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ABSTRACT

Interactions between arbuscular mycorrhizal fungi (AMF) and plants are essential components of
ecosystem functioning; however, they remain poorly known in dry ecosystems. We examined the
relationship between seven shrub species and their associated AMF community in a semi-arid plant
community in southern Spain. Soil characteristics and plant physiological status were measured and
related to AMF community composition and genetic diversity by multivariate statistics. We found
differences in AMF communities in soils under shrubs and in gaps among them, whereas no differences
were detected among AMF communities colonizing roots. Soil nutrients content drove most of the spatial
variations in the AMF community and genetic diversity. AMF communities were more heterogeneous in
fertile islands with low nitrogen-to-phosphorus ratio and vice versa. AMF genetic diversity increased in
soils limited by phosphorus and with high soil organic matter content, while AMF genetic diversity
increased in roots growing in soil not limited by phosphorus. Overall, we could not find a clear link
between plant performance and the associated AMF community. Our findings show that different shrub
species generate islands of fertility which differ in nutrient content and, therefore, support different AMF
communities, increasing AMF diversity at the landscape level.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding interactions below and aboveground is essential
to explain the dynamics of plant communities, although most
research is focused on aboveground interactions (Callaway and
Aschehoug, 2000; Callaway and Walker, 1997; Holmgren et al,,
1997; Tilman et al.,, 1997). In the last decade, however, the impor-
tance of diversity and distribution of soil microorganisms for
ecosystem functioning has been highlighted, emphasizing the
significance of plant—soil interactions in shaping plant communities
(Smith and Read, 2008; Van Der Putten, 2003; Wardle et al., 2004);
nevertheless, the role of such interactions on plant community
dynamics needs more attention (Bardgett et al., 1999; Bartelt-Ryser
et al., 2005; Kardol et al., 2007).

In arid ecosystems, where nutrient accessibility by plants is
often low because of water scarcity, below and aboveground
interactions have been developed as a response to drought. Shrubs
and trees often act as nurse plants (Niering et al., 1963), forming
resource-rich patches that facilitate growth of other species (Flores
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and Jurado, 2003; Ludwig et al., 2005; Pugnaire et al., 1996b) and
lead to a heterogeneous distribution of soil resources. Growth of
arbuscular mycorrhiza fungi (AMF) is enhanced in such patches and
mycorrhiza potential (i.e., AMF inoculum) has been shown to
increase in the rhizosphere of arid shrub species (Azcén-Aguilar
et al,, 2003; Moora and Zobel, 2010). Under harsh environmental
conditions mycorrhized plants may increase their competitive
ability (Johnson et al., 2010). Previous studies in patchy environ-
ments have revealed that AMF stimulate growth of shrubs and their
responsiveness to drought (Goicoechea et al., 2005; Querejeta et al.,
2007) while at the same time shrubs exert a selective pressure on
AMF species (Alguacil et al., 2009). There is empirical evidence
showing how AMF identity and diversity shape plant communities
(Klironomos et al., 2000; van der Heijden et al., 1998a; van der
Heijden et al., 1998b). However, more insights on AMF diversity,
distribution patterns, and ecological function in arid environments
are needed to fully understand plant—AMF interactions, particu-
larly in dry environments due to the relatively low number of field
studies compared to temperate regions.

The use of molecular techniques revealed an unexpectedly
high diversity of AMF (Helgason et al., 2002; Redecker, 2002) and
strong host specificity (Helgason et al., 2007; Johnson et al., 2003;
Vandenkoornhuyse et al., 2002) challenging the traditional view of
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a relatively low number of species described (c.152 species in 6
genera, Walker and Trappe, 1993) with a large number of host
species (c. at least 80% of vascular plants Trappe, 1987). However,
our knowledge is still limited as recent reports have shown that
AMF—plant associations may not always be species-specific (Opik
et al., 2009; Santos et al., 2006) and factors such as soil proper-
ties can determine AMF—plant interactions (Landis et al., 2004;
Lekberg et al., 2007).

