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Summary
The effectiveness of reforestation programs on degraded
soils in the Mediterranean region is frequently limited by a
low soil availability and a poor plant uptake and assimilation
of nutrients. While organic amendments can improve the
nutrient supply, inoculation with mycorrhizal fungi can
enhance plant nutrient uptake. A pot experiment was con-
ducted in 2004 to study the influence of inoculation with an
arbuscular mycorrhizal (AM) fungus (Glomus intraradices
Schenck & Smith) or with a mixture of three AM fungi
(G. intraradices, G. deserticola Trappe, Bloss. & Menge, and
G. mosseae (Nicol & Gerd.) Gerd. & Trappe) and of an
addition of composted sewage sludge or Aspergillus niger–
treated dry-olive-cake residue on plant growth, nutrient

uptake, mycorrhizal colonization, and nitrate reductase (NR)
activity in shoot and roots of Juniperus oxycedrus L. Six
months after planting, the inoculation of the seedlings with G.
intraradices or a mixture of three AM fungi was the most
effective treatment for stimulating growth of J. oxycedrus.
There were no differences between the two mycorrhizal treat-
ments. All treatments increased plant growth and foliar N and
P contents compared to the control plants. Mycorrhizal inocu-
lation and organic amendments, particularly fermented dry
olive cake, increased significantly the NR activity in roots.
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1 Introduction

The drought-tolerant Juniperus oxycedrus L. shows promise
for the reforestation of degraded lands in Mediterranean
regions. However, the performance of this shrub is frequently
limited by a low soil availability and a poor plant uptake and
assimilation of nutrients. The establishment of a mycorrhizal
symbiosis can improve the performance of shrub species in
semiarid ecosystems (Caravaca et al., 2003a). Arbuscular
mycorrhizae (AM) can contribute substantially to the P and N
nutrition of plants. In addition, an increase in nitrate reductase
(NR) activity has been shown in both roots and shoots of AM-
infected plants under induced water deficit (Caravaca et al.,
2003b). The identification of efficient AM strains is a prerequi-
site to inoculation programs, since nutrient uptake and meta-
bolism in mycorrhizal plants depend on the mycorrhizal endo-
phyte (Azcón and Tobar, 1998). The quality and productivity
of degraded soils can be improved by organic amendments
(Roldán et al., 1996). The beneficial effects of organic
amendments include provision of plant nutrients, increased
humus content and thereby increased water-holding capacity,
improved soil structure, and increased microbiological activ-
ity, which, in turn, favor the establishment and viability of a
stable plant cover (Caravaca et al., 2003c). Negative effects
of such amendments greatly depend on their content of

heavy metals and xenobiotica. For example, the use of dry
olive cake has been shown to have a detrimental effect on
seed germination, plant growth, and microbial activity and
phytotoxic effects of olive-mill residues, due to their phenol,
organic-acid, and fatty-acid contents have been reported
(Linares et al., 2003). Efforts to decrease the environmental
impact of olive-mill wastes include biological fermentation
with filamentous fungi, such as Aspergillus niger (Vassilev et
al., 1995), or white-rot fungi (Linares et al., 2003). Such bio-
systems, involving agrowastes and microorganisms, have
been used for rock-phosphate (RP) solubilization and
improvement of crop plant growth and nutrition in agricultural
soils (Vassilev et al., 1998). Other organic amendments, such
as sewage sludge, should be composted before they are
applied to soil in order to achieve biological transformations
of the organic matter and avoid the presence of those organic
substances, which can be considered phytotoxic (Gliotti et
al., 1997). However, there are no data on the effects of dry
olive cake or sewage sludge, or their interactions, with
respect to the performance of mycorrhizal shrub species in
revegetation programs. Besides plant-growth parameters,
the efficient uptake of nutrients and their assimilation, particu-
larly that of nitrate-N, are of interest in this context.

The objective of this study was to compare the effectiveness
of mycorrhizal inoculation with an AM fungus or with a
mixture of three AM fungi and/or the addition of composted
sewage sludge or A. niger–treated olive-cake residue, with
respect to nitrate reductase activity in root and shoot, mycor-
rhizal colonization, plant growth, and nutrient uptake in
Juniperus oxycedrus L.
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2 Materials and methods

2.1 Growing conditions and substrates

A pot experiment was carried out in the nursery of the Uni-
versity of Murcia (SE Spain) in 2004. During the 6-month
experimental period, the temperature ranged from 11°C to
34°C, and the relative humidity was between 40% and 80%.
Midday photosynthetically active radiation (PAR) averaged
260 µE m–2 s–1.

