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ABSTRACT

Aims: To determine the level of acid or aluminium tolerance provenances in Leucaena (Leucaena
leucocephala) a favourite agroforestry tree in Kenya.

Study Design: The set up was a 2-factor (provenance-aluminium) experiment in a completely
randomized design with three (3) replications and data were subjected to multivariate analysis of
variance.

Place and Duration of Study: Potted acid soil experiments were carried out at the Maseno
ICRAF/KEFRI centre and Chepkoilel campus farm, Moi University, between June 2009 and July
2010.

Methodology: Potted acid soil experiments were carried out at the Maseno ICRAF/KEFRI centre
(pH 4.8) and Chepkoilel campus farm, Moi University (pH 5.0) to assess the effect of varying
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at 60 and 120 days after planting.

aluminium concentrations on growth of three local leucaena provenances: K156 (Gede), K136
(Kibwezi) and KIT2724 (Kitale). Aluminium was applied at 0, 100, 200 and 300 uM. The number of
leaves per seedling, seedling height, root length, root collar diameter and dry weight were recorded

Results: Generally Aluminium at 100 uM significantly (p<0.05) enhanced growth of the seedlings
at both sites. However, aluminium at > 200 uM reduced seedling growth.
Conclusion: The Leucaena provenance K156 could be used in acid soils because it is tolerant.
However, more local provenances should be screened for acid tolerance.

Keywords: Agroforestry; leucaena; root collar diameter; tolerant.

1. INTRODUCTION

Leucaena leucocephala (Lam.) de Wit (leucaena)
is an important tree in agroforestry systems in
many parts of the world. It is currently being
utilized for this purpose in Western and Central
Kenya, including areas that have low soil pH,
such as Maseno, in Kisumu district and Uasin
Gishu district [1,2]. The plant is a shrubby
leguminous multipurpose tree used in soil fertility
improvement owing to its ability to fix
atmospheric nitrogen. It is used as a source of
fodder, browse, mulch, firewood, and poles [3].
However, most genotypes of L. leucocephala do
not grow well in acid soils and under such
conditions their full potential in biomass
production is not realized [4,5].

Acid soils inhibit plant growth through toxicities of
aluminium (Al), manganese (Mn) and hydrogen
ions (H) and deficiency of essential elements,
such as phosphorus (P), molybdenum (Mo),
calcium (Ca) and magnesium (Mg) [6-7]. For
most plant species, the effect of low soil pH
which is often associated with Al toxicity is
manifested in reduction of root growth which
leads to increased shoot to root ratio, and
reduced mineral ion and water absorption from
the soil [8-11]. Al toxicity interferes with the
growth of L. leucocephala, and other tree
legumes, either directly by reducing its root
volume in the soil, or indirectly by suppressing
biological nitrogen fixation  (BNF) [3].
Photosynthesis is also affected, resulting in
reduced biomass and general poor plant growth
[12].

Plant species and genotypes within species also
differ significantly in tolerance to acid soil stress
[13-15]. Progress in breeding for acid soall
tolerance in L. leucocephala in Hawaii has been
reported [16]. Similarly, acid tolerant Rhizobium
isolates that can nodulate L. leucocephala have
also been isolated from Kenyan acid soils [17],
[2]. But, the selection of acid tolerant genotypes
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of L. leucocephala for use with the locally
available acid tolerant Rhizobia has not been
adequately accomplished in Kenya [17,2].

Some researchers have observed significant
variation in low pH tolerance among L.
leucocephala germplasm grown in acid soils.
However, it is not known which of the L.
leucocephala provenances that are currently
grown in various localities in Kenya are acid
tolerant. If some of the local germplasm of L.
leucocephala in Kenya are tolerant to low pH,
then such genotypes could be adopted for use in
acidic soils. Likewise, matching acid tolerant
genotypes of L. leucocephala with tolerant
Rhizobium could increase productivity of L.
leucocephala in acid soils and hence lead to the
realization of their potential in agroforestry
systems [18].