The incidence and direction of AMF—plant interactions may
depend on belowground feedbacks (Casper et al.,, 2008) which
explain how the presence of a given plant species modifies the soil
community in a way that eventually alters its own and other
species’ performance (Bever, 1999, 2003; Klironomos, 2002;
Reynolds et al., 2003). When plant performance is improved in
association with microorganisms, it leads to increased abundance
of both the plant species and its associated microorganisms,
displacing others (Bever, 2003; Reynolds et al., 2003). However, the
opposite occurs when feedbacks contribute to the persistence of
competitor species (Bever, 2003). As a result, belowground feed-
backs may lead to changes in species diversity; therefore, knowl-
edge about AMF diversity and distribution both in soil and roots, as
well as plant performance is very useful to describe patterns of
AMF—plant interactions.

We addressed these points in an observational study where we
determined AMF community distribution and its relationships with
the plant community and soil properties in a semi-arid region in SE
Spain. We characterized AMF genetic diversity in two compart-
ments, rhizosphere and roots, and related these data with soil
nutrient content and plant performance. We assumed that AMF
diversity would be equal or higher in soils than in roots due to the
different AMF taxa interacting with different plant species. We
hypothesized that in this community 1) different islands of fertility
generated by shrub species lead to changes in soil AMF commu-
nities composition, and 2) root colonization by AMF is species-
specific and differs among shrub species.

2. Materials and methods
2.1. Study site and species

The field site is located in the northern foothills of Sierra Alha-
milla range (37°01’N, 2°25’'W, 350 m elevation) in Almeria, Spain.
The plant community is composed of isolated native shrubs which
usually create resource islands beneath their canopies, with relative
nutrient-rich soils and increased water availability compared to
bare ground areas (Pugnaire et al., 2004). Bare ground areas among
shrubs are colonized by biological crusts and annual plant species,
usually grasses. Soil is an orthic solonchak with calcic regosol
inclusions. It had a silt-loamy texture without rock fragments
(51.7% silt, 15.1% clay and 9.1% sand). pH is 8.1, carbonate content is
24.0% and potassium is 0.9 ug/g (Perez-Pujalte, 1987). Phosphorus
(P), nitrogen (N) and soil organic matter (SOM) were characterized
in collected soil samples. The climate is Mediterranean semi-arid
with a mean annual precipitation of 242 mm and mean annual
temperature of 17.9 °C. Drought is pronounced during the summer
season (June to September), when there is almost no rain, and
mean maximum temperatures can reach above 40 °C (Pugnaire
et al.,, 2004).

In June 2008 we sampled roots and soils under shrubs and in
gaps between them. Target species were Artemisia barrelieri
(Besser), Hammada articulata (Moq.) O. Bolos & Vigo, Launaea
arborescens (Batt.) Murb., Retama sphaerocarpa (L), Salsola genis-
toides (Juss. ex Poir. in Lam.), Salsola oppositifolia (Desf.) and Thymus
hyemalis (Lange) intermixed in a flat, homogeneous area of ca.
2500 m?. Shrubs of similar sizes and separated from each other at

least 3 m were chosen for sampling. The dominant species is R.
sphaerocarpa while T. hyemalis is the less abundant one, and the
other species are equally distributed. All of them are typically found
in semi-arid environments of SE Spain (Peinado et al., 1992), and
are evergreen species which differ in leaf lifespan and photosyn-
thesis pathway (Table 1), adopting different strategies to cope with
drought (Miranda et al., 2010; Padilla et al., 2009).

