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Abstract

Interactions between arbuscular mycorrhizal colonisation, nodulation and
growth of Calliandra calothyrsus were investigated in an experiment in which
mycorrhizal and non-mycorrhizal seedlings were grown in a glasshouse
environment, in pots containing a sterilised substrate and supplied with four
different concentrations of phosphorus solution (0, 7.5, 15 and 30 mg -1 P). All
seedlings were inoculated with Rhizobium. After eight weeks growth, assessments
were made of stem, leaf and root growth, nodule dry mass and percentage
mycorrhizal colonisation. Mycorrhizal colonisation was highest at 0 mg -1 P and
was reduced with increasing phosphorus application. Mycorrhizal inoculation
increased seedling growth and nodulation most at lower concentrations (0 and 7.5
mg 1-1 P) of phosphorus application. Phosphorus application improved growth and
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nodulation at 7.5 mg -1 P compared with 0 mg I-1 P, but further increase in
phosphorus application did not result in further growth benefits. Seedling growth
was positively correlated with mycorrhizal colonisation and nodule dry mass with
strongest relationships occurring for nodule dry mass. Growth response of seedlings
to greater nodulation was maintained in mycorrhizal plants but not in non-
mycorrhizal plants, even at high levels of P application when available P was not
limiting. It is concluded that C. calothyrsus is dependent on mycorrhizal association
in P-deficient soils, and that mycorrhizal inoculation has the potential to enhance its
growth and nodulation under these conditions.
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1. Introduction

Calliandra calothyrsus Meissner is a small, thornless, leguminous tree native
to humid and sub-humid regions of Central America. In recent years its value as
a multi-purpose tree for use in agroforestry has been recognised, both as a source
of firewood and high quality fodder and as a hedgerow plant in alley cropping
systems. In addition, the species grows well in acidic, infertile soils typical of
many parts of the humid tropics. As a result, C. calothyrsus has been
increasingly planted as an exotic in many tropical countries and evaluation of
its potential benefits and optimisation of its growth has been undertaken
(Lesueur et al., 1996; Mugendi et al., 1999a; 1999b; Ndufa et al., 1999).

Like many tree legumes, C. calothyrsus forms symbiotic relationships with
both nitrogen-fixing bacteria and arbuscular mycorrhizal (AM) fungi. The main
benefit of AM association to the plant is through enhanced phosphorus uptake
and, because C. calothyrsus forms associations with AM fungi and nitrogen-
fixing Rhizobia, it is able to sustain growth in both phosphorus (P) and nitrogen
(N) deficient soils. Positive interactions between AM fungi and Rhizobia have
also been demonstrated for many legumes: mycorrhizal colonisation has been
shown to stimulate nodule formation and nitrogen-fixing activity in the host
plant and, as effective nodulation depends on an adequate supply of P, it is
thought that these benefits are largely P-mediated (Barea and Azcén-Aguilar,
1983).

To a large extent, plant growth response to AM colonisation is determined by
soil fertility and in particular the availability of P. However, plant species
which form AM differ in their susceptibility to root colonisation and in their
dependence on AM formation to stimulate plant growth. Janos (1980) has shown
that tropical trees exhibit a wide range of dependency on AM colonisation and
more recent studies (Habte and Turk, 1991; Manjunath and Habte, 1992; Habte,
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1995) on tree legumes used in agroforestry systems have also shown that some
species show high dependency (e.g. Leucaena leucocephala, Cassia siamea,
Glyricidia sepium) whereas others are less dependent (e.g. Cassia reticulata,
Sesbania pachycarpa). As a result, dependent species are more likely to grow
poorly when indigenous AM propagules present in field soils are deficient or
ineffective.

Although extensive research programmes are in progress which evaluate the
use of C. calothyrsus in agroforestry, comparatively few studies have examined
its symbiotic relationships, which could be crucial in low-input farms and
infertile soils. Reena and Bagyaraj (1990) and Ibrahim et al. (1996) have shown
the potential for improving establishment and growth of introduced C.
calothyrsus by mycorrhizal inoculation and P application, but do not relate
mycorrhizal colonisation and plant growth to different concentrations of
available P in the soil. Desmond (1995) found that increasing concentrations of
available P improved plant growth and mycorrhizal colonisation of C.
calothyrsus, but levels of colonisation observed were very low and may well
have precluded any growth response due to mycorrhizal colonisation alone.