An agricultural soil that had been used to cultivate citrus fruits
was collected near Murcia. The main characteristics of the
soil used were: pH (H2O, 1:5) 8.89; electrical conductivity
0.18 dS m–1; organic C 1.80%; total N 2.01 g kg–1; available
P 70 µg g–1; extractable K 440 µg g–1; cation-exchange capa-
city 15 cmol kg–1.

The compost used in this experiment was produced from a
mixture of wood shavings and an aerobically digested
sewage sludge, at a rate of 1:1 (v:v). The sewage sludge was
obtained from a water-treatment plant in Murcia. During the
first 2 months of the composting process, the waste heaps
were turned in open air nine times, while during the following
2 months (maturation stage), the compost was allowed to sta-
bilize on boards. Dry olive cake, a lignocellulosic material ob-
tained from an olive-mill located in Granada (Spain), was
dried at 60°C and then ground to pass a 2 mm–pore screen.
Portions of 15 g of dry olive cake were mixed with 40 mL of
Czapek solution (agar 15.0 g L–1; K2HPO4 1.0 g L–1; FeSO4 ·
7 H2O 0.01 g L–1; KCl 0.5 g L–1; MgSO4 · 7 H2O 0.5 g L–1;
NaNO3 3.0 g L–1; sucrose 30.0 g L–1; pH = 7.3) for static fer-
mentation in 250 mL Erlenmeyer flasks. Rock phosphate
(Morocco fluorapatite, 12.8% P, 1 mm mesh), was added at a
rate of 0.75 g per flask. This medium was sterilized by auto-
claving at 120°C for 30 min. A spore suspension of Asper-
gillus niger NB2 (1.2 × 107) was spread carefully over the
surface of the medium. The mixture was allowed to ferment
at 30°C for 20 d without shaking. The characteristics of the
composted sewage sludge and the dry olive cake after
fermentation were determined by standard methods (Page
et al., 1982) and are shown in Tab. 1.

2.2 Plant materials

The plant used for the experiment, J. oxycedrus, is a low-
growing tree reaching a height of 3–4 m, which often grows
as a shrub. This shrub has a typical Mediterranean distribu-
tion and is well-adapted to drought conditions. However,
knowledge of revegetation strategies involving J. oxycedrus
is still very limited. Seeds of J. oxycedrus were grown for
8 months in peat and cocopeat (1:1, v:v) substrate under nur-
sery conditions without fertilizer addition. At the time of plant-
ing, average shoot dry weight was about 0.81 g.

The mycorrhizal fungi used in the experiment, Glomus intrar-
adices Schenck & Smith (EEZ 1), Glomus deserticola
Trappe, Bloss. & Menge (EEZ 45), and Glomus mosseae
(Nicol & Gerd.) Gerd. & Trappe (EEZ 43), were obtained from
the collection of the experimental field station of Zaidín, Gran-
ada. The acronym EEZ refers to Estación Experimental del

Zaidín. The AM fungal inoculum consisted of a mixture of rhi-
zospheric soil from trap cultures (Sorghum sp.) containing
spores, hyphae, and mycorrhizal root fragments.

2.3 Experimental design and layout

The experiment was a mesocosm assay, laid out as a
completely randomized two-factorial design with five replica-
tions (45 pots). The first factor (organic amendments) com-
prised an nonamended control, the addition of composted
sewage sludge at a rate of 5% (w/w), and the application of
fermented dry-olive-cake residue at a rate of 5% (w/w) to the
soil. The second factor (inoculation) comprised an noninocu-
lated control, inoculation of J. oxycedrus plants with G. intra-
radices, and inoculation with a mixture of G. intraradices,
G. deserticola, and G. mosseae.

In 600 mL pots, 400 g of soil were placed. In early February
2004, the amendments (composted sewage sludge or fer-
mented dry-olive-cake residue) were mixed manually with the
experimental soil. The corresponding arbuscular mycorrhizal
inoculum was applied at a rate of 5% (v/v). The same amount
of an autoclaved mixture of the inocula was added to control
plants, supplemented with a filtrate (<20 µm) of the culture to
provide the microbial populations accompanying the mycor-
rhizal fungi. One J. oxycedrus seedling was transplanted per
pot, and the plants were well watered with tap water during
the 6 months of the growth period.

2.4 Plant analyses

Basal stem diameter and height of plants were measured,
and the fresh and dry (105°C, 5 h) mass of shoots and roots
were recorded 6 months after treatment application. Plant
tissues were ground prior to chemical analysis. Foliar con-
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Table 1: Chemical characteristics of the composted sewage sludge
and the fermented dry olive cake.