2. MATERIALS AND METHODS

Seeds of the three randomly selected L.
leucocephala provenances were obtained from
KEFRI seed bank in Muguga, Kenya. They
comprised bulked local seed collections from
Gede (Kilifi District), Kitale (Trans Nzoia District)
and Kibwezi (Makweni District), which have been
designated as K156, KIT2724 and K136,
respectively. The accession name for the seeds
that were collected from Kitale could not be
established hence the shortened form (KIT) for
Kitale and test number (2724) has been used in
this study as KIT2724 to represent the accession
from Kitale.

2.1 Germination of L. leucocephala seeds

All the seedlings for the experiment were pre-
germinated in the laboratory as described by
Muok [2]. Seeds of the three provenances were
surface sterilized in 2% sodium hypochlorite for
10 minutes and thoroughly washed with
deionized water. They were nipped and soaked
in distilled water for 45 minutes to imbibe.
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Imbibed seeds were placed on trays of moist
filter paper and incubated at 26°C - 28°C for two
days to germinate. Successful germination was
determined as emergence of the radicle. Two
day old uniform pre-germinated seedlings were
selected and immediately transferred to plant
pots and subjected to different test treatments. It
was assumed that the seeds derived from
individual maternal parent that formed the
“bulked seeds”, had equal germination capacity
and thus the seedlings formed a fair
representation of each of the provenances.

2.2 Soil Analysis

Soil analysis for selected attributes was done for
each experimental site before the soil sampling
was done for the pot experiment. Soil samples
were collected at a depth of 20-cm (using a soil
auger) from the fields at Chepkoilel Campus
farm, Moi University and Maseno ICRAF/KEFRI
centre. Five soil samples were collected from
each of the 30 sub-plots and bulked forming a
composite sample, and then five representative
sub-samples were withdrawn from the composite
sample after thorough mixing. The sub-samples
were air-dried in the laboratory and ground to
pass through the 2 mm sieve. The samples were
then analyzed for pH, cation exchange capacity
(CEC), organic carbon (C), exchangeable Ca
and Al, Olsen phosphors (P), and total nitrogen
(N) using standard procedures [19]. The
exchangeable Al was measured using Atomic
Absorption Spectrophotometer (AAS).

The aluminium solutions were prepared from
analytical grade Aluminium potassium sulphate
(AIK(SQO4)2.12H,0). A 0.01 M Al stock solution
was prepared by dissolving 5.1642 g of dry salt
in 500 ml of distilled water and diluted to 2 litres
in a volumetric flask with more distilled water.
Working concentrations were prepared by serial
dilution and 500 ml of respective aluminium
concentration (0 pM, 100 uM, 200 uM and 300
uM) was applied to the appropriate pots at the
inception of treatment. Plant characteristics
(plant height, root collar diameter, root length,
number of leaves per plant and plant dry weight)
were recorded at 60 and 120 days after potting.

2.3 Experimental Design

The set up was a 2-factor (provenance-
aluminium) experiment in a completely
randomized design with three (3) replications and
data were subjected to multivariate analysis of
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variance, using a computer programme (SPSS
version 7.5; SPSS® Inc). Means were separated
using Tukey HSD test. Differences were
accepted as significant at p<0.05. The fixed
factors were aluminium and provenances, and
dependent factors included plant height, root
collar diameter, root length, number of leaves per
plant and plant dry weight.

