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Abstract

An evaluation of the mycorrhizal status of desertification-threatened ecosystems has been recommended as a first step
in rehabilitation/restoration approaches based on revegetation strategies using arbuscular mycorrhizal (AM) technology.
Representative desertified semiarid areas were selected from southeast Spain where the vegetation is dominated by grasses,
with Stipa tenacissimausually present, and with some patches of the shrubsPistacia lentiscus, Rhamnus lycioides, Olea
europaeasubsp.sylvestrisandRetama sphaerocarpa. The objective of this study was to evaluate the mycorrhizal potential
in these soils, the contribution of the different species established to the mycorrhizal potential of the soils and to assess the
main mycorrhizal propagules involved. There were more AM fungal propagules in the rhizospheres of all the shrub species
studied compared with adjacent fallow soils, suggesting that AM propagules can be considered as a functional component of
the resource islands developing around plant roots.R. sphaerocarpaandO. europaeahad a higher capacity to enhance the
development of mycorrhizal propagules in their rhizospheres thanR. lycioidesandP. lentiscus. Correlation analyses showed
that the number of spores of the most representative AM fungal species, i.e.Glomus constrictum, and the total length of
extraradical AM mycelium are the propagule sources which were best correlated with the mycorrhizal potential in terms of
the number of “infective” AM propagules in the rhizosphere of the target plant species. The contribution of AM symbiosis
to the potentiality ofS. tenacissimaas nurse plant was site dependent. Diversity of AM fungi present in the test area is rather
low, indicating the high degree of degradation of the ecosystem. At most, only four AM fungal spore morphoecotypes were
consistently detected in the rhizosphere of the target plant species.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Well-developed, fully functional, “internal sym-
bioses” were already recognised in pioneering studies
to be fundamental for ecosystem stability and sustain-
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ability (Odum, 1959). Research carried out in recent
decades corroborates such a statement and empha-
sises the role of mycorrhizal symbioses in sustaining
a vegetation cover in natural habitats (Harley, 1971;
Jeffries and Barea, 2001). In fact, the mycorrhizal
symbioses enhance the ability of the plant to be-
come established and to cope with stress situations,
such as nutrient deficiency, drought, soil distur-
bance, etc. (Barea et al., 1997; Schreiner et al., 1997;
Bethlenfalvay and Linderman, 1992).

In semiarid Mediterranean ecosystems, scarce and
irregular rainfall, a long dry and hot summer and man-
mediated degradative activities may synergistically
act as driving-forces able to promote desertification
processes. Degradation of natural plant communities,
in terms of population structure, successional patterns
or species diversity, is known to occur concomitantly
with degradation of physico-chemical and biological
soil properties (Skujins and Allen, 1986; Garcı́a et al.,
1997; Albaladejo et al., 1998; Requena et al., 2001).
In particular, reductions in the belowground microbial
diversity and/or activity are usually associated with
land degradation (Kennedy and Smith, 1995). Mycor-
rhizal symbioses and their propagules usually suffer
from degradative processes (Brundrett, 1991; Jasper
et al., 1991; McLellan et al., 1995), and it has been
demonstrated that mycorrhizal activity, among other
biological processes within the soil–plant system, is
clearly diminished by desertification in Mediterranean
ecosystems (Requena et al., 1996). Because of the
key ecological functions of mycorrhizal symbioses,
loss or diminution of the mycorrhizal potential in de-
graded areas may limit the successful reestablishment
of native plants (Herrera et al., 1993; Sylvia, 1990;
Roldán et al., 1997).

Dwarf shrub and grass communities are character-
istic of degraded semiarid Mediterranean ecosystems,
particularly in southeast Spain (López-Bermúdez
and Albaladejo, 1990), and it is recognised that
re-establishing adapted native tall shrub species is a
key step in restoration strategies (Francis and Thornes,
1990; Vallejo et al., 1999). As Requena et al. (1996)
have found, most of the native tree and shrub species
in these communities are known to form arbuscu-
lar mycorrhiza with microscopic fungi of the order
Glomales (Morton and Benny, 1990).

Within the framework of revegetation programmes
currently being developed in southeast Spain, a

number of drought-tolerant, deep-rooting model shrub
species are being assayed. These programs include
the use of mycorrhizal inoculation technologies to in-
crease revegetation success. However, little is known
about the potential of the species actually present
in the target ecosystems for providing mycorrhizal
propapules or as a basis to produce arbuscular myc-
orrhizal (AM) inoculum for selected plant species to
be used in the revegetation strategies.