In this study, we aimed to examine the interactions between mycorrhizal
formation, nodulation and plant growth and to evaluate the mycorrhizal
dependency of C. calothyrsus. To do this, we compared the growth of
mycorrhizal and non-mycorrhizal seedlings (both inoculated with Rhizobium)
in soil containing increasing concentrations of available P. The research formed
part of a wider study aimed at optimisation of growth and forage production by
C. calothyrsus through evaluation and application of microsymbiont diversity
(Lesueur, 2000).

2. Materials and Methods
Experimental design

A factorial experiment was used to test 2 mycorrhizal and 4 nutrient
treatments. Treatments were laid out in 8 randomised blocks with each
treatment represented once within each block.

Plant material

Seeds of Calliandra calothyrsus seedlot 12/91 ex. Honduras, supplied by the
Centre for Natural Resources and Development, Oxford, UK (CNRD), were
scarified by chipping off a small piece of the seedcoat and pre-germinated in
petri-dishes on moistened, sterilised filter paper for 5 days.
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Mycorrhizal inoculum

Pot cultures of Glomus intraradices Schenck & Smith (isolate UT 143-2,
supplied by the International Culture Collection of Arbuscular and VA
Mycorrhizal Fungi, West Virginia University, USA) were grown for 4 months in
a sterilised loam/sand/grit mixture using cowpea (Vigna unguiculata L.) and
millet (Pennisetum typhoides L.) as host plants.

Inoculation and set up of the experiment

The experiment was conducted in a glasshouse set to provide a day/night
temperature regime of 28/20°C and relative humidity of 30-50%. Natural
sunlight was supplemented with high-pressure mercury vapour lamps when
necessary, to produce a day length of 14 h.

Free-draining, 1 litre pots were filled with a sterilised (autoclaved at 121°C
and 1.03. 105 Nm? for 1 hour) mixture of horticultural coconut fibre and sand (1:1
by volume). Mycorrhizal pot cultures were thoroughly mixed and 14 g of
inoculum (soil, spores and root fragments) was added to each pot at about 1 cm
depth prior to planting. For control pots (i.e. non-mycorrhizal plants) the same
amount of autoclaved inoculum was added. Three pre-germinated seedlings
were then transplanted to each pot. At this point, the seedlings were
inoculated with a Rhizobium suspension, consisting of isolate TAL 1455 (also
supplied by CNRD, Oxford, UK) and crushed C. calothyrsus nodules, to ensure
that all seedlings became nodulated. One week after planting, the seedlings
were thinned to one per pot, retaining the seedling nearest to average height.

Phosphorus treatments and nutrient supply

Four phosphorus treatments were applied in the form of H3POy solution at
three different concentrations (7.5, 15 and 30 mg I-1 P), and in the form of de-
ionised water for 0 mg 1! P. In addition to daily watering, all plants were
supplied with Ingestad's solution (Ingestad, 1971) which had been modified to
remove the phosphorus by replacing KH,PO4 with KOH. Ingestad's and
phosphorus solutions were applied to seedlings twice weekly, increasing the
amount added from 10 cm? of each solution per pot per application in weeks one
and two, to 15 cm® per pot per application in weeks three and four, and 20 cm3
per pot per application in weeks five, six and seven. }

Chemical analysis of the sterilised coconut fibre/sand mixture showed that
it contained 345 mg K kg1, 9.4 mg NH;~ N kg1, <0.5 mg NO3;~N kg1 and <0.2
mg P kg~1. The mixture contained 4.05% organic matter and had a pH of 5.3.
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Assessments

During the growth period, weekly measurements of plant height were made.
Plants were harvested eight weeks after the experiment was set up. Shoots
were removed and measurements were made of stem diameter, stem dry mass,
leaf area, and leaf dry mass. After root washing, nodules were counted and
removed for determination of dry mass. Mycorrhizal colonisation was assessed
on a sub-sample of the roots so that root dry mass could be determined using the
remaining roots. For sub-sampling, the root system was cut into root fragments
about 1 cm long, thoroughly mixed and then 100 root fragments were removed at
random. Fresh mass of the sub-sample and remaining roots was obtained and
then the dry mass of the remaining roots was determined, so that the total root
dry mass could be estimated by proportion. For assessment of mycorrhizal
colonisation, root sub-samples were stained with trypan blue (Koske and
Gemma, 1989) using a modified syringe method (Claasen and Zasoski, 1992) and
percentage mycorrhizal colonisation was estimated using the gridline intersect
method (Tennant, 1975).