3. RESULTS AND DISCUSSION

3.1 Chemical Properties of Chepkoilel
and Maseno Soils

The selected soil chemical properties of the
Chepkoilel campus, Moi University and Maseno
ICRAF/KEFRI experimental sites at the
beginning of the experiment are presented in
Table 1. The soils are acidic with pH<5 although
Chepkoilel soils had slightly higher pH than
Maseno soils. The concentration of organic
carbon was similar in both sites. The soils at
Chepkoilel had significantly (p<0.05) higher CEC
than Maseno soil while the concentration of
calcium was the same in both sites. Maseno soils
had slightly lower concentration of aluminium
compared to that of Chepkoilel, however % Al
saturation in Maseno was more than double that
at Chepkoilel. The soils at Chepkoilel had higher
phosphorus and lower nitrogen but Maseno soils
had significantly (p<0.05) lower phosphorus and
higher nitrogen.

3.2 Number of Leaves Per Seedling

All the provenances had significantly (p<0.05)
more leaves at 100 uM Al concentration but
significantly lower at higher Al concentrations at
60 and 120 day old potted (DAP) at both sites.
K136 at 60 DAP had the highest number of
leaves at Chepkoilel while K156 had the highest
number of leaves at 120 DAP in Maseno (Figs. 1
and 2).

3.3 Seedling Height

A 100 pM Al level significantly (p<0.05)
increased seedling height of all the provenances
at both 60 and 90 DAP except for K156 at 60
DAP. However, higher aluminium concentrations
above 100 puM reduced seedling height in all
provenances at both sites (Figs. 3 and 4) the
seedlings grew faster at Maseno than at
Chepkoilel site.
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Table 1. Selected chemical properties of soils at Maseno and Chepkoilel experimental sites at
the time of planting

Soil properties Mean values Maseno site Chepkoilel site
pH (1 soil: 2.5 water) 4.8° 5.0°

CEC (Cmol/kg) 8.9° 11.6°

Organic Carbon (%) 1.9 2.0°

Calcium (me/100 g) 2.0° 2.0°

Exch. aluminium (me/100 g) 0.2° 0.9°

Aluminium saturation (%) 16.7° 7.1°

Available Phosphorus (ppm) 2.6° 4.9°

Nitrogen (%) 1.1° 0.2°

Key: - Means followed by the same letter in each row are not significantly different (p < 0.05) from each other
according to Tukey HSD test

—®—— K156 CHEPKOILEL
--=--M---- K156 MASENO
—%—— K136 CHEPKOILEL
----X---- K136 MASENO
—®— KIT2724-CHEPKOILEL
~---®---- KIT2724-MASENO

Number of leaves per plant

0 100 200 300

Aluminium levels (micromoles)

Fig. 1. Number of leaves per plant of 60-day old, potted L. leucocephala seedlings at varying
aluminium levels at Chepkoilel and Maseno sites

—%—— K156 CHEPKOILEL
-==-%--= K156 MASENO
—%—— K136 CHEPKOILEL
---%---- K136 MASENO
—@—— KIT2724-CHEPKOILEL
~--@---- KIT2724-MASENO
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Fig. 2. Number of leaves per plant of 120-day old, potted L. leucocephala at varying aluminium
levels at Chepkoilel and Maseno sites
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3.4 Seedling Root Length

At 60 DAP, aluminium induced a steady
decrease in seedlings root length at Maseno
while at Chepkoilel, there was a slight increase in
root length at 100 uM Al followed by a steady
decrease in root length at Al concentrations
above 100 uM (Fig. 5). At 120 DAP aluminium
concentration of 100uM induced a slight increase
in root length of all the seedlings at both
Chepkoilel and Maseno, but higher aluminium
concentrations reduced the root length of all the
provenances at both sites (Fig. 6). K156 was the
least affected provenance at both sites while

K136 was the most affected and KIT2724
showed intermediate response between the two
provenances.

3.5 Seedling Root Collar Diameter

The seedling root collar diameter of all the
provenances was significantly higher at 100uM
Al at both 60 DAP (Fig. 7) and 120 DAP (Fig. 8).
However higher Al concentrations reduced root
collar diameter in all the provenances. In general
the seedlings had significantly (p<0.05) larger
root collar diameter at Chepkoilel than in Maseno
at 120 DAP.