Shrub and tall-grass species in degraded semiarid
ecosystems typically grow following a patchy dis-
tribution, with very low values of plant cover. The
vegetation patches commonly constitute “fertility
islands” (Garner and Steinberger, 1989), or “resource
islands” (Reynolds et al., 1990; Schlesinger et al.,
1996), where facilitation among plants may be highly
fostered (Callaway, 1995, 1997).

Stipa tenacissimaL. is a nearly omnipresent
species in the target semiarid areas. Recent studies
have described the improving effect ofS. tenacissima
tussocks on their own microenvironment through
self-promoting changes in microclimate, soil struc-
ture, water infiltration, and organic matter inputs in re-
lation to between-tussock areas (Cerdà, 1997; Bochet
et al., 1999; Valladares and Pugnaire, 1999). In ad-
dition, it has been recently reported thatS. tenacis-
sima tussocks could facilitate the introduction of
tall shrub species (Maestre et al., 2001), thus act-
ing as “nurse plants”, as termed byCarrillo-Garćıa
et al. (1999). However, there is no previous assess-
ment of the mycorrhizal potential contribution of this
species to the overall improvement of tussock mi-
crosites and thus its potential to benefit plant–plant
interactions.

The general objective of the current study was to
assess the AM status in the rhizosphere of selected
model plants so that the natural mycorrhizal potential
could be considered as a functional component of such
resource islands to be exploited as a source of AM
inoculum.

2. Materials and methods

2.1. Study areas and target plant species

The experimental area is located in the neighbour-
ing Murcia and Alicante provinces, southeast Spain.
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The climate is semiarid Mediterranean, with ex-
tremely hot and dry summers and with rainfall occur-
ring mostly in autumn. The vegetation in these areas
is dominated by grasses, withS. tenacissimausu-
ally present, and with some patches of slow-growing
shrubs.

Two surveys were carried out. Survey 1 was de-
veloped at the El Picarcho experimental site located
in Murcia (1◦10′W, 38◦23′N, 320 m above sea level).
The predominant soils areHaplic CalcisolsandPet-
ric Calcisolsdeveloped from limestone with a sandy
loam texture (FAO, 1988). The average annual pre-
cipitation is 280 mm, the mean annual temperature
is 16.5◦C, and potential evapotranspiration reaches
900 mm per year. The topography of the area is
mainly flat and slopes do not exceed 6%. The plant
cover is sparse and degraded due to ancient graz-
ing. Four representative shrub species from this site,
and in general from semiarid shrublands in south-
eastern Spain, namelyPistacia lentiscusL., Rham-
nus lycioidesL., Olea europaeaL. subsp.sylvestris
L. and Retama sphaerocarpa(L.) Boiss., were se-
lected as target species. A comprehensive analysis
of the mycorrhizal status (number of infective AM
propagules) and the types of propagules (spores, ex-
traradical AM mycelium or AM root fragments) was
carried out in the rhizosphere of the four test shrub
species.

The aim of survey 2 was to assess the potential
role of the nearly omnipresentS. tenacissimaas
nurse plants facilitating the establishment of other
key species. This experiment was carried out in
four experimental sites, including El Picarcho and
three other sites located in the province of Alicante:
Aguas (0◦21′W, 38◦31′N, 460 m above sea level),
Campello (0◦23′W, 38◦30′N, 380 m above sea level)
and Ballestera (0◦22′W, 38◦28′N, 140 m above sea
level). These areas represent open degraded steppe
sites, with plant cover ranging from 45 (Aguas site)
to 59% (Ballestera site) and slope angles ranging
from 12 (Aguas) to 21◦ (Ballestera). All these three
sites have loamy-silty loamLithic Calciorthid soils
derived from marls and limestone. The climatic con-
ditions range from 258 mm average annual precipi-
tation and 18◦C average annual temperature at the
Ballestera site to 288 mm average annual precipita-
tion and 16◦C of average annual temperature at the
Aguas site.

2.2. Mycorrhiza determinations in the rhizosphere
of the target species

For survey 1, 20 individual plants similar in size
(five replicates for each of the four target shrub
species) were randomly chosen in a homogenous area
from the El Picarcho site measuring approximately
4 ha. One soil sample from around the roots of each
individual plant was collected, each sample consist-
ing of five bulked subsamples (200 cm3 soil cores)
randomly collected at a depth of 10–20 cm. ForStipa
plants, samples were taken from the four experimental
sites as before. In all cases, soil samples from bare soil
microsites away from plant influence were also taken.

The mycorrhizal potential in these soil samples was
measured by the dilution technique (Sieverding, 1991).
This method allows calculation of the most probable
number (MPN) of mycorrhizal propagules able to de-
velop colonisation units on the root of a test plant.

