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Abstract Tree seedling establishment, survival and

growth in dryland areas is greatly impacted by water,

land use effects and soil nutrient availability. Arbus-

cular mycorrhizal fungi (AMF) can have a substantial

effect on water and nutrient uptake by seedlings and

are affected by nutrient application, water availability

and inoculum source. In this study, we examined the

effect of AMF inoculation, phosphorus application

levels, soil water status, and inoculum source on the

growth of Faidherbia albida seedlings. Two green-

house experiments were conducted on F. albida

seedlings: to compare (a) ±AMF inoculation, at three

levels of volumetric soil water content (field capacity

(FC), 60% of FC and 20% of FC), and three AMF

inoculum sources (derived from cultivated land,

grazing land and area exclosure); (b) ±AMF

inoculation, at four levels of phosphorus application

(0, 25, 50 and 100 mg kg-1) and three AMF inoculum

sources. Inoculation with AMF, higher soil water and

higher P application significantly increased the growth

of seedlings (P\ 0.05). F. albida seedlings responded

positively to increased water levels. The highest

growth and AMF colonization of seedlings was

recorded under the lowest water stress with AMF

inoculum from area exclosure followed by grazing

land inoculum source. The lowest growth was

recorded under the highest water stress and cultivated

land inoculum source. Plant growth and biomass were

positively correlated with increased soil P application,

however, AMF colonization decreased with increas-

ing P application. Applying P and inoculating F.

albida seedlings with indigenous AMF under low
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water stress enables optimum plant growth improve-

ment in dryland farming systems.

Keywords Arbuscular mycorrhizal fungi � Water

status � Inoculum source � Growth performance �
Phosphorus application levels � Faidherbia albida

Introduction

Due to the rising cost of fertilizer, there is growing

interest worldwide in increasing plant biomass pro-

duction using few external inputs (Siddiqui and

Pichtel 2008). Numerous biological, chemical and

physical factors influence soil quality. Rhizosphere

microbial communities directly affect soil fertility by

carrying out essential processes that contribute to

nutrient cycling, soil structural maintenance and

ecosystem productivity (Cardoso and Kuyper 2006;

Smith and Read 2008). Among the most influential

soil microbiota are the arbuscular mycorrhizal fungi

(AMF) which establish symbiosis with plant roots

(Cardoso and Kuyper 2006; Smith and Read 2008;

Varma and Kharkwal 2009). Mycorrhizal associations

are integral functioning parts of terrestrial ecosystems

(Barea et al. 2011; Haselwandter and Bowen 1996;

Pellegrino et al. 2015), and are widely recognized as

providing a direct physical link between soil and plant

roots (Smith and Read 2008). AMF form an associ-

ation with plants that enhances plant growth (Alho

et al. 2015; Birhane et al. 2012; Cardoso and Kuyper

2006; Smith and Read 2008) and increases resilience

in nutrient-deficient, drought-prone environments

(Bucher 2007; Birhane et al. 2012). The beneficial

effects of AMF on plant nutrient uptake, tolerance to

drought, soil pH extremes and heavy metals, root

pathogen suppression, and vegetation establishment in

disturbed areas have been well documented (Barea

et al. 2011; Cameron et al. 2013; Garcı́a and Mendoza

2007; Marschner 1998; Smith and Read 2008; Vere-

soglou et al. 2012). Plant mycorrhizal associations are

also of significant importance for the P supply as the

fungal hyphae extend into the soil and allow roots to

explore a larger soil volume (Jayachandran and Shetty

2003; Joseph and Martin 2010; Smith and Read 2008).

Tropical drylands have lost much of their forest

cover due to agricultural expansion, fuelwood and

charcoal production, home construction and livestock

grazing (Bishaw 2001; Jama and Zeila 2005). Estab-

lishment and growth of trees in dryland areas is slow

due to hostile environmental conditions such as low

rainfall, high temperature and overall poor land

management. Hence, the presence of AMF during

re-vegetation of a tree species enhances the long-term

stability by contributing to nutrient cycling processes

and environmental adaptability (Haselwandter and

Bowen 1996; Jasper et al. 1989), which can be

enhanced by inoculating seedlings as trees are estab-

lished. Mycorrhizal inoculation with suitable fungi has

been proposed as a promising tool for improving

restoration success in semi-arid areas especially where

soils are degraded (Barea et al. 2011; Garbaye 2000).