Statistical analysis

Data were examined for normality and homogeneity of variances (Bartlett's
test; Sokal and Rohlf, 1995), and transformed where necessary. Nodule dry
mass data was normally distributed but showed heterogeneity of variance, so
analysis was carried out on square root transformed data. One plant, which
failed to nodulate and produced outliers in several data sets, was excluded from
the analysis. Data were examined by two-way analysis of variance (ANOVA)
using mycorrhizal inoculation and phosphorus application as treatment factors.
Means were compared using Fisher's LSD test when the F-test from ANOVA
was significant at P<0.05. Correlation coefficients and regression analysis were
used to examine relationships between variates and P response curves were
fitted when variates were significantly affected by P application.

3. Results
Weekly height measurements

After thinning to one seedling per pot, the initial height measurement
showed that inoculated plants were significantly (P=0.011) taller than non-
inoculated plants. For this reason ANOVA of weekly plant heights was
adjusted using the initial height as a covariate. During the first 6 weeks of
growth, plant height was not significantly affected by mycorrhizal inoculation



20

K. INGLEBY ET AL.

- omgl'p
. —O— uninoculated
E go{ —@— inoculated
5
D 60 4
p =
40
20 T T T T
0 1 2 3 4 5
ey 75mgl'P
- —O— uninoculated
[ 80 —@— inoculated
£ E
5
5 60
I
40 4
20 T T T v T
0 1 2 3 4 5
- 15 mg e
—~O— uninoculated
’é‘ o6 —@— inoculated
£ p
ic
g’ 60 4
i
40 4
20 v T T T T
0 1 2 3 4 5
= 30mgl"P
—O— uninoculated
= - —e— inoculated
£ J
5
6 60 e
=g
40 A /
20 T T T T T
0 1 2 3 4 5

Week

Figure 1. Weekly height growth of Calliandra calothyrsus seedlings in response to
mycorrhizal inoculation and application of four different concentrations of

phosphorus solutions. Error bars = +SE.
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Table 1. Effect of mycorrhizal inoculation on the growth of Calliandra calothyrsus
seedlings after eight weeks

Uninoculated Inoculated P value
Stem diameter (mm) 2.17 ba 237 a 0.004
Stem dry mass (mg) 9B 127 a <0.001
Leaf dry mass (mg) 430 b 567 a <0.001
Leaf area (cm?2) 103 b 135 a <0.001
Root dry mass (mg) 166 b 207 a 0.008
Nodule dry mass (mg)P 264 b 36.0 a <0.001
Mycorrhizal colonisation (%) 0b 29.1 a <0.001

aLetters indicate significant differences within each row at P<0.05 as determined by
ANOVA and Fisher's LSD test. bSquare root transformations were performed on nodule
dry mass data for analysis, significance is given against untransformed data.

Table 2. Effect of application of four different phosphorus solutions on the growth of
Calliandra calothyrsus seedlings after eight weeks

OmgllP  75mgHlP 15 mgl-1P 30mgl-1P P value

Stem diameter (mm) 2.16 2.31 22078 2.32 0.269
Stem dry mass (mg) 101 116 115 120 0.325
Leaf dry mass (mg) 416 ba 540 a 515 a 521 a 0.026
Leaf area (cm2) 100 b 130 a 123 a 121 a 0.034
Root dry mass (mg) 179 199 178 189 0L7372;
Nodule dry mass (mg)b 172 b 343 a 348 a 386a  <0.001
Mycorrhizal colonisation (%)¢ 44.7 a 31.5'b 239 ¢ 16.1d <0.001

aLetters indicate significant differences within each row at P<0.05 as determined by
ANOVA and Fisher's LSD test. bSquare root transformations were performed on nodule
dry mass data for analysis, significance is given against untransformed data. <Means given
are for inoculated plants only.

or P application. After week seven however, inoculated plants were
significantly (P=0.030) taller than uninoculated plants. Although no
significant interactions were found, Fig. 1 shows that this effect was almost
entirely due to uninoculated plants being smaller when no phosphorus was
applied. At week eight, there was a significant (P=0.037) effect of P
application on plant height, with seedlings given no phosphorus being smaller
than those given 7.5, 15 and 30 mg I"1 P. As with week seven, no interactions
between mycorrhizal inoculation and P application were found.
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Effect of mycorrhizal inoculation and application of four different
concentrations of phosphorus solutions on growth of Calliandra calothyrsus
seedlings after eight weeks. Error bars = +SE. Columns with different letters are
significantly different at P<0.05 as determined by ANOVA and Fisher's LSD test.