The mycorrhizal root length in the rhizosphere soil
samples was microscopically assessed in a representa-
tive root aliquot by using the gridline intersect method
of Giovannetti and Mosse (1980), after clearing and
staining the root samples with trypan blue (Phillips
and Hayman, 1970). The length of the extraradical
AM mycelium was measured by a combination of
the filtration-gridline methods ofJones and Mollison
(1948), Newman (1966)andMiller et al. (1995), us-
ing trypan blue for staining the AM hyphae.

AM fungal spores were extracted from rhizosphere
soil by wet sieving and decanting, followed by sucrose
centrifugation (Sieverding, 1991). After centrifuga-
tion, the supernatant was poured through a 50�m
mesh and quickly rinsed with tap water. Spores were
counted using a Doncaster dish under the dissecting
microscope, and grouped according to morphologi-
cal characteristics. Permanent slides were prepared for
each different spore morphotype using both polyvinyl
alcohol and polyvinyl alcohol plus Melzer’s solution
(1:1). After confirming the uniformity of the morpho-
logical groups under the optical microscope, the dif-
ferent morphotypes were identified to genus and, when
possible, to species. Spore identification was mainly
based on spore size and colour, wall structure and hy-
phal attachment (Walker, 1983; Morton and Benny,
1990; Schenk and Perez, 1990; INVAM, 1997).

Richness and relative abundance of each fungal
species in the rhizosphere of each target plant were
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calculated. Mycorrhizal fungal diversity was then cal-
culated by using the Shannon–Wiener index, which
combines two components of diversity: species rich-
ness and evenness of individuals among the species
(Krebs, 1985).

2.3. Statistical analysis

Analyses of variance (ANOVA) were used to test
differences and, when appropriate, Fisher’s protected
least significant differences test was used for compar-
ison of means. Correlation coefficients were gener-
ated to examine the relationships between the studied
components of the AM population and the number of
mycorrhizal propagules (MPN) in the soil. Multiple
stepwise regression with a forward selection proce-
dure was performed to determine the relationship
between the number of mycorrhizal propagules and
selected mycorrhizal parameters. All analyses were
performed using SPSS statistical software.

3. Results

3.1. Survey 1

All of the four shrubs formed AM symbiosis. Myc-
orrhiza formed byP. lentiscusandR. lycioideswere of
the Paris-type, showing exclusively intracellular hy-
phal development with a cell-to-cell passage, and pro-
ducing many coiled hyphae and arbuscules. Roots of
O. europaeaandR. sphaerocarpashowedArum-type
mycorrhiza, characterised by the abundant intercellu-
lar hyphae and arbuscules.

The four test shrub species maintain a population
of infective mycorrhizal propagules in soil affected
by their roots (Table 1). The capability of the dif-
ferent target plant species to enrich the soil with

Table 2
Mycorrhizal propagules in soil from around the root system of the target shrub species (N = 5)

Plant species Length of extraradical AM
hyphae (m g−1 dry soil)

Number of AMF spores
100 g−1 of dry soil

Mycorrhizal root length
(cm g−1 dry soil)

Pistacia lentiscus 1.19 a 49 a 0.71 a
Rhamnus lycioides 1.67 a 61 ab 0.94 a
Olea europaeasubsp.sylvestris 2.45 b 83 b 1.36 ab
Retama sphaerocarpa 2.64 b 151 c 2.28 b

Data in the same column sharing a letter in common do not differ significantly (P < 0.05) by the Fischer’s least significant difference test.

Table 1
Most probable number (MPN) of mycorrhizal propagules in soil
from around the root system of the target shrub species and from
open sites (N = 5)

Plant species MPN of mycorrhizal
propagules (g−1 dry soil)

Open sites 0.24 a
Pistacia lentiscus 0.41 a
Rhamnus lycioides 1.65 b
Olea europaeasubsp.sylvestris 2.97 c
Retama sphaerocarpa 3.78 c

Data sharing a letter in common do not differ significantly (P <

0.05) by the Fischer’s least significant difference test.

“infective” mycorrhizal propagules was in the order
R. sphaerocarpa> O. europaea> R. lycioides> P.

lentiscus.
Analysis of soil samples with regard to the type

of AM fungal propagules present in the rhizospheres
of either P. lentiscus, O. europaea, R. lycioidesor
R. sphaerocarpa, shows that the length of extrarad-
ical mycelium, number of fungal spores and mycor-
rhizal root length, were highest in soil from aroundR.
sphaerocarparoots and lowest in that fromP. lentis-
cus(Table 2).