To improve our ability to predict where inoculation is

most likely to be beneficial, knowledge is needed

about effects of site effects on AMF inoculum

potential. Response to inoculation with AMF in field

soils depends upon the degree of mycorrhizal depen-

dence of the host plant, the density and effectiveness

of propagules of indigenous fungi, soil nutrient

concentrations, and rates of fertilizer application

(Camprubı́ et al. 2008; Clark 1997; Seckbach and

Grube 2010; Shepherd et al. 1996).

In Northern Ethiopia, deforestation and poor land

management has resulted in environmental degrada-

tion. To rehabilitate degraded communal grazing

lands, exclosures are established by communities

and local authorities (Mekuria and Yami 2013).

Exclosures are areas from which animals and humans

are excluded with the goal of promoting natural

regeneration of plants and reducing land degradation

of formerly degraded communal grazing lands (Aerts

et al. 2009; Mekuria et al. 2011; Seyoum et al. 2015).

In the different land uses of the study area, be it

grazing or cultivated land or exclosures, important,

multipurpose agroforestry tree species, such as Faid-

herbia albida (Del.) A. Chev., have long been used by

farmers for soil fertility enhancement, crop yield

improvement, and fodder for livestock (Birhane et al.

2016). In these areas, drought and low soil fertility are

two major soil rehabilitation constraints as they have a

negative impact on soil biodiversity (including bene-

ficial root symbionts) and plant physiological pro-

cesses that affect establishment and survival of

seedlings (Cardoso and Kuyper 2006).

Improvement of soil nutrient availability through

application of nitrogen (N), phosphorus (P) or potas-

sium (K) fertilizer and water may increase
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establishment success and growth of dry tropical

seedlings of various species (Khurana and Singh

2001). P and water uptake might be improved by

mycorrhizal inoculation (Mahdi and Atabani 1992).

However, the interactive effect of water stress and soil

P levels on plant responses to AMF is unclear. Studies

have examined growth responses following inocula-

tion of tree species with AMF (Bati et al. 2015; Chev

et al. 2009; Stevens et al. 2011; Xie et al. 2014), but

limited information is available on the growth of F.

albida seedlings inoculated with AMF from different

land uses, under varying water availability or with

different P applications. In this study, we hypothesized

that (i) field-collected inocula from the rhizosphere

soils of F. albida trees grown on different land uses

could enhance growth of F. albida seedlings and (ii)

growth of F. albida seedlings will vary depending on

the AMF status of inoculum soils, soil water avail-

ability and phosphorus levels. The objectives of the

study were: (i) to investigate the growth of F. albida

seedlings inoculated with AMF from different inocu-

lum sources and under different soil water levels and

(ii) to investigate the growth of F. albida seedlings

inoculated with AMF from different inoculum sources

and with different P application levels.

Methods

Sources of AMF inoculum

Soil inocula were collected from the Kilite Awulaelo

District (39�300E–39�450E and 13�450N–14�000N,
altitude 1980–2500 m above sea level (m.a.s.l.) in

northern Ethiopia. The average daily air temperature

ranges between 15 and 30 �C, and the mean annual

rainfall is 558 mm. The greenhouse experiments were

conducted at Mekelle University (13�290N and

39�280E altitude 2200 m.a.s.l.) from July to November

2012. The mean daily temperature of the greenhouse

was 27 �C during the day and 22 �C during the night

with the mean daily average relative humidity of 51%

for the study period.