Plant height (cm)

—#%— K156 CHEPKOILEL
----#---- K156 MASENO
—%—— K136 CHEPKOILEL
====X-=-= K136 MASENO
—@—— KIT2724-CHEPKOILEL
----@---- KIT2724-MASENO

100

Aluminium kels(miciomoles)

200

300

Fig. 3. Plant height of 60-day old, potted L. leucocephala seedlings at varying aluminium levels
at Chepkoilel and Maseno sites
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Plant heiglt (cm)

—— .

—=#—— K156 CHEPKOILEL
""""" K156 MASENO
—*— K136 CHEPKOILEL
~==-%==-= K136 MASENO

——&—— KIT2724-CHEPK OILEL

-=--e-=-- KIT2724-MASENO

100
minium levels (micomoles)

200
Aalun

300

Fig. 4. Plant height of 120 days old, potted L. leucocephala seedlings at varying aluminium
levels at Chepkoilel and Maseno sites

95



Kodiago et al.; IJPSS, 7(2): 91-101, 2015; Article no.lJPSS.2015.134

3.6 Seedling Biomass

At both 60 and 120 DAP aluminium
concentration of 100uM induced an increase in
seedling biomass of all the provenances at
Chepkoilel. At Maseno, the seedling biomass
significantly decreased in response to increasing
aluminium concentration (Figs. 9 and 10). The
seedlings suffered a large reduction in biomass
at 120 DAP than at 60 DAP. The significance
due to interaction effects varied according to
interaction orders as well as the growth
parameters assessed at different DAP.

4. DISCUSSION

The soils in the two sites are acidic (pH<5).
However soils at Maseno were slightly more
acidic (pH 4.8) than the Chepkaoilel soils (pH 5.0).
The pH value in these two sites is below the
critical value for optimal growth and development
of L. leucocephala, which has been suggested as
6.8 [4-5,16]. It is therefore anticipated to affect
the growth and establishment of L. leucocephala
directly through aluminium and H* stresses and
phosphorus and calcium deficiency, as has been
stated by other workers [20-23,7]. The low pH in
the soils may indirectly affect the growth and
development of L. leucocephala by affecting the
BNF process. The values of CEC obtained in this
study for Maseno (8.9 Cmol/kg soil) and
Chepkoilel (11.6 Cmol/kg soil) sites were quite
low according to [32,19]. This is an indication that
the soils are highly leached. The CEC of nitisols
and ferralsols is significantly influenced by pH

because of the nature of major clay particles in
them [24-26]. The Ilow concentration of
exchangeable aluminium in the soils (Maseno,
0.2 me/100 g soil and Chepkoilel, 0.9 me/100 g
soil), was not expected. This result contrasts with
the findings of others like [27] that worked in the
same site (Chepkoilel) and obtained Al
concentration of 4 me/100 g soil [27]. Used
titration method to determine the level of
exchangeable Al as opposed to the Atomic
Absorption Spectrophotometer (AAS) analysis
used in this study. The differences in these
results might also reflect heterogeneity of the
soils in this site (Chepkoilel) because the two
experiments [27] were conducted in two different
plots that are 800m apart. The difference in Al
concentration could also be due to other intrinsic
chemical soil properties. Percentage aluminium
saturation was equally low, 7.1% in this study
compared to 44% reported by [27]. The low
exchangeable Al or percentage saturation in the
soils could explain why addition of 100uM Al
level still promoted growth of L. leucocephala in
the pot experiment. Such wide differences
observed in % Al saturation suggest that more
study consisting of several samples from this site
should be undertaken to resolve the discrepancy.

