondamentales et leur Réle dans 1'Aménagement des Ecosystémes Méditerranéens et Tropicaux
avec Référence Particuliére aux Zones Subhumides et Arides. Editions Espaces 34, Montpellier,
pp: 499.

6l



Am. J. Plant Physiol., 1 (1): 54-64, 2006

Fillery, LR.P., 2001. The fate of biologically fixed nitrogen in legume-based dryland farming systems:
Review. Aust. J. Exp. Agric., 41: 361-381.

Galiana, A., P. Ballee A. N'Guessan Kanga and A-M. Domenach, 2002. Nitrogen fixation
estimated by the N natural abundance method in Aecacia manginm Willd. inoculated with
Bradyrhizobiwm sp. and grown in silvicultural conditions. Soil Biol. Biochem., 34: 251-262.

Handley, L.L., D. Odee and C.M. Scrimgeour, 1994. "N and ”*C patterns in savanna vegetation:
Dependence on water availability and disturbance. Func. Ecol., 8: 306-314.

Harmand, IM., C.F. Njti, F. Bemhard-Reversat and H. Puig, 2004. Aboveground and
belowground biomass, productivity and nutrient accumulation in tree improved fallows in the dry
tropics of Cameroon. For. Ecol. Manage., 188: 249-265.

Kormanik, P.P. and A.C. McGraw, 1982. Quantification of vesicular-arbuscular mycorrhizae in plant
roots. In: Methods and Principles of Mycorrhizal Research (Ed. Schenk, N.C.) American
Phytopathological Society. St Paul, Minnesota, pp: 37-45.

Lawrie, A.C., 1983. Relationships among rhizobia from native Australian legumes. Appl. Environ.
Microbiol., 45: 1822-1828.

Lehmann, J., G. Gebauer and W. Zech, 2002. Nitrogen cycling assessment in a hedgerow intercropping
system using *N enrichment. Nutr. Cycl. Agroecosyst., 62: 1-9

May, B.M. and P.M. Attiwill, 2003. Nitrogen-fixation by decacia dealbata and changes in soil
properties 5 years after mechanical disturbance or slash-burning following timber harvest. For.
Ecol. Manage., 181: 339-355.

Muofhe, M.L. and F.D. Dakora, 1999. Nitrogen nutrition in nodulated field plants of the shrub tea
legume Aspalathus linearis assessed using "N natural abundance. Plant Soil, 209: 181-186.

Nasr, H. and H.G. Diem, 1987. Effet de I’endomycorhization vésiculo-arbusculaire sur la croissance
etla fixation biologique de I’azote par Acacia cyanopinidla Lindl. In: Les Arbres Fixateurs d” Azote
et I’ Amélioration Biologique de la Fertilité du Sol. ORSTOM, Paris, pp: 232-242.

Nasr, H., M.H. Ghorbal and A. M'hiri, 1995. Effet de la salinité du sol sur la nodulation in sifu
d’Acacia eyanophylia Lindl. ¢t la dynamique des populations de ses souches de Rhizobium.
In: Facteurs Limitant la Fixation Symbiotique de I’Azote dans le Bassin Méditerranéen (Ed.
Drevon, 1.J.) INRA, Paris, pp: 85-91.

Nasr, H., M. H. Ghorbel and H. Zaid, 2005. Patterns in vegetative biomass, nitrogen and '*N natural
abundance in ficld-grown Casuaring glauca Sicber ex. Spreng. bearing cluster roots. Intl. J. Bot.,
{In Press).

Nasr, H., T. Sghaier, M.H. Ghorbal and Y.R. Dommergues, 1999. Variabilité génotypique de l'aptitude
ala fixation symbiotique de 'azote chez Acacia cyanophyila Lindl. Can. J. Bot., 77: 77-86.

Nasr, H., R. Sghari, A. M'hiri and M.J. Elloumi, 1986. Comportement d’4cacia cyanophyiia Lindl.
dans un sol salé: résultats préliminaires. In: Colloque sur les Végétaux en Milieu Aride, 8-10 Sept.
1986, Djerba, Tunisie. Faculté des Sciences, Tunis and Agence de la Coopération Culturelle
et Technique, Paris, pp: 221-235.

Odee, DW., I M. Sutherland, J.M. Kimiti and I.I. Sprent, 1995. Natural rhizobial populations
and nodulation status of woody legumes growing in diverse Kenyan conditions. Plant Soil,
173:211-224.

Parker, C.A., 1962. Light lands in Western Australia. Part ITI. Microbial problems in the establishment
oflegumes on light lands. J. Dept. Agric. Western Australia, 4: 713-716.

Pecoples, M.B., F.J. Bergersen, G.L. Tumer, C. Sampet, R. Berkasem, A. Bhromsiri,
D.P. Nuwhayati, A'W. Faizah, M.N. Sudin, M. Norhayati and D.F. Herridge, 1991.
Use of the natural enrichment of "N in plant available soil N for the measurement of
symbiotic N, fixation. In: Stable Isotopes in Plant Nutrition, Soil Fertility and Environmental
Studies. International Atomic Energy Agency, Vienna, pp: 117-129.