Soil sampling

Soil samples were collected 1 m from the trunk of six

F. albida trees per land use system (LUS) (cultivated

land, grazing land and exclosure) for soil physical and

chemical analysis and as the sources of inocula for the

greenhouse experiment. Four insertions were made

around each tree at 0–30 cm depth using a cylindrical

soil core with a 10 cm internal diameter and soil from

these four insertions was thoroughly mixed together to

form a composite soil sample. A total of 18 composite

soil samples (from near 6 trees in each of 3 land use

systems) were thus collected. Approximately 1 kg of

soil was taken for soil physical and chemical analysis

and 10 kg retained for the pot experiments.

Physical and chemical analysis of soil samples

The 18 soil samples were analyzed for pH, electrical

conductivity (EC), available P, total nitrogen (TN),

organic matter (OM), exchangeable bases (Na, K, Ca

and Mg), cation exchange capacity (CEC), bulk

density (BD) and soil texture. OM was determined

by the wet combustion procedure of Walkley–Black

(Van Ranst et al. 1999). TN was determined by the

wet-oxidation procedure using the Kjeldahl method

(Bremner and Mulvaney 1982). Available P content

was determined by the P-Olsen method (Olsen and

Sommers 1982). Na, K, Ca and Mg, and CEC were

determined by the 1 M ammonium acetate (pH 7)

method using the percolation tube procedure (Van

Reeuwijk 1995). The effective CEC was calculated as

the sum of exchangeable cations extracted by the

ammonium acetate method plus 1 M KCl

extractable Al. BD was determined by the core

method (Blake and Hartge 1986). pH and EC were

determined using a suspension of 1:2.5 soil: water

ratio. Soil texture was determined using the hydrom-

eter method (Gee and Bauder 1986).

Greenhouse pot experimental design

In this study, two greenhouse experiments were

conducted. The first was a three-factorial experiment

with two levels of AMF treatments (inocu-

lated = AMF? and non-inoculated = AMF-), three

levels of water availability (field capacity (FC), 60%

of FC representing moderate water deficit and 20% of

FC, representing a severe water deficit), and three soil

inoculum sources (soil inocula collected from culti-

vated land, grazing land and area exclosure).

The second experiment also had a three-factorial

experimental design with two AMF levels (AMF?

and AMF-), four levels of P application (0, 25, 50,
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and 100 mg kg-1), and three soil inoculum sources

(cultivated land, grazing land and area exclosure). Soil

in this experiment was maintained at field capacity.

The treatment units were arranged on a greenhouse

bench in a completely randomized design (CRD) with

three replications using a total of 108 seedlings. The

treatment combinations common to both experiments,

i.e. the zero P and at field capacity for both AMF? and

AMF- (a total of 18 pots) were used within both

analyses.

AMF inoculum preparation

Composite soil samples that were used as inocula for

this study were collected during the dry season from

the area surrounding F. albida trees grown on different

land uses. Inocula production followed the method of

Brundrett et al. (1996). The inocula were trapped and

multiplied using Sorghum bicolor plants grown on

sterilized sand and field-collected soil that was auto-

claved at 121 �C for 2 h before filling plastic pots with

10 kg of soil. About 50 g of fungal inocula consisting

of a mixture of soil, spore and root fragments produced

from the rhizosphere of soil and roots of pre-colonized

Sorghum bicolor plants was added near the roots of

each treated (AMF?) seedling. The controls were

prepared without AMF propagules.

Pot experiment

Seeds of F. albida were surface sterilized and allowed

to germinate on the surface of moist filter paper in

sealed 15 cm petri dishes at room temperature. Four

germinating seeds of uniform size were transplanted

into each pot. Potted seedlings were maintained in a

greenhouse until 20 days after sowing. Then, the

seedlings were thinned to select the most vigorous

plant in each pot. In experiment one, the soil water

availability factor was applied by 20% FC, 60% FC

and FC. In experiment two, the P (P2O5) level

treatment was applied to each pot using four different

concentrations (0, 25, 50, and 100 mg kg-1) in a

deionized water mixture.

Harvest and measurements

The plants were harvested 20 weeks after planting.

For each harvested pot, plant shoots were cut at the

base, and roots separated from the soil by washing

over a 1–2 mm sieve into a container and retained.