Plant harvest

Main effects of mycorrhizal inoculation on seedling growth are summarised
in Table 1. Mycorrhizal inoculation significantly increased stem dry mass, stem
diameter, leaf dry mass, leaf area, root dry mass and nodule dry mass. All
plants that received mycorrhizal inoculum became colonised by AM, whereas
no colonisation was found in uninoculated control plants.
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Figure 3. Fitted response curve of mycorrhizal colonisation of inoculated Calliandra
calothyrsus seedlings to application of four different concentrations of
phosphorus solution.
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Figure 4. Fitted response curve of nodule dry mass of uninoculated Calliandra calothyrsus
seedlings to application of four different concentrations of phosphorus solution.

Main effects of P application on seedling growth are summarised in Table 2. P
application reduced percent mycorrhizal colonisation from 44.7% when 0 mg i
P was applied to 16.1% when 30 mg 1"} P was applied. Nodule dry mass was
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also strongly affected by P application, with seedlings receiving 7.5, 15 and 30
mg I"! P having twice the nodule dry mass of those receiving no phosphorus.
Generally, P application had less impact on seedling growth than mycorrhizal
inoculation: only significant differences in leaf dry mass and leaf area were
noted, with seedlings receiving no phosphorus having smaller leaf area and
leaf dry mass.

Significant interactions between mycorrhizal inoculation and P application
were found for nodule dry mass (P=0.001) and leaf area (P<0.001). Nodule dry
mass of non-mycorrhizal plants grown at 0 mg I-1 P was less than that of all
other treatment combinations (Fig. 2f). Leaf area of non-mycorrhizal plants
grown at 0 mg I P was smaller than all other treatment combinations, while
leaf area of non-mycorrhizal plants grown at 7.5 mg 11 P was less than that of
mycorrhizal plants grown at 0 mg I"!1 P and 7.5 mg "1 P (Fig. 2d). Similar
differences were found for other growth parameters measured, with
mycorrhizal inoculation increasing stem dry mass (Fig. 2a), stem diameter (Fig.
2b), leaf dry mass (Fig. 2c) and root dry mass (Fig. 2e) most at lower levels of P
application.

Relationships between seedling growth, mycorrhizal colonisation, nodulation
and phosphorus application

All parameters of seedling growth were positively correlated with both
percent mycorrhizal colonisation and nodule dry mass, although correlation
coefficients were much greater for nodule dry mass than for mycorrhizal
colonisation (Table 3).

For mycorrhizal (inoculated) seedlings, percent mycorrhizal colonisation
was negatively correlated with increasing P application. The P response curve
(Fig. 3) showed that mycorrhizal colonisation decreased markedly from 0 mg
'l P to 15 mg I"! P, but that the rate of decrease slowed between 15 mg 11 P and
30 mg -1 P.

For non-mycorrhizal (uninoculated) seedlings, nodule dry mass was
positively correlated to P application, whereas no relationship was found with
mycorrhizal seedlings. The P response curve (Fig. 4) showed that nodulation of
non-mycorrhizal seedlings increased up to P applications of 15 mg 1-! P, but did
not increase at 30 mg 11 P.

The strong positive relationship between seedling growth and nodulation
was examined further by fitting separate nodule dry mass/shoot dry mass
response curves for mycorrhizal and non-mycorrhizal seedlings (Fig. 5).
ANOVA showed a significant difference (P=0.004) between these curves,
which suggested that seedlings were more responsive to high levels of
nodulation when they were mycorrhizal.
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Table 3. Correlation coefficients (r) between growth, mycorrhizal colonisation and
nodulation of Calliandra calothyrsus seedlings (n = 63)

Mycorrhizal colonisation (%) Nodule dry mass (mg)2
Stem diameter (mm) 0:3231* 0.745 ***
Stem dry mass (mg) Q:3728% 07501 ¥
Leaf dry mass (mg) 0.430 *** 0.811
Leaf area (cm2) 0.432 01739, e
Shoot dry mass (mg) 0.424 *** 0.809 ***
Root dry mass (mg) 0.402 ** 01639 =%

Mycorrhizal colonisation vs. nodule dry mass 0.256*

*, %, *Gignificant at P<0.05, P<0.01 and P<0.001 respectively. 25quare root

’

transformations were performed on nodule dry mass data for analysis.
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Figure 5. Fitted response curve of shoot dry mass of mycorrhizal (+M) and non-
mycorrhizal (-M) Calliandra calothyrsus seedlings to nodulation (nodule dry
mass).