Composted
sewage sludge

Fermented
dry olive cake

pH (H2O, 1:5) 6.1 ± 0.0* 4.0 ± 0.0

Electrical conductivity
(1:5, lS cm–1)

3095 ± 48 1231 ± 6

Organic C (g kg–1) 380 ± 4 222 ± 1

Water-soluble C (lg g–1) 7245 ± 22 1146 ± 9

Total N (g kg–1) 14.5 ± 0.1 6.2 ± 0.1

Total P (g kg–1) 4.5 ± 0.1 3.8 ± 0.1

Fe (lg g–1) 6562 ± 165 –

Cu (lg g–1) 212 ± 8 –

Zn (lg g–1) 588 ± 30 –

Ni (lg g–1) 44 ± 3 –

B (lg g–1) 85 ± 2 –

Cd (lg g–1) 9 ± 1 –

Pb (lg g–1) 180 ± 28 –

* Mean ± standard error (N = 6).
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centration of N and P was determined after digestion in nitric
perchloric acid (5:3) for 6 h, by colorimetry according to
Murphy and Riley (1962). Foliar P was determined colorime-
trically according to Murphy and Riley (1962), foliar N was
determined after Kjeldahl digestion.

The percentage of root length colonized by arbuscular mycor-
rhizal fungi was calculated by the gridline intersect method
(Giovannetti and Mosse, 1980) after staining with trypan blue
(Phillips and Hayman, 1970).

Nitrate reductase activity was assayed in vivo by measuring
NO�

2 production in tissue that had been vacuum infiltrated
with buffered NO�

3 solutions (Downs et al., 1993). The roots
and shoots from the seedlings were collected in the morning
between 8:30 and 11:00 solar time. Roots and shoots of
J. oxycedrus were cut into 5 mm sections. Approximately
300 mg of tissue were placed into tubes containing 2 mL of
an incubation medium consisting of 0.05 M tris-HCl at pH 7.8
and 0.25 M KNO3. The tubes were sealed and kept in the
dark at 30°C for 1h. The nitrite released into the medium was
determined after incubation by treating 1 mL of the aliquots
with 1 mL of 1% sulfanilamide in 1 M HCl and 1 mL of 0.01%
N-1-napthyl-ethylenediamine hydrochloride (NNEDA). After
15 min, the optical density was measured at 540 nm with a
Beckman spectrophotometer.

2.5 Statistical analyses

Data were log-transformed to achieve normality. Additions of
composted sewage sludge or fermented dry-olive-cake resi-

dues, mycorrhizal inoculation and their interaction effects on
measured variables were tested by a two-way analysis of var-
iance, and comparisons among means were made using the
least-significant-difference (LSD) test, calculated at p < 0.05.
Statistical procedures were carried out with the software
package SPSS 10.0 for Windows.

3 Results

3.1 Growth and mycorrhizal infection of J. oxyce-
drus

The effect of the application of organic amendments to the soil
and the inoculation of J. oxycedrus with mycorrhizae, sole or in
combination, on plant-growth characteristics and fungal coloni-
zation of roots was compared. Six months after treatment appli-
cation, the addition of composted sewage sludge and of fermen-
ted dry olive cake as well as the mycorrhizal inoculation had sig-
nificantly increased shoot and root dry weights, height, and
basal diameter of J. oxycedrus seedlings compared to the nona-
mended and noninoculated control (Tabs. 2 and 3). The AM
inoculation increased shoot biomass more effectively than the
addition of organic amendments alone, and there were no signif-
icant differences between the two mycorrhizal-inoculation treat-
ments. Combining mycorrhizal inoculation with the addition of
composted sewage sludge or fermented dry olive cake in-
creased the growth of seedlings more than with each treatment
applied separately.

All treatments increased foliar contents of N and P over the
control plants (Tabs. 2 and 3). As observed for the growth
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Table 2: Growth parameters, leaf N and P content, mycorrhizal colonization of roots, and nitrate reductase activity of J. oxycedrus seedlings in
response to composted sewage sludge and addition of fermented dry olive cake and mycorrhizal inoculation 6 months after treatment applica-
tion (n = 5).