Three species of AM fungi,Scutellosporasp.,Glo-
mus coronatumandG. constrictumwere present in the
rhizospheres of the four test plant species, withEn-
trophosporasp. also present in the rhizosphere ofO.
europaea(Fig. 1). The richness and abundance of each
AM fungal spore morphotype in soil differed with the
host plant. The diversity of the AM fungal species as
calculated by the Shannon-Wiener index in samples
of soil associated with each of the shrub species, was:
0.856 for R. sphaerocarpa, 0.814 for O. europaea,
1.080 forR. lycioidesand 1.081 forP. lentiscus.

Regression analyses aimed at assessing which type
of AM propagules were most strongly correlated
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Fig. 1. Abundance of AMF species in the rhizosphere of the plants studied.

with the mycorrhizal inoculum potential in the rhi-
zosphere of the test plant species showed that the
highest correlation coefficient corresponded with
the length of extraradical AM mycelium (MPN=
−2.114+ 2.172(length of extraradical AM hyphae),
R2 = 0.984) and the number ofG. constrictum
spores, followed by the length of mycorrhizal root
fragments (Table 3). The correlation between the total
number of AM fungal spores and the total number of
infective mycorrhizal propagules was not statistically
significant.

3.2. Survey 2

Two-way ANOVA followed by Fisher’s protected
least significant difference tests shows that the number

Table 3
Correlation coefficients for several components of the arbuscular
mycorrhizal population and the number of mycorrhizal propagules
(MPN) in soil from around the root system of the target shrub
species and from open sites (N = 5)

Variable Pearson’s correlation
coefficient

Total length of extraradical AM hyphae 0.997∗∗
Number ofGlomus constrictumspores 0.991∗∗
Length of mycorrhizal root fragments 0.948∗
Total number of AMF spores 0.897

∗ Significant atP < 0.05.
∗∗ Significant atP < 0.01.

Table 4
Most probable number (MPN) of mycorrhizal propagules (g−1 dry
soil) in bare soil or in soil taken from around fiveStipa tussocks
at each of four sites

Site Bare soil Rhizosphere soil
from Stipa tussocks

El Picarcho (Murcia) 0.24 a 1.12 b
Aguas (Alicante) 0.61 ab 1.14 b
Campello (Alicante) 0.61 ab 1.04 ab
Ballestera (Alicante) 0.91 ab 0.75 ab

Average 0.65 a 0.99 b

Data corresponding to the different sites and soils sharing a letter
in common do not differ significantly (P < 0.05) by the Fischer’s
least significant difference test.

of mycorrhizal propagules in soil from around the tus-
socks ofS. tenacissimawas significantly higher than
that in the bare soil betweenStipaplants, when the data
for the four sites were and analysed together (Table 4).
However, site-by-site analysis shows that the differ-
ences were statistically significant only at the El Pi-
carcho site (Table 4).

4. Discussion

All the target plants examined in this study were
heavily mycorrhizal, indicating a high level of my-
cotrophy of the existing vegetation within the test
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ecosystems. Survey studies carried out as other deser-
tified area of the southeast of Spain (Requena et al.,
1996, 1997), involving different plant species, also
showed a considerable mycotrophic habit for most of
the plant species actually present.

It is known that a patchy distribution of individual
plant species from the natural succession is character-
istic of arid and semiarid ecosystems (Halvorson et al.,
1994). In addition, some perennial plants are known
to create resource islands and behave as “ecosystem
engineers” (Jones et al., 1997). Plants analysed in the
present study, currently grown dispersed in patches,
develop an AM mycelial network colonising soil mi-
crohabitats surrounding the roots. The AM mycelium
is connected with the root system of plants growing
nearby and allows an exchange of nutrients between
them (Allen and Allen, 1992; Bethlenfalvay and
Schüepp, 1994) as found in the present study. This
extramatrical AM mycelium can, therefore, be a func-
tional component for the development and functions
of the resource islands to enhance an early integration
of mycotrophic seedlings into the system, as corrob-
orated byCarrillo-Garćıa et al. (1999, 2000). Results
from the present study, therefore, suggest an impor-
tant ecosystem function for the mycotrophic target
plant species in providing available AM propagules
as a source of inoculum for plant seedlings in either
natural or directed revegetation processes.

As was to be expected (Eom et al., 2000), the
four target shrub species differed in their capabil-
ities to enrich the soil in mycorrhizal propagules,
with R. sphaerocarpaand O. europaeahaving a
higher capacity to enhance the development of AM
propagules in their rhizospheres thanR. lycioidesand
P. lentiscus. This can be explained considering that
the first two species formArum-type mycorrhizas
while R. lycioidesandP. lentiscusform those of the
Paris-type. Paris mycorrhizas, common in Mediter-
ranean ecosystems (Bedini et al., 2000), allocate most
of their carbon to intraradical rather than extraradical
development and sporulation.