4. Discussion

This study has shown that mycorrhizal inoculation benefits the growth of
Calliandra calothyrsus, and supports the results of previous studies by Reena
and Bagyaraj (1990), Desmond (1995) and Ibrahim et al. (1996). In our study
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however, application of increasing levels of P reduced mycorrhizal colonisation
and eliminated growth benefits attributable to mycorrhizal inoculation,
whereas studies by Desmond (1995) and Ibrahim et al. (1996) showed that
mycorrhizal inoculation only improved plant growth in P-deficient soils when
P was applied. It is difficult to compare our study with that of Ibrahim et al.
(1996) as mycorrhizal colonisation levels were not reported, while Desmond
(1995) found much lower levels of mycorrhizal colonisation (1.5-18.4% after 13
weeks growth), which may have precluded any growth response to
mycorrhizal inoculation alone. Our data would support this view and, had the
8-week growth period of our study been extended, colonisation levels and
resulting growth benefits to plants growing at low P applications may have
been much greater.

The results also show that the C. calothyrsus seedlings had a poor growth
response to added P, which supports results obtained in field plots by Ndufa et
al. (1999). This lack of response to added P and the concomitant low levels of
AM colonisation suggests that, without adequate mycorrhizal colonisation, the
C. calothyrsus seedlings were unable to take up sufficient P to maintain growth
and therefore exhibited a high degree of mycorrhizal dependency.

The growth of mycorrhizal and non-mycorrhizal plants at 0 and 7.5 mg "1 P
indicates that, when available P was limiting plant growth, mycorrhizal
plants were able to compensate for this. It is widely accepted that the main
benefit plants receive from AM association is increased P uptake, and this
suggests that the mycorrhizal C. calothyrsus seedlings were able to either
prevent leaching of P from the pots or access normally unavailable P sources in
the coconut fibre/sand substrate. At low P applications, mycorrhizal plants
also increased leaf area and leaf dry mass more than stem or root growth. The
enhanced leaf growth of mycorrhizal plants may have resulted in increased
photosynthesis, carbon acquisition and greater allocation of carbon to the roots,
which in turn may have stimulated AM colonisation and nodulation.

Even at high levels of P application (when available P was not limiting),
mycorrhizal plants were able to maintain a positive growth response of
seedlings to increasing nodulation whereas non-mycorrhizal plants were not.
Kucey and Paul (1982) and Barea et al. (1987) found that N-fixation was
greater in mycorrhizal than in non-mycorrhizal plants and it is possible that
nodulation of the C. calothyrsus seedlings may have been generally ineffective
to some degree and that N-fixation processes were stimulated by mycorrhizal
plants. AM fungi are also known to significantly increase uptake of ammonium
and trace elements such as copper and zinc (Smith and Read, 1997). Therefore at
high P applications, mycorrhizal plants may have sustained plant growth by
stimulating N-fixation and/or by directly supplementing N uptake.

This study has shown that mycorrhizal inoculation of C. calothyrsus
increases plant growth in conditions of low P availability. The study also
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shows that the species is largely dependent on AM fungi to sustain growth in
soils of low fertility and will only respond to moderate applications of P.
Inoculation with AM fungi will be effective and necessary if indigenous fungi in
such soils are absent or ineffective. Current studies are examining the
effectiveness of different AM fungi isolated from under C. calothyrsus growing
in native and exotic locations. In due course effective isolates will be tested in
combination with selected Rhizobia strains under nursery and field conditions
(Lesueur, 2000).

Acknowledgements

We wish to thank Dr. Alan Pottinger (CNRD) for supply of the C.
calothyrsus seed and Rhizobium inoculum, Dr. Stephen Bentivenga (INVAM)
for supply of the G. intraradices culture and Mr. Andy Gray (IERM) for
chemical analysis of the potting substrate. This work was partly funded by the
European Commission (INCO-DC contract No. ERBIC18-CT97-0194).

REFERENCES

Barea, ].M. and Azcon-Aguilar, C. 1983. Mycorrhizas and their significance in nodulating
nitrogen-fixing plants. In: Advances in Agronomy. Vol 36. N.C. Brady, ed. Academic
Press, New York, pp. 1-54.