The available phosphorus in the soils (Maseno
2.6 ppm, Chepkoilel 5.0 ppm) was extremely low.
Interpretation of [28-30] indicates that less than
15ppm P is too low for proper plant growth and
development. These soils have been reported to
be generally low in Olsen P [31,1,27]. It is
important to note that, these two sites are low in

Root lenght (cm)

—®— K156 CHEPKOILEL
----M---- K156 MASENO
—%—— K136 CHEPKOILEL
----%---- K136 MASENO
—@—— KIT2724-CHEPKOILEL
----@---- KIT2724-MASENO

0 100 200

Aluminium levels (micromoles)

300

Fig. 5. Root length of 60-day old, potted L. leucocephala seedlings at varying aluminium levels
at Chepkoilel and Maseno sites
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Rootlkngth (cm)
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Fig. 6. Root length of 120-day old, potted L. leucocephala seedlings at varying aluminium
levels at Chepkoilel and Maseno sites

Root collar diameter (cm)

—#— K156 CHEPKOILEL
----®---- K156 MASENO
—%—— K136 CHEPKOILEL
----%---- K136 MASENO

—@—— KIT2724-CHEPKOILEL]

0 200

100
Aluminium levels (micromoles)

300 ----@---- KIT2724-MASENO

Fig. 7. Root collar diameter of 60-day old, potted L. leucocephala seedlings at varying
aluminium levels at Chepkoilel and Maseno sites

available P and this element should be applied to
the soil to avoid P-related problems in the
interpretation of the results. The amount of
nitrogen in Chepkoilel soils (0.2%) was
considered to be low according to Metson (1961)
who rated 0.1% — 0.2% total N as being low. The
low nitrogen content of the Chepkoilel soils may
have been due to reduced microbial activity in
the soil caused by low pH, which in turn
minimized the breakdown of organic matter [32]
to release nitrogen. However, Maseno soils had
moderately higher level of nitrogen (1.1%). Thus,
explains why the seedlings at Maseno had better
growth and establishment compared to the ones
at Chepkoilel. The soils in the two sites had
similar concentrations of calcium and organic
carbon. The concentration of Ca (2 me/100 g
soil) in both sites is regarded to be low according
to the description of [33-35] who considered Ca
levels of 0.2 me/100 g to be very low for optimal
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growth of crops. The percentage organic carbon
in the Maseno soils (1.9) and Chepkoilel soils
(2.0) was also low according to the broad rating
by Metson (1961), in which soils with <2% was
considered to be very low in carbon content.
Overall, the nutrient status of the soils in these
two sites can be regarded as low and for optimal
growth of plants including L. leucocephala,
application of organic fertilizers or manure seems
to be mandatory for high biomass production.

Response of L. leucocephala seedlings to Al
treatment varied amongst the three provenances
tested as well as between the two sites. Higher
concentrations of Al (>100 uM) reduced growth
at both sites. However, Al treatment at 100 uM
enhanced the growth of seedlings. The root
length, and even other growth attributes (height,
number of leaves, collar diameter and dry
weight) of L. leucocephala seedlings were
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adversely affected by soil acidity related factors.
The basis of this positive response to Al
treatment at concentrations below 100 uM is not
fully understood at present but similar
observations have been reported by other
authors [36-37]. For instance, [36] reported that
the growth of L. leucocephala and mineral
uptake, particularly N, P and K, were stimulated
at low concentrations of Al. In this experiment the
uptake of N, P, K was not measured. Aluminium
is not classified as one of the mineral nutrients
utilized by plants and therefore this observation
is unique and the possible reasons for it is yet to
be fully explained. According to [36], L.
leucocephala was capable of tolerating low Al
toxicity because of “exclusion mechanism(s)”.