Total root length was measured using the grid line

transect method (Tennant 1975). Plant height, root

collar diameter, leaf dry mass, stem dry mass, fine root

dry mass, coarse root dry mass, shoot and root dry

mass, root length and leaf number were thus deter-

mined for each plant. Plant dry weight was determined

after drying at 65 �C for 24 h to constant mass.

Assessment of mycorrhizal colonization

Mycorrhizal colonization was assessed as the presence

or absence of arbuscules, vesicles and hyphae using

the grid line intersect method (Giovannetti and Mosse

1980). Collected subsample roots were chopped into

1 cm segments and placed in 50% ethanol and stored

at room temperature until clearing and staining. After

decanting and rinsing the ethanol solution, roots were

treated with 10% KOH and autoclaved at 121 �C for

15 min. Roots were acidified with 3% HCl (v/v) for

30 min at room temperature and stained overnight in a

staining solution of Trypan blue (0.01% w/v) in

lactoglycerol (5:1:1, lactic acid: glycerol: distilled

water) (Brundrett et al. 1996). Afterwards, stained

roots were left in a de-staining solution (50% glycerol)

to remove colorations from empty root cells. Finally,

six randomly selected stained roots from each repli-

cate were prepared and examined at 100–4009

magnification under a microscope. The mycorrhizal

colonization by the different AMF structures was

recorded using root length data.

Statistical analysis

Data were subjected to analysis of variance using SAS

statistical software (version 9) (SAS 2002). Analysis

of variance (ANOVA) including all two- and three-

way interactions was used to test for differences in the

seedling growth parameters and root colonization

among AMF inoculation, land use, water level and P

application. A mean separation was made using

Duncan’s multiple range test after ANOVA showed

significant differences (P\ 0.05).
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Results

Soil properties of the three land use systems

The three soils used to collect the AMF inoculum

sources differed in their mean characteristics for all

parameters except for pH, EC and BD (Table 1). OC,

Total N, available K, Ca, Mg and Na were greater in

cultivated land and lowest in exclosure. CEC was

significantly higher in grazing land than in exclosure.

Soil from cultivated land had a significantly higher silt

and lower sand fraction than the other land uses.

Effect of AMF, water level and AMF inoculum

source on F. albida seedling growth

Shoot height, total dry mass, root collar diameter, total

root length and leaf number of F. albida were

significantly affected by AMF inoculation, water

availability and AMF inoculum source (Table 2).

Significant interactions were observed for AMF 9 -

land use for plant dry mass, AMF 9 water and land

use 9 water for all growth parameters, and AMF 9 -

land use 9 water for root dry mass. AMF inoculation

increased seedling growth, regardless of inoculum

origin and water status. Generally, seedling growth

increased significantly with increasing soil water

availability (Fig. 1). However, the improved growth

with AMF inoculation was more pronounced at FC

and at 60% FC than under 20% FCwhere, presumably,

water was limiting growth and thus AMF inoculation

had less effect. Growth was lowest on soil from

cultivated land. Seedling growth was highest on soils

collected from area exclosure followed by grazing

land, and the lowest was on cultivated land soils.

However, for the 20% field capacity treatment,

seedlings grown on grazing land soil, whose soils

had a higher silt and clay content than exclosure land,

performed better than those on exclosure land,

presumably because of higher water holding capacity.

Effect of AMF, P application level and AMF

inoculum source on F. albida seedling growth

Inoculation of AMF, P application, and soil source led

to significant effects on the F. albida seedling growth

(Table 3). AMF inoculation, and increasing P appli-

cation significantly increased plant height, root collar

diameter, total dry mass, total root length, and leaf

number of F. albida seedlings. F. albida seedling

Table 1 Mean soil characteristics of each land use type used for the pot experiments (Mean SE of six replicates)