Barea, ]. M., Azcén-Aguilar, C., and Azcon, R. 1987. Vesicular-arbuscular mycorrhiza
improve both symbiotic nitrogen fixation and nitrogen uptake from soil as assessed with
a 15N technique under field conditions. New Phytologist 106: 717-725.

Claassen, V.P. and Zasoski, RJ. 1992. A containerized staining system for mycorrhizal
roots. New Phytologist 121: 49-51.

Desmond, D. 1995. Calliandra calothyrsus and Glyricidia sepium seedling growth response
to phosphorus and soil acidity. Nitrogen Fixing Tree Research Reports 13: 10-15.

Gerdemann, ].W. 1975. Vesicular-arbuscular mycorrhizae. In: The Development and
Function of Roots. J.G. Torrey and D.T. Clarkson, eds. Academic Press, New York, pp.
575=591.

Habte, M. 1995. Dependency of Cassia siamea on vesicular arbuscular mycorrhizal fungi.
Journal of Plant Nutrition 18: 2191-2198.

Habte, M. and Turk, D. 1991. Response of two species of Cassia and Glyricidia sepium to
vesicular-arbuscular mycorrhizal infection. Communications in Soil Science and Plant
Analysis 22: 17-18.

Ibrahim, T.M., Palmer, B., and Spain, A.V. 1996. Importance of vesicular-arbuscular
mycorrhizal fungi for establishing Calliandra calothyrsus. In: International Workshop on
the Genus Calliandra. Forest, Farm and Community Tree Research Reports, Special issue
1996. D.O. Evans, ed. Winrock International, Arkansas, USA, pp. 89-94.

Ingestad, T. 1971. A definition of optimum nutrient requirements in birch seedlings.
Physiological Plant 24: 118-125.



28 K. INGLEBY ET AL.

Janos, D.P. 1980. Vesicular-arbuscular mycorrhizae affect lowland tropical rain forest
plant growth. Ecology 61: 151-162.

Koske, R.E. and Gemma, J.N. 1989. A modified procedure for staining roots to detect VA
mycorrhizas. Mycological Research 92: 486-505.

Kucey, RM.N. and Paul, E.A. 1982. Carbon flow, photosynthesis and N-fixation in
mycorrhizal and nodulated fabia beans (Vicia fabia L.). Soil Biology and Biochemistry
14: 407-412.

Lesueur, D., Tassin, J., Enilorac, M.P., Sarrailh, ] M., and Peltier, R. 1996. Improving
Calliandra growth. Agroforestry Today 8: 12-13.

Lesueur, D. 2000. Improving forage production of Calliandra calothyrsus through symbiosis
in Senegal (INCO/DGXII PROJECT). Nitrogen Fixing Trees News 3: 5-6.

Manjunath, A. and Habte, M. 1992. External and internal P requirement of plant species
differing in their mycorrhizal dependency. Arid Soil Research and Rehabilitation 6: 271—
284.

Mugendi, D.N., Nair, P.K.R,, Mugwe, ].N., O'Neill, M.K., and Woomer, P. 1999a. Alley
cropping of maize with Calliandra and Leucaena in the subhumid highlands of Kenya. 1.
Soil fertility changes and maize yield. Agroforestry Systems 46: 39-50.

Mugendi, D.N., Nair, P.K.R,, Mugwe, J.N., O'Neill, M.K,, Swift, M.]., and Woomer, P. 1999b.
Alley cropping of maize with Calliandra and Leucaena in the subhumid highlands of
Kenya. II. Biomass decomposition, N mineralisation, and N uptake by maize.
Agroforestry Systems 46: 51-64.

Ndufa, ] K., Shepherd, K.D., Buresh, R.J., and Jama, B. 1999. Nutrient uptake and growth of
young trees in a P-deficient soil: Tree species and phosphorus effects. Forest Ecolgy and
Management 122: 231-241.

Reena, J. and Bagyaraj, D.J. 1990. Response of Acacia nilotica and Calliandra calothyrsus to
different VA mycorrhizal fungi. Arid Soil Research and Rehabilitation 4: 261-268.

Smith, S.E. and Read, D.J. 1997. Mycorrhizal Symbiosis. Academic Press, London, 605 PP-

Sokal, RR. and Rohlf, F.J. 1995. Biometry: The Principles and Practice of Statistics in
Biological Research. W.H. Freeman and Co., San Fransisco, 887 pp.

Tennant, D. 1975. A test of a modified line intersect method of estimating root length. Journal
of Ecology 63: 995-1001.