This mechanism involves the release of organic
acids from the plant roots that act as Al binding
ligands such as malic and citric acids. When
these ligands are released into the rhizosphere,
they effectively chelate Al3+ and prevent its entry
into the root [38]. The authors then concluded
that growth stimulation by Al application was
ascribed not only to the alleviation of H" toxicity
but also to the increased root activity for P
uptake. [37], [39] reported a similar finding in
several seedlings including Hordeum vulgare,
Acacia mangium and Melastoma melabathrium.
Hutton [23] also reported that Al toxicity to L.
leucocephala, is mediated through poor uptake
of Ca. This suggests that so long as leucaena
plants can absorb adequate levels of Ca in high

0.8

e
5

Root collar diameter (cm)

£
3

0.65

—#— K156 CHEPKOILEL
---#--- K156 MASENO
—X— K136 CHEPKOILEL
----X---- K136 MASENO
—@— KIT2724-CHEPKOILEL
---@---- KIT2724-MASENO

0.6

Fig. 8. Root collar diameter of 120-day old, potted L. leucocephala seedlings at varying
aluminium levels at Chepkoilel and Maseno sites

Total dry weight (g)

—&—— K156 CHEPKOILEL
---#--= K156 MASENO
—%—— K136 CHEPKOILEL
===%=== K136 MASENO
——— KIT2724-CHEPKOILEL
---#--- KIT2724-MASENO

100

Aluminium levels (micromoles)

200

300

Fig. 9. Dry weight of 60-day old, potted L. Jeucocephala seedlings at varying aluminium levels
at Chepkoilel and Maseno sites
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—®—— KIT2724-CHEPKOILEL
----8---- KIT2724-MASENO

4.5

200

Aluminium levels (micromoles)

300

Fig. 10. Dry weight of 120-day, potted-grown L. leucocephala seedlings at varying aluminium
levels at Chepkoilel and Maseno sites

Al soils, their growth and establishment would
not be significantly affected. The differential
response of the provenances to aluminium stress
could be used as a guide to breed for high
biomass yielding L. leucocephala for acid soils.

It is recommended that Leucaena provenance
K156 could be used in acid soils because it is
tolerant. However more provenances of L.
leucocephala from different localities in Kenya
and elsewhere should be screened for tolerance
to soil acidity and aluminium toxicity to obtain
provenances that could be used in acid soils.

5. CONCLUSION

The study found out that; Low aluminium
concentrations (100 puM) improved growth but
high Al levels (>200 uM) severely reduced root
length and other growth parameters. This led to
overall poor seedling growth. The three
provenances of L. Jleucocephala showed
significant differences in response to aluminium
application indicating differences in genetic
potential to withstand Al toxicity. There were low
concentrations of Al in the soils used, which
imply that soil acidity stress on plants in these
localities may be due to other related soil acidity
factors and probably not A% toxicity alone.
Tolerance to Al was noted in K156 however;
K136 and KIT2724 seemed to be less tolerant.
However, there is need to establish the exact soil
acidity related factor that induces stress to plants
in these two sites because % Al saturation
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appears to be low. Provenance variation in
response to Al toxicity has been shown in this
study. It is therefore important to conduct specific
studies to explain the mechanisms of tolerance
and genetic control of this tolerance in L.
leucocephala. Long term responses of L.
leucocephala to Al also need to be studied.

CONSENT
It is not applicable.

COMPETING INTERESTS

Authors have declared that no competing

interests exist.

REFERENCES

1. Muok BO. Isolation, molecular
characterization = and  screening  of

indigenous Rhizobium for acid tolerance
and effectiveness on Leucaena, Sesbania
and Calliandra. M. Phil. Thesis — Moi
University, Kenya; 1997.

2. Muok BO, Gudu SO, Odee DW. A broad
range innoculant for legume trees in acid
soils; Agroforestry Today. 1998;10(3)11-
13.

3. Sanginga N, Mulongoy K, Ayanaba A.

Effectiveness of indigenous rhizobia for
nodulations and early nitrogen fixation with
L. leucocephala grown in Nigerian soils.



10.

1.

12.

13.

14.

Kodiago et al.; IJPSS, 7(2): 91-101, 2015; Article no.lJPSS.2015.134

Soil Biology Biochemistry. 1989;21:231-
235.