C S D G M SG SM DG DM

Height (cm) 19*
(1)

26
(1)

24
(1)

27
(1)

24
(1)

28
(1)

29
(1)

29
(1)

23
(1)

Basal diameter (mm) 2.8
(0.0)

3.5
(0.0)

3.3
(0.1)

3.6
(0.1)

3.4
(0.1)

3.4
(0.1)

3.1
(0.1)

3.1
(0.1)

3.2
(0.0)

Shoot dry matter (g plant–1) 2.64
(0.07)

3.39
(0.06)

3.44
(0.04)

3.84
(0.15)

4.21
(0.17)

4.19
(0.09)

4.32
(0.18)

4.46
(0.04)

3.96
(0.06)

Root dry matter (g plant–1) 1.46
(0.13)

2.65
(0.12)

2.12
(0.10)

2.71
(0.11)

2.30
(0.12)

2.65
(0.11)

2.41
(0.15)

2.52
(0.05)

2.05
(0.10)

Nitrogen (mg plant–1) 15.4
(0.9)

30.1
(1.0)

31.0
(0.8)

35.2
(0.9)

36.1
(1.2)

35.4
(1.1)

34.4
(1.3)

34.5
(1.0)

35.6
(1.2)

Phosphorus (mg plant–1) 0.90
(0.11)

2.80
(0.25)

3.00
(0.19)

3.52
(0.20)

3.40
(0.23)

3.41
(0.18)

3.25
(0.17)

3.33
(0.20)

3.40
(0.21)

Mycorrhizal colonization (%) 18
(1)

5
(1)

10
(2)

47
(2)

63
(1)

37
(2)

33
(1)

53
(2)

56
(1)

Shoot NR activity (nmol NO�
2 (g FW)–1 h–1) 3.58

(0.12)
2.77
(0.07)

7.08
(0.73)

3.89
(0.45)

1.98
(0.07)

4.95
(0.39)

3.01
(0.21)

4.53
(0.39)

6.94
(0.81)

Root NR activity (nmol NO�
2 (g FW)–1 h–1) 6.54

(0.13)
12.93
(0.52)

14.75
(1.36)

11.19
(0.96)

10.65
(0.19)

11.65
(0.87)

11.10
(0.71)

12.32
(0.38)

31.94
(1.28)

C = control; S = composted-sewage-sludge addition; D = addition of fermented dry olive cake; G = inoculation with G. intraradices; M = inocula-
tion with a mixture of three AM fungi; SG = composted-sewage-sludge addition and inoculation with G. intraradices; SM = composted-sewage-
sludge addition and inoculation with a mixture of three AM fungi; DG = addition of fermented dry olive cake and inoculation with G. intraradices;
DM = addition of fermented dry olive cake and inoculation with a mixture of three AM fungi.
NR: nitrate reductase; FW: fresh weight.
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parameters, mycorrhizal inoculation was the most effective
treatment to increase foliar N and P contents of shoots.

Mycorrhizal inoculation resulted in significantly higher per-
centages of root colonization by the fungus than in noninocu-
lated plants, with highest colonization in case of the mixture
of three AM fungi (Tab. 2). The application of composted sew-
age sludge or fermented dry olive cake reduced root coloni-
zation, irrespective of the inoculation treatment.

3.2 Nitrate reductase activity

Irrespective of treatment, nitrate reductase (NR) activity was
lower in shoots than in roots of J. oxycedrus (Tab. 2). Only
treatments involving the application dry olive cake resulted in
a significant increase of shoot NR activity . This effect was lar-
gest when dry-olive-cake application was combined with a
mixed inoculation of mycorrhizal fungi (Tabs. 2 and 3). In
roots, all but the control treatments tended to increase NR
activity. However, this effect was significant only in the case
of dry olive cake, irrespective of the AM-inoculation treat-
ment. There was a positive interaction between the addition
of fermented dry olive cake and the inoculation with the mix-
ture of three AM fungi. The root NR activity of seedlings
inoculated with a mixture of mycorrhizal fungi and grown in
the soil amended with fermented dry olive cake was about
five times higher than that of control plants.

4 Discussion

A successful reforestation of degraded land may require the
addition of nutrients and organic matter to the soil. Two widely
available organic nutrient sources in the Mediterranean
region comprise sewage sludge and olive residues. Further-
more, there is a need to enhance the capacity of the refores-
tation species to acquire and assimilate nutrients. This can
effectively be achieved by inoculation with appropriate mycor-
rhiza strains. The combined effects of organic soil amend-
ments and mycorrhizal inoculation is seen to substantially
improve the performance of reforestation species such as
J. oxycedrus.