2.2. Plant physiological status

Plant physiological status (n = 5 shrubs per species) was
assessed in June 2008. Pre-dawn relative water content (RWC) in
above plant tissues was determined following Barrs (1968).
Maximum photochemical efficiency of photosystem II (Fv/Fm) was
measured early in the morning with a portable fluorimeter (PEA,
Hansatech, Kings Lynn, UK) in leaves dark-adapted for 30 min. Leaf
conductance to water vapor (gs) and photosynthetic rate (A) were
measured on green, mature leaves held perpendicular to the sun
beam (1603 + 25.92 pmol m~2 s, mean incident PPFD) during
early morning hours (07:00—08:30 solar time), i.e., at the time of
maximum photosynthetic rates for most of the species in the area
(Haase et al., 1999; Munne-Bosch et al., 2003). Measurements were
made with a portable infrared gas analyzer (Li-6400; Li-Cor
Biosciences, Nebraska USA) under ambient CO, concentrations and
light conditions. Temperature inside the cuvette never exceeded
the external air temperature by more than 2 °C during each
measurement, and differences among temperatures along the
measurement period never exceeded +1.5 °C.

2.3. Soil and root sampling

Fine roots from each individual sampled (n = 3 per species) and
rhizosphere soil (n = 5 per species) from the first 15 cm of soil were
sampled close to the main trunk of each target plant and from gaps
among shrubs (n = 5). Sampling tools were cleaned with water and
sterilized with 10% NaClO (diluted commercial bleach) and 70%
ethanol between samples to avoid cross contamination. Soil and
root samples were kept in an ice chest and brought immediately to
the lab. Roots were then washed thoroughly with distilled water
and a sonicator was used to remove soil particles. Soil samples were
sieved through a 2 mm mesh.

Both root and soil samples were divided in two subsamples, one
of each was frozen at —80 °C for later DNA extraction and the other
dried at 70 °C for 48 h. Dried roots were used for monitoring
arbuscular mycorrhizal colonization and dry soil samples for
nutrient analyses.

2.4. Soil nutrient analyses
Total N was calculated from colorimetry of NH3 obtained after

Kjeldahl digestions (Bremner, 1965). Available soil phosphate was
calculated by colorimetry (Watanabe and Olsen, 1965), and organic

Table 1
Main traits of target species (Miranda et al., 2010; Padilla et al., 2009).

Family Rooting Photsynthesis Flowering time
depth pathway
L. arborescens ~ Compositae Shallow (3, cladodes  Spring—Summer
R. sphaerocarpa Leguminosae Deep (3, cladodes  Spring
S. oppositifolia  Chenopodiaceae Medium (4, succulent Summer—Fall
leaves
S. genistoides Chenopodiaceae Shallow C3, cladodes = Summer
A. Barrelieri Compositae Medium (3, leaves Spring
T. hyemalis Lamiaceae Shallow C3, leaves Winter—Spring

H. articulata Chenopodiaceae Medium C3, leaves Summer—Fall
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carbon (C) was oxidized by wet digestion and determined by
colorimetry (Hesse, 1971). Afterwards, C values were multiplied by
1.72 (Waksman coefficient) to obtained SOM. Soil analyses were
performed at the Laboratorio Agroalimentario de Atarfe (Junta de
Andalucia, Granada, Spain).

2.5. AMF root length colonization

Dried roots were rehydrated and stained with trypan blue
(Phillips and Hayman, 1970). A modified line intersection method
(McGonigle et al., 1990) was applied to determine the percentage of
roots colonized by AMF. For each sample, presence of hyphae,
vesicles, and arbuscules was recorded and a minimum of 50
intersections points were scored in 30—50 cm of roots.