Soil properties Unit Land use type F P

Cultivated land Grazing land Area exclosure

pH (H2O, 1:2.5) 6.9a ± 0.1 6.7a ± 0.3 6.9a ± 0.2 0.16 0.8522

EC (ds/m) 0.15a ± 0.03 0.18a ± 0.05 0.11a ± 0.03 1.12 0.3857

O.C (%) 1.01a ± 0.02 1.03a ± 0.06 0.8b ± 0.05 7.16 0.0257

N (%) 0.07a ± 0.01 0.06a ± 0.06 0.035b ± 0.01 19.68 0.0023

Av.P (ppm) 13.1a ± 0.9 10.2a ± 1.5 1.5b ± 0.5 25.68 0.0011

K (centmol(?)/kg 1.09a ± 0.06 0.78b ± 0.08 0.22c ± 0.03 55.68 0.0001

Ca (centmol(?)/kg 2.7a ± 0.29 2.6a ± 0.21 1.4b ± 0.12 10.8 0.0103

Mg (centmol(?)/kg 2.6a ± 0.27 1.78b ± 0.1 1.18c ± 0.26 10.09 0.0121

Na (centmol(?)/kg 0.5a ± 0.02 0.36ba ± 0.03 0.22b ± 0.01 45.96 0.0002

CEC meq/100gm 6.2ba ± 0.38 7.73a ± 0.69 4.8b ± 0.38 8.33 0.0185

BD (g/cm3) 1.62a ± 0.04 1.47ab ± 0.04 1.53a ± 0.04 3.64 0.0924

Sand % 68.3b ± 0.7 86.33a ± 2.9 91.0a ± 1.2 42.04 0.0003

Silt % 19.0a ± 1.2 5.7b ± 1.8 3.0b ± 1.6 38.15 0.0004

Clay % 12.7a ± 0.7 8.0b ± 1.2 6.0b ± 0.1 19.75 0.0023

Textural class Sandy loam Sandy Sandy

Means in the same rows followed by same letter do not differ significantly at P\ 0.05
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growth significantly increased with increasing P

application (Fig. 2). F. albida seedlings grown on

soils collected from area exclosure followed by

grazing land had significantly greater growth, and

the lowest growth was on soil from cultivated land.

Effect of soil water level and inoculum source

on AMF colonization

All F. albida seedlings inoculated with AMF inocula

were colonized by AMF structures (arbuscules, vesi-

cles, and hyphae) regardless of water level (Fig. 3,

Table 4). None of the seedlings from the control group

were colonized by AMF structures. Greater growth

was attained by the plants that were colonized by

AMF. The AMF colonization was found to increase

with increasing soil water for all inoculum sources.

However, the highest percentages of hyphae and

arbuscule fungal structures were observed on seed-

lings grown on soils from area exclosure at FC and

60% FC, whereas for vesicular structures, for the

drought treatments (20% FC and 60% FC) the highest

percentages were observed on seedlings grown on

soils from cultivated land. For the FC treatment,

seedlings grown on grazing land soil had the highest

colonization (Fig. 3).

Effect of phosphorus application level and soil

inoculum source on AMF colonization

All F. albida seedlings receiving different P applica-

tion levels were colonized by AMF structures. The

level of P application and inoculum source signifi-

cantly affected the AMF root colonization percentage

of F. albida seedlings (P\ 0.05) (Table 5). The

highest percentage of hyphae and arbuscule coloniza-

tion was observed on seedlings grown on soils

collected from area exclosure and with the lowest P

application rate (Fig. 4). Hyphae root colonization

decreased with increasing P application rates, whereas

plant growth was enhanced with increasing P appli-

cation rates for all soil inoculum sources.

Fig. 1 Effect of water availability (FC, 60% FC and 20% FC), AMF inoculation (AMF? and AMF-), and soil inoculum source (LU1

cultivated land, LU2 grazing land and LU3 area exclosure) on size and growth of F. albida seedlings
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Discussion

We observed a positive effect of mycorrhizal symbio-

sis on the growth and biomass increment of F. albida

seedlings under greenhouse conditions using surface

sterilized seeds inoculated with AMF from local soils.