Brewbaker  JL. Establishment  and
Management of Leucaena for Livestock
Production de forrajes, Memoria de
seminario International de ganaderia
Tropical, Banco de mexica, Mexico City;
1976.

Vergara NT. New  directions in
agroforestry. The potential of tropical
legume trees. Agroforestry systems. 1982;
3:339-356.

Cakmak 1, Wolfgang H, Pfeiffer M,
McClafferty B. Review: Bio-fortification of
durum wheat with Zinc and Iron. Journal of
Cereal Chemistry. 2010;87(1):10-20.

Bona L, Baligar VC, Wight RF. Soil acidity
effects on Agricultural traits on durum and
common wheat. In Plant Soil Interactions
at Low pH. (Eds) R.A. Date. 1995;425-428.
Figueiredo MVB, Burity HA, Martinez CR.
Drought stress response of some key
enzymes on cowpea (Vigna unguiculata L.
Walp.) nodule metabolism. World Journal
of Microbiology of Biotechnology. 2007;23:
187-193.

Franco AA, Munns DN. Acidity and
aluminium restraints on  nodulation,
nitrogen fixation, and growth of Phaseolus
vulgaris in solution culture. Soil Science.
Society. 1991;46:296-301.

Vazguez MD, Potscherieder C, Corrales I,
Barcello J. Changes in apoplastic
aluminium during the initial growth
response to aluminium by root tolerant
maize variety. Plant Physiology. 1999;119:
435-444.

Sivaguru M, Baluska F, Valkmann D, Felle
HH, Horst WJ. Impact of aluminium on
cytoskeleton of maize root apex; short term
effects on distal part of transition zone.
Plant Physiology. 1999;119:1073-1082.
Ohki K. Critical nutrient levels related to
plant growth and some physiological
processes. Journal of Plant Nutrition. 1987;
10(9):1583-1590.

Ninamango-Cardenas, FE, Guimaros CT,
Martins PR, Parentoni SN, Carneiro NP,
Lopes MA, Moro JR, Paive E. Mapping
QTLs for aluminium tolerance in maize.
Journal Euphytica. 2003;130:223-232.
Cancado GMA, Loguercio RL, Martins PR,
Parentoni SN, Paira E, Borem A, Lopes IA.
Hematoxylin staining as a phenotypic
index for aluminium tolerance selection in
tropical maize. Theoretical Application
Genetics. 1999;99:747-754.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

100

Ma Z, Miyasaka SC. Oxalate exudation by
Taro in response to aluminium. Plant
Physiology. 1998;118:861-865.

Hutton EM. Selection and breeding
Leucaena for acid tropical soils. Pesq.
Agopec Bras. 1984;19:263-274.

Odee DW, Sutherland JM, Kimiti JM,
Sprent JI. Natural rhizobial populations and
nodulation status of woody legumes
growing in diverse Kenyan conditions.
Plant and Soil. 1995;173:221-224.

Lal B, Khanna S. Long-term field study
shows increased biomass production in
tree legumes inoculated with Rhizobium.
Plant and Soils. 1996;184:111-116.
Okalebo JR, Gathua KW, Woomer PL.
Laboratory Methods of Soil and Plant
Analysis; A working manual. TSBF Nairobi,
Kenya. 1993;88.

Mullen BF, Sshelton HM, Gutteridge RC,
Basford KE. Agronomic evaluation of
Leucaena. Part 1. A diammonium
phosphatetation to environmental
challenges in multi-environment trials.
Agroforestry Systems. 2003;58(2):77-92.
Shelton HM. Environmental adiammonium
phosphatetation of forage tree legumes pp.
120-131. In Gutteridge R.C. and Shelton
H.M. (Eds). Forage Tree Legumes in
Tropical Agriculture. CAB International.
Wallingford, U.K; 1994.