2.6. Composition and genetic diversity of AMF communities

The AMF community under each shrub species was character-
ized in the rhizosphere and in roots, as well as in bare spaces
between shrubs. AMF community composition and genetic diver-
sity was analyzed using terminal restriction fragment length
polymorphism (T-RFLP; Liu et al., 1997). DNA was extracted from
200 mg of roots using the DNeasy® Plant Mini Kit (Quiagen,
Crawley, UK) and from the soil using the Power Soil DNA Isolation
Kit (Mo Bio Labs, CA, USA). DNA amplifications were obtained by
nested PCR. In the first PCR we used the primer pair LR1 and
FLR2for the amplification of the 5’ end of LSU rDNA sequences in
general fungi (Trouvelot et al., 1999; van Tuinen et al., 1998) and in
the second we used the AMF specific primers FLR3 and FLR4;
(Gollotte et al., 2004; Mummey and Rillig, 2007). The master mix of
both reactions consisted of 10 mM of DNTPs, 0.4 mM of each
primer, 0.4 ul of BSA (10 mg/ml) (New England BioLabs, MA, USA),
0.1 pl of Taq Polymerasa 5p/pl (MRC Labs, Cambridge, England) and
2.6 pl of PCR Buffer (MRC Labs, Cambridge, England) plus 1 ul DNA
resulting a final volume of 20 pl. Thermal cycling for the PCR
reactions started with a denaturing step at 94 °C for 3 min, 35 cycles
for 1-min at 93 °C, 1 min at 54 °C for primer pairs LR1 and FLR2 and
56 °C for primers pair FLR3 and FLR4, and 1 min at 72 °C, followed
by a final extension step of 72 °C for 10 min.

PCR amplicons from the last PCR reaction were incubated with
SAP (shrimp alkaline phospatase) for 1 h at 37 °C and 15 min at
65 °C and digested with restriction enzymes (Taql; Fermentas Lab.,
Nunningen, Switzerland) for 6 h at 65 °C. Digestion products were
precipitated with ethanol (95%) and sodium acetate 3 M (pH 4.6)
and resuspended in deionised water.

TRF was separated by capillary electrophoresis and sizes from
each sample were determined using a 3100 automated capillary
DNA sequencer with Liz 500 (Applied Biosystems, Foster City, USA)
as the size standard and then visualized with Peak Scanner™
Software (Applied Biosystems, Foster City, USA).

Peaks were filtered by setting the minimal cut-off height under
100 fluorescence units to exclude background noise. TRF fragments
smaller than 50 base pairs (bp) and bigger than 400 bp were also
excluded. TRF occurring in only one sample was considered arte-
facts of the T-RFLP procedure. Finally, the genetic diversity of the

Table 2

AMF community of each sample was estimated from the TRF counts
and the AMF community composition was calculated from the
presence/absence TRF matrix constructed from data resulting from
T-RFLP.

2.7. Data analysis

Differences in plant physiological status were tested by MANOVA,
and soil characteristics, percentage root length infected by AMF, and
their genetic diversity by ANOVA. Prior to analyses we checked for
the homogeneity of variances using Levene’s test. When significant
differences were found, differences were analyzed with Tukey’s
post-hoc tests.

We compared AMF community composition and genetic diver-
sity in roots, rhizosphere, and gaps among shrubs with multivariate
methods. A binary code was used for presence (1) and absence (0) of
each TRF count. The Segrensen similarity matrix was used to perform
a Non-metric Multidimensional Scaling (NMDS) to graphically
visualize community composition patterns. The purpose of NMDS is
to construct a “map” or configuration of samples which relative
distances indicating relative similarity, so that samples with very
similar composition are close and vice versa (Bennett et al., 2009).
The same matrix was used to perform one-way analysis of similarity
(ANOSIM) to test for significant differences in AMF community
composition associated with the different shrub species and in gaps
among them (Clarke, 1993).

Using principal component analysis (PCA) we related both soil
characteristics and plant physiological status to AMF genetic
diversity. PCA reduces the number of variables to few axes or
components along samples and are spatially distributed. Each
component maximized the variance of samples projected onto it
and informs about the intensity and direction of the variable.
Additionally, we analyzed the correlation among AMF genetic
diversity, soil N:P ratio and SOM using Pearson r coefficient.

A significance level of 0.05 and marginally significant P-level up
to 0.08 were considered for General Lineal Models (GLM) and
correlations.