Increased growth and development in AMF plants

compared to non-mycorrhizal ones has been reported

for other species (Birhane et al. 2012; Hailemariam

et al. 2013; Smith and Read 2008; Turjaman et al.

2006). The greater plant biomass measured from

treatments inoculated with AMF could be due to

enhanced nutrient uptake due to increased root surface

area that ultimately improved plant growth rate

(Haselwandter & Bowen, 1996; Jayachandran and

Shetty, 2003; Kahiluoto et al. 2009; Ortas and Ustuner

2014; Xie et al. 2014). Birhane et al. (2012) reported a

positive mycorrhizal effect on the growth of Boswellia

papyrifera seedlings over control seedlings, due to

significantly improved P nutrition.

Seedlings grown at field capacity grew better than

those under water stress. This suggests a probable

increase in water and P uptake by AMF (Birhane et al.

2012). Plants that store more water can maintain open

stomata resulting in increased assimilation and

Fig. 2 Effect of P application levels (0, 25, 50, and 100 mg kg-1), AMF inoculation (AMF? and AMF-), and soil inoculum source

(LU1 cultivated land, LU2 grazing land, LU3 area exclosure) on the plant size and growth of F. albida seedlings

Fig. 3 Effects of water availability (FC, 60% FC and 20% FC)

and soils inoculum sources (LU1 cultivated land, LU2 grazing

land, LU3 area exclosure) and their interaction on Arb

arbuscular, Ves vesicular and Hyp hyphal colonization percent-

age of F. albida seedlings
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transpiration rates (Birhane et al. 2012). In agreement

with this study, Birhane et al. (2012) reported that

biomass increment of Acacia etbaica and A. senegal

seedlings increased with increasing water availability.

Seedlings grown on soils collected from area

exclosures had the highest growth and AMF root

colonization percentages and seedlings grown on soil

from cultivated lands had the lowest. Within the

exclosures, grazing and other agricultural activities are

not allowed. This promotes natural regeneration of

vegetation, degradation (Mekuria et al. 2011), and

results in a positive impact on biophysical properties

of formerly degraded communal grazing lands (Men-

gistu et al. 2005). Therefore, a low level of soil

disturbance and high understory vegetation in exclo-

sures (Birhane et al. 2010) can improve AMF prop-

agation and occurrence of AMF in the plant roots,

thereby resulting in greater biomass production of

inoculated seedlings. Grazing lands of the study area

are managed with medium grazing pressure, main-

taining a diverse community of herbs and grasses that

might promote the occurrence of indigenous AMF

propagules. These combined practices resulted in

better seedling growth than cultivated land inoculum

sources. Conversely, seedlings grown on soil from

cultivated land were smallest, whether inoculated or

not, despite the cultivated soil having higher N, P and

K contents and being less sandy with a probable higher

water holding capacity. Where plants were inoculated,

growth was better than non-inoculated plants but still

less than those inoculated with other inocula sources.