Blamey FPC, Hutton EM. Tolerance of
Leucaena to acid soil conditions. In
Shelton HM, Piggin CM, Brewbaker JL.
(Eds). Leucaena- opportunities and
limitations. Proceedings of a workshop
held in Bogor, Indonesia, January 1994
ACIAR proceedings 57, Canberra. 1995;
83-86.

Hutton EM. Natural crossing and acid
tolerance in some Leucaena species.
Leucaena Research Reports. 1981;2:2-4.
Millar CE, Turk LM. Fundamentals of Soil
Science. Daya Publishing House.
2002;462.

Foth HD. Fundamentals of Soil Science.
Henry Foth (Ed). John Wiley and Sons
Publishers, New York. 1990;164—185.
Russels A. Soil Condition and Plant
Growth. Allan Wild (Ed) Longman group
U.K Limited. 1988;816-830.

Maina SM. The response of four common
bean (Phaseolus vulgaris L.) genotypes to
rhizobial inoculation, phosphorus
application and aluminium at low pH. M.
Phil Thesis, Moi University, Kenya; 1999.



28.

29.

30.

31.

32.

33.

Kodiago et al.; IJPSS, 7(2): 91-101, 2015; Article no.lJPSS.2015.134

Kozkowski TT. Response of woody plants
to flooding and salinity. Tree Physiology
Monograph No. 1. Heron Publishing.
Victoria Canada. 1999;29.
Available:http://www.heronpublishing.com/t
p/monograph /kozlowski.pdf

Olsen SR, Dean LA. Phosphorus. In Black,
C.A. (Ed.). Methods of Soil Analysis.
Madison: American Society of Agronomy.
1965;1035-1049.

Hedge MD. Use of gibberellins for
accelerating growth of  Leucaena
seedlings. Council for Agricultural planning
and Development  Taipei Taiwan.
Leucaena Research Reports. 1982;3:83.
Swinkels R, Rajwayi JO. ldentifying cheap
and simple ways to applying Rhizobium to
nitrogen fixing trees. West Kenya
Agroforestry Newsletter. 1993;4:1-3.
Landon JR. Booker Tropical Soil Manual: A
Handbook for Soil Survey and Agricultural
Evaluation in the Tropics and Subtropics.
Tharnes Booker Tate Ltd; 1991.

Salvagiotti F, Kenneth G, Cassman JES,
Daniel T, Walters AW. Nitrogen uptake,
fixation and response to fertilizer N in
soybeans: A review. Field Crops
Research; 2008.

DOI: 10.1016/j.fcr.2008.03.001.

34.

35.

36.

37.

38.

39.

Meredith RM. A Review of the Responses
to Fertilizer of the Crops of Northern
Nigeria. Samaru Misc. Zaria. 1965;4

Heald WR. Calcium and magnesium. In
Methods of Soil Analysis Part 2. Agronomy
No. 9 Black, C. A. (Ed) Am. Soc. Of Agron.
Madison, Wisconsin. 1965;999-1010.
Osaki M, Watanabe T, Tadano T.
Beneficial effect of aluminium on growth of
plants adiammonium phosphateted to low
pH soils. Soil Science and Plant Nutrition.
1997;43(3):551-563.

Watanabe T, Osaki M, Tadano T. Effects
of nitrogen source and aluminium on
growth of tropical tree seedlings
adiammonium phosphateted to low pH
soils. Soil Science and Plant Nutrition.
1998;44(4):655-666.

Miyasaka SC, Kochian LV, Shaff JE, Foy
CD. Mechanism of Aluminiun tolerance in
snapbeans: Root exudation of citric acid.
Plant Physiology. 1989;96:737-743.

Rao IM, Zeigler RS, Vera R, Sarkarung S.
Bio Science Selection and Breeding for
Acid-Soil Tolerance in Crops. International
Agricultural Research. 1999;43(7):454-
465.

© 2015 Kodiago et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php ?iid=1094&id=24&aid=8935

101