General Lineal Models were performed with the Statistica 7.0
software (StatSoft Inc., Tulsa, OK, USA). Multivariate analysis was
performed with the PRIMER-E 6.0 software (PRIMER-E, Plymouth,
UK; Anderson, 2001).

3. Results
3.1. Soil characteristics

Soil properties under shrubs were overall different among
species (Table 2). Soils under A. barrelieri had the lowest total N and
SOM content and R. sphaerocarpa and H. articulata the highest.
Phosphorus content varied among plant species (F730 = 2.76
P < 0.05) and although post-hoc pairwise comparisons were not
significant, we observed that soils under A. barrelieri and H. artic-
ulata tended to have the highest P content, whereas the lowest
were under T. hyemalis and R. sphaerocarpa (Table 2).

Total nitrogen (N), available phosphorous (P), soil organic matter (SOM), C:N and N:P ratios in soils beneath different shrub species and in bare ground in between (mean =+ SE;
n = 5). * and different letters in a row denote significant differences among species (P < 0.05), ¥ denotes P = 0.06. Values are means = 1SE.

ANOVA A. barrelieri  H. articulata L. arborescens R. sphaerocarpa S. genistoides S. oppositifolia  T. hyemalis Gaps
N (%)  Fz3z=451% 0.04 + 0.00° 0.11 + 0.022 0.06 + 0.01%° 0.09 + 0.01% 0.07 + 0.01% 0.08 £0.01®®  0.07 +£0.01®®>  0.06 = 0.01%°
P (ppm) F730)=2.76* 5.40 + 0.67° 5.80 + 0.80? 3.80 + 0.49%° 250 £ 029%°  3.20 + 0.20% 380+ 1.62° 225+025°  3.00+0.31%
SOM (%) Fi732) = 3.63** 0.35 + 0.08° 1.29 + 0.34 0.74 +0.11%* 109 + 0.21° 0.8 +0.12%°¢ 098 +0.21*° 073 + 0.07%*°  0.52 + 0.13>
C:N F732) = 3.63** 3.94 + 0.61° 5.52 + 0.40%° 5.56 + 0.56%° 6.07 + 0.30% 5.23 + 0.22%° 6.0 + 0.45° 511+ 020  4.15 + 0.50°

N:P Fe730) = 4.35%** 81.1 + 10.45" 192.86 + 25.427° 182.80 + 27.82% 354.13 + 69.807 240.83 + 35.95%" 314.40 + 66.23° 330.83 + 54.05° 202.83 + 26.00%
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C:N and N:P ratios in soils differed among shrubs and gaps.
Although C:N ratio was always lower than 10, soils under
R. sphaerocarpa and S. oppositifolia had the highest values while
soils under A. barrelieri and bare ground areas had the lowest
(Table 2). N:P ratios ranged 81.1—354.1, the highest values being
under R. sphaerocarpa, S. oppositifolia, and T. hyemalis, and the
lowest under A. barrelieri (Table 2).

3.2. Plant physiological status

The different shrub species showed different physiological status
(Fa24 = 6.31, P < 0.001) regarding RWC, Fv/Fm, A and gs. Summer
drought was more stressful for A. barrelieri, H. articulata and
T. hyemalis, with RWC values between 0.4 and 0.6, while L. arbor-
escens, R. sphaerocarpa and both Salsola species remained above 0.7
(Fs22 = 19.32, P < 0.001; Fig. 1a). The Fv/Fm values showed a trend
similar to RWC. L. arborescens and R. sphaerocarpa had values close to
the optimum (~0.8; sensu Maxwell and Johnson, 2000) while
T. hyemalis had the lowest (Fg 22 = 11.04, P < 0.001; Fig. 1b).