Published research on the use of organic soil amendments in
eroded soils shows that organic amendments can improve a
range of soil-physical parameters and increase soil nutrient
content and availability, particularly of N and P (Navas et al.,
1999; Cox et al., 2001). The results of the present study
demonstrate the viability of applying fermented dry-olive-
cake residues in the presence of rock phosphates and com-
posted sewage sludge in order to improve nutrient supply
and hence the growth of J. oxycedrus. Plants grown in soil
amended with fermented dry olive cake or composted sew-
age sludge had higher nutrient (N and P) contents in their tis-
sues than plants grown in the nonamended soil. During the
course of A. niger fermentation, the rock phosphate is solubi-
lized, increasing the level of bio-available P in the dry olive
cake (Vassilev et al., 1998). The absence of a negative effect
of the fermented residue on the growth of J. oxycedrus
suggests that phytotoxic substances in dry olive cake are
reduced during the fermentation process. The two organic
amendments produced similar increases in biomass yield, in
spite of the different amount and nature of their organic
matter and different contribution of N and P nutrients to soil.
For example, the dissolved organic carbon or water-soluble
C, which has been proposed as a parameter of compost
maturity, was higher in the composted sewage sludge than in
the fermented dry olive cake.

The two mycorrhizal-inoculation treatments showed the
same effectiveness with respect to improving the perfor-
mance of J. oxycedrus, and both inoculation treatments were
more effective with respect to increasing shoot biomass than
the addition of organic amendments alone. The fact that the
foliar N and P contents of plants inoculated with AM fungi
were higher than those of noninoculated plants grown in the
soil amended with fermented dry olive cake or composted
sewage sludge reaffirms the key role of mycorrhizae in sus-
taining the plant cover under conditions of nutrient deficiency,
as well as showing the potential of including mycorrhizal
inoculation to guarantee plant performance in revegetation
programs. On the other hand, the benefit of the combined
treatment on growth of J. oxycedrus seedlings was not addi-
tive and was similar to that of each individual treatment.

Juniperus species prefer the uptake of nitrate over that of
ammonium. Nitrate is also the dominant inorganic N form in
aerobic organic substrates such as sewage-sludge compost
or dried olive cake. However, nitrate needs to be enzymati-
cally reduced to translate nitrate-N uptake into N assimilation
for proteins or chlorophyll synthesis. The enzyme responsible
for this reduction, nitrate reductase, is induced by high nitrate
supply (Kandlbinder et al., 2000). The fact that plants growing
in the amended soil showed higher NR activity than control
plants could be due to higher soil nitrate supply, arising from
the fermented dry olive cake or composted sewage sludge.
The reduction process is highly energy-demanding and
hence frequently limited by P availability. Combining the NR
activation through nitrate addition via organic amendments
with improved P uptake trough mycorrhizal fungi is seen to
enhance the N assimilation of J. oxycedrus. It is worth noting
the synergistic effect between the fermented dry olive cake
and inoculation with a mixture of three AM fungi for increasing
NR activity in roots of J. oxycedrus.
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Table 3: Two-factor ANOVA (composted-sewage-sludge addition
and addition of fermented dry olive cake and mycorrhizal-inoculation
treatments) for selected performance parameters of J. oxycedrus
seedlings 6 months after treatment application.

Amendment
(A)

Mycorrhiza
(M)

Interaction
(A × M)

Height <0.001 <0.001 0.008

Basal diameter 0.063 0.002 <0.001

Shoot 0.001 <0.001 0.029

Root 0.009 0.002 0.003

Foliar N <0.001 <0.001 0.322

Foliar P <0.001 <0.001 0.185

Colonization 0.010 <0.001 0.846

Shoot nitrate reductase 0.047 0.373 0.339

Root nitrate reductase 0.001 0.041 0.180
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In addition to the effect of mycorrhizal activity on plant N
acquisition, some studies have shown an increased NR activ-
ity both in the shoot (Azcón and Tobar, 1998) and in the root
(Caravaca et al., 2003b) of mycorrhizal plants. This can be
seen as an indicator for NO�

3 assimilation, indicating an
increase in N metabolism in AM plants. In our study, the
presence of AM fungi in the roots positively affected NR activ-
ity in the roots of J. oxycedrus, but there were no significant
differences between the two mycorrhizal treatments. Some
authors speculated that the increase in NR activity of mycor-
rhizal plants can be related to this enzyme’s requirement for
phosphate, which may complex with the molybdenum of the
enzyme, thereby facilitating NO�

3 reduction (Ruíz-Lozano and
Azcón, 1996). As indicated above, inoculated plants had
higher foliar P contents than noninoculated plants. Apart from
a mycorrhizal effect on the NR activity of the host plants, it
has been shown that AM fungi possess NR activity (Kaldorf
et al., 1998).

In conclusion, the mycorrhizal inoculation effectively stimu-
lated the growth of J. oxycedrus. Both microbial-treated dry
olive cake and composted sewage sludge enhanced nutrient
uptake and N assimilation. The combined use of both organic
amendments and mycorrhizal inoculation appears effective
to stimulate J. oxycedrus-seedling growth for use in refores-
tation programs.
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