It is noteworthy thatStipa, despite having a fibrous
root system, is strongly mycotrophic, probably an
adaptation for multiple (drought, nutrient deficit, etc.)
stresses This study suggests that AM propagules in
the rhizosphere ofStipa plants can contribute to the
nurse role of this species, as reported byMaestre
et al. (2001). However, this potential is dependent

on the site; thus, further work is needed to support a
generalised contribution of AM symbiosis to the role
of Stipaas nurse plant.

Correlation analysis showed that the number of
spores of the most representative AM fungal species,
i.e.G. constrictum, and the total length of extraradical
AM mycelium are the propagule sources which were
best correlated with the total mycorrhizal potential in
the rhizosphere of the target plant species. These find-
ings agree with previous observations showing that
the mycelium extending from mycorrhizal roots is
usually the main source of inoculum in semiarid and
arid ecosystems, while the importance of soilborne
spores is less recognised (McGee, 1989; Brundrett
and Kendrick, 1991; Requena et al., 1996; Bashan
et al., 2000). Although the total number of AM fungal
spores was relatively low in the ecosystem, and not
significantly correlated with the mycorrhizal potential
of the rhizosphere soil studied, the number of spores of
a particular AM fungal species (G. constrictum) was
correlated. This indicates some contribution of AM
fungal spores to the mycorrhizal potential of the area.

Different AM fungal species have different effects
on plant performance and nutrient cycling (Allen
et al., 1995; Newsham et al., 1995; Jeffries and Barea,
2001). Furthermore, AM fungal communities have
been shown to have the potential to determine plant
community structure (van der Heijden et al., 1998a,b).
Thus, concepts such as “functional diversity” (Allen,
1996) and “successional pattern” (Aziz et al., 1995;
Gould and Hendrix, 1998) must be considered in
ecological studies involving mycorrhizal symbioses.
In fact, particular AM fungal species, and not all the
components of the AM fungal population, appear to
play a key ecosystem role at a given stage of the
AM fungal succession and mycorrhizal functionality
(Jeffries and Barea, 2001). These statements could
explain why in the reported experiments the number
of infective mycorrhizal propagules in the rhizosphere
of the target plant species was not correlated with the
total number of AM fungal spores but was for a partic-
ular species, i.e.G. constrictum. Probably this fungus
is better adapted to germinate and colonise plant roots
under the conditions of the test soils. In fact, this AM
fungal species has been demonstrated to be an effec-
tive mycorrhizal inoculum in other experimental area
in the same region (Requena et al., 2001), and could
be a relevant component of the resource islands.
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Diversity studies showed that, at most, only four
AM fungal spore morphotypes were consistently de-
tected in the rhizosphere of the target plant species.
These have been isolated, multiplied and their
monospecific cultures established. Diversity of AM
fungi present in the test area seems, therefore, rather
low, indicating the high degree of degradation of the
ecosystem (Margalef, 1974; Krebs, 1985). Interest-
ingly, and in spite of the fact that the test ecosystem
was situated about 300 km apart from that previously
studied byRequena et al. (1996), based on the shrub
legume Anthyllis cytisoides, the same AM fungal
species characterised as colonising the rhizospheres
of R. sphaerocarpa, R. lycioides, O. europeaand P.
lentiscusin the present study, were also present in
the rhizosphere ofAnthyllis plants (Requena et al.,
1996). Clearly, these AM fungal strains can be con-
sidered “ecotypes” (Jeffries and Barea, 2001), which
are physiologically and genetically adapted to the
whole environment of the desertification-threatened
Mediterranean ecosystems in the southeast of Spain.
Functional compatibility tests also demonstrate the
effectiveness of the ecotypes isolated to improve the
performance of the target plant species. Accordingly,
it is logical to propose the exploitation of such AM
fungal propagules in revegetation strategies with in-
digenous plant-fungal symbioses.

In conclusion, our results support the importance
of the natural mycorrhizal potential associated with
patchily distributed woody species from the natural
succession in degraded ecosystems. The native AM
fungi seem to be a functional component of the re-
source islands created by the perennial woody species,
which seem able to act as a source of inoculum to im-
prove nursing seedling performance. An AM mycelial
network, either growing out from roots or arising from
germinating spores, appears to guarantee effective my-
corrhizal development in the ecosystem.
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