Thus there were factors other than those measured

limiting growth on cultivated land and the inoculum

Table 4 Two-way ANOVA assessing the effects of water

availability (field capacity (FC), 60% FC and 20% FC) and soil

inoculum sources (cultivated land, grazing land and area

exclosure) and their interaction on arbuscular, vesicular and

hyphal colonization percentage of F. albida seedlings

Colonization Water Land use Water 9 land use

F P F P F P

Arbuscular 38.57 \ .0001 65.85 \ .0001 7.41 0.001

Vesicular 1.93 0.1745 37.65 \ .0001 2.82 0.0561

Hyphal 23.03 \ .0001 28.2 \ .0001 2.41 0.0868

P\ 0.05 indicates significant sources of variation between treatments

Table 5 Two-way ANOVA assessing the effects of P appli-

cation levels (0, 25, 50, and 100 mg kg-1) and soil inoculum

sources (cultivated land, grazing land and area exclosure) and

their interaction on arbuscular, vesicular and hyphal coloniza-

tion percentage of F. albida seedlings

Colonization Fertilizer Land use Fertilizer 9 land use

F P F P F P

Arbuscular 14.6 \ .0001 36.67 \ .0001 26.51 0.001

Vesicular 5.8 0.0041 34.07 \ .0001 15.82 \ .0001

Hyphal 45.1 \ .0001 4.9 0.0165 9.86 0.001

P\ 0.05 indicates significant sources of variation between treatments

Fig. 4 Effects of phosphorus application levels (0, 25, 50, and

100 mg kg-1) and soils inoculum sources (LU1 cultivated land,

LU2 grazing land, LU3 area exclosure) and their interaction on

Arb arbuscular, Ves vesicular and Hyp hyphal colonization % of

F. albida seedlings
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derived from cultivated land did not have as great an

effect as that from the other land uses. In agricultural

practices, use of heavy fertilizers and fungicides, and

frequent soil disturbance/tillage reduces the lengths of

extra-radical mycelium of AMF and colonization of

roots (Boddington and Dodd 2000; Gosling et al.

2006), and the infectiveness of indigenous mycor-

rhizal populations (Schreiner and Bethlenfalvay 1995;

Eason et al. 1999; Friberg 2001; Gosling et al. 2014;

Martinez and Johnson 2010; Onguene et al. 2011;

Ortas, 2015). This suggests that land use variations

could be attributed to differences in the number of

infective AMF spores and hyphae in the colonized

roots of the trees grown on the different land use types

(Gai et al. 2006; Jefwa et al. 2009; Ndoye et al. 2012;

Tchabi et al. 2008).

Inoculating F. albida seedlings and applying P

fertilizer resulted in an additive effect on biomass

production, thus biomass increment was higher than

with P application on non-inoculated seedlings. The

increase of phosphatase activity in mycorrhizal plants,

which has been reported by several other researchers

(Dodd et al. 1987; Khalil et al. 1994), is most likely

due to higher phosphatase activity of the internal

hyphae produced by mycorrhizal fungi (Saito 1995).

Inoculated F. albida seedling growth increased with

increasing level of P application, yet the level of AMF

colonization decreased with increasing P application

rates. In this investigation the mycorrhizal dependency

in seedlings was high at the lowest level of P

application. This positive effect on plant growth is in

agreement with the studies of Gnekow and Marschner

(1989), in which mycorrhizal growth enhancement of

Malus domestica (apple) remained significant in

substrates containing high levels of extractable P.

Results of the present study demonstrate mycorrhizal

symbiosis and suggest P nutrition as an important

benefit. Greater responsiveness to and dependence of

AMF is characteristics of mycorrhizal plants grown at

lower soil P concentrations and low tissue P concen-

tration (Smith and Read 1997).

Conclusion

The present study suggests a positive effect on F.

albida trees if properly inoculated with AMF,

although percentage colonization was lower under

the highest rates of P fertilizer application

(100 mg kg-1). AMF/inoculated seedlings show sig-

nificant growth increment and increased colonization

with increasing soil water availability. The highest

growth of AMF inoculated seedlings was recorded at

field capacity, using AMF from area exclosure. The

lowest growth was recorded under 20% field capacity

and with cultivated land inoculum sources. P applica-

tion resulted in significant increases in plant height and

dry mass. Plant growth and biomass increased with

increasing level of P application, yet the AMF

colonization percentage decreased with increasing P

application. However, the highest growth parameters

of AMF inoculated seedlings was recorded on F.

albida seedlings grown on soil collected from area

exclosure followed by grazing land, and the lowest

was on soil inoculum from cultivated land. Generally,

this emphasizes the importance of prior native soil

mycorrhizal potentials of area exclosure and grazing

land to enable screening for better combinations of F.

albida seedlings with AMF inoculation, under low

water stress and low P application rate to achieve

optimum plant growth improvement and environment

protection. This knowledge is essential for rehabilita-

tion efforts of dryland areas. Hence, further field

studies are needed to confirm the beneficial effects of

AMF inoculum because there might be other biotic

and abiotic factors interacting with AMF.
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