62



Am. J. Plant Physiol., 1 (1): 54-64, 2006

Peoples, M.B., B. Palmer and R.M. Boddey, 2001. TheUse of N to Study Biological Nitrogen
Fixation by Perenmal Legumes. In: Stable Isotope Techniques in the Study of Biological
Processes and Functioning of Ecosystems (Eds. Unkovich, M., J. Pate, A. McNeill and
D.J. Gibbs) Kluwer Academic Publishers, Dordrecht, pp: 119-144.

Polley, HW., H.B. Johnson and H.S. Mayeux, 1997. Leaf physiology, production, water use and
nitrogen dynamics of the grassland invader deacia smailii at elevated CO, concentrations.
Tree Physiol., 17: 89-96.

Roughley, R.J., 1987. Acacias and their root-nodule bacteria. In: Australian Acacias in Developing
Countries (Ed. Turnbull, J.W. ) Australian Centre for International Agricultural Research
(ACIAR), Canberra, pp: 45-49.

Schmidt, S. and G.R. Stewart, 2003. N values of tropical savanna and monsoon forest species reflect
root specialisations and soil nitrogen status. Oecologia, 134: 569-577.

Schulze, E.D., G. Gebauer, H. Ziegler and O.L. Lange, 1991. Estimates of nitrogen fixation by trees
on an aridity gradient in Namibia. Oecologia, 88: 451-455.

Shanmughavel, P. and K. Franeis, 2001. Bioproductivity and nutrient cycling in bamboo and acacia
plantation forests. Bioresour. Technol., 80: 45-48.

Shearer, G. and D.H. Kohl, 1986. N -fixation in field settings: Estimations based on natural *N
abundance. Aust. J. Plant Physiol., 13: 699-756.

Shearer, G., D.H. Kohl, R.A. Virginia, B.A. Brjan, J.L. Skeeters, E.T. Nilsen, M.R. Sharifi and
P.W. Rundel, 1983. Estimates of N, fixation from variation in the natural abundance of N in
Sonoran Desert ecosystems. Oecologia, 56: 365-373.

Spriggs, A.C., W.D. Stock and F.D. Dakora, 2003. Influence of mycorrhizal associations on foliar °N
values of legume and non-legume shrubs and trees in the fynbos of South Afiica: Implications for
estimating N, fixation using the N natural abundance method. Plant Soil, 255: 495-502.

Stewart, G.R., 2001. What do .*N signatures tell us about nitrogen relations in natural ecosystems?
In: Stable Isotope Techniques in the Study of Biological Processes and Functionming of
Ecosystems (Eds. Unkovich, M., J. Pate, A. Mcneill and D.J. Gibbs) Kluwer Academic
Publishers, Dordrecht, pp: 91-101.

Stock, W.D., K.T. Wienand and A.C. Baker, 1995. Impacts of invading N,-fixing 4cacia species on
patterns of mutrient cycling in two Cape ecosystems: Evidence from Soil Incubation Studies and
"N Natural Abundance Values. Oecologia, 101: 375-382.

Unkovich, M.J. and I.S. Pate, 2001. Assessing N, fixation in annual legumes using "N natural
abundance. In: Stable Isotope Techmques in the Study of Biological Processes and Functioning
of Ecosystemns (Eds. Unkovich, M., J. Pate, A. Mcneill and D.J. Gibbs) Kluwer Academic
Publishers, Dordrecht, pp: 103-118.

Unkovich, M.J., ].8. Pate, E.C. Lefroy and D.J. Arthur, 2000. Nitrogen isotope fractionation in the
fodder tree legume tagasaste (Chamaecyfisus proliferus) and assessment of N, fixation inputs
in deep sandy soils of Western Australia. Aust. J. Plant Physiol., 27: 921-929,

Unkovich, M.J., J S. Pate, P. Sanford and E.L.. Armstrong, 1994. Potential precision of the "N natural
abundance method in field estimates of nitrogen fixation by crop and pasture legumes in SW
Australia. Aust. J. Agric. Res., 45: 119-132.

Yates, R.J., I.G. Howieson, K.G. Nandasenaa and G.W. O'Hara, 2004. Root-nodule bacteria
from indigenous legumes in the north-west of Western Australia and their interaction with exotic
legumes. Soil Biol. Biochem., 36: 1319-1329.

63



Am. J. Plant Physiol., 1 (1): 54-64, 2006

Yoneyama, T., T. Murakami, N. Boonkerd, P. Wadisirisuk, S. Siripin and K. Kouno, 1990. Natural
"N abundance in shrub and tree legumes, Casuarina and non N, fixing plants in Thailand. Plant
Soil, 128: 287-292.

Yoneyama, T., N. Yamada, H. Kojima and I. Yazaki, 1984. Variations of natural *N abundances in
leguminous plants and nodule fractions. Plant Cell Physiol., 25: 1561-1565.

64



	AJPP.pdf
	Page 1