Early morning gas exchange rates varied among species
(Fig. 1c—1d; Fg22 = 12.75, P < 0.01 for A, and Fg 2, = 2.84, P < 0.05
for g5). T. hyemalis and A. barrelieri displayed the lowest A values as
gas exchange was almost arrested in these species, while S. oppo-
sitifolia, H. articulata and L. arborescens showed the highest A values.
Leaf conductance to water vapor, gs, was marginally higher in
L. arborescens than in T. hyemalis.

3.3. AMF communities

Significant differences among shrubs were found in the percent
root length colonized by AMF (Fg 10 = 3.60, P < 0.05) but no differ-
ences were detected regarding percent of arbuscular and vesicular
colonization of roots (Fg 10 = 1.83, P= 0.19; Fg 10 = 0.50, P < 0.80). The
highest AMF colonization was found in H. articulata, R. sphaerocarpa,
T. hyemalis and S. oppositifolia (ranging 40.21% 4+ 4.03—31.67% 4 3.10)
and the lowest in L. arborescens (15.88% + 4.11).

Ab Ha La Rs Sg So Th

Ab Ha La Rs Sg So Th
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AMEF genetic diversity differed among soil (F73; =4.86, P < 0.01)
and root (Fg14 = 2.84, P = 0.05) samples. The highest AMF genetic
diversity was found in soils under R. sphaerocarpa and in gaps
among shrubs, whereas the lowest diversity was found in soils
beneath A. barrelieri and H. articulata (Fig. 2). The highest genetic
diversity of AMF in roots was found in A. barrelieri and S. genistoides
while T. hyemalis, H. articulata and R. sphaerocarpa had significantly
lower values. Four out of seven shrub species had a higher AMF
genetic diversity in their rhizosphere soil than in roots [i.e., t-tests
of soil vs. roots was significant for T. hyemalis, S. oppositifolia and R.
sphaerocarpa (P < 0.05), and marginally significant for L. arbor-
escens (P = 0.07)].

Results of NMDS of soil TRF data separated AMF communities
under A. barrelieri from the other shrub species and gaps. AMF
communities under T. hyemalis, R. sphaerocarpa, S. oppositifolia and
S. genistoides were closely placed (Fig. 3a), suggesting that these
species harbour similar soil AMF communities. In roots, however,
the NMDS of TRF data did not group AMF communities according to
host species (Fig. 3b). AMF-TRF of roots and soils were clearly
differentiated if pooled together in the NMDS analysis (Fig. 3c),
suggesting differences between the AMF communities present in
the soil and colonizing the roots.

Differences in AMF community composition in the soil rhizo-
sphere of target species and gaps were apparent in the ANOSIM
analysis (R = 0.35; P < 0.01). R statistic indicated that dissimilarity
was higher among sample sites (target species and gaps) than
within sites. However, we did not find differences in AMF commu-
nity composition in roots of target species (R = 0.08 P = 0.21).

Principal components 1, 2 and 3 accounted for 76% of the
total sample variance (39%, 23% and 14% for PC1, PC2 and PC3,
respectively). The PCA showed that AMF genetic diversity in soils
and roots had different trends (Fig. 4a). Soil AMF genetic diversity
followed the same pattern as N and SOM but were opposite to P
content, while AMF genetic diversity in roots had a trend opposite
to N and SOM (Fig. 4a). Plant physiological variables tended to have
the same trends as soil AMF genetic diversity, and opposite to root
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e 1111110
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Fig. 1. Relative water content (RWC), maximum photochemical efficiency of photosystem II (Fv/Fm); leaf photosynthetic rate (A) and leaf conductance to water vapor (gs) of
different shrub species (mean + 1SE; n = 5). Within each panel, bars with different letters indicate significant differences among species (P < 0.05); + marginal difference (P = 0.08).
Artemisia barrelieri (Ab), Hommada articulata (Ha), Launaea arborescens (La), Retama sphaerocarpa (Rs), Salsola genistoides (Sg), Salsola oppositifolia (So), Thymus hyemalis (Th) and

gaps among shrubs (Gp).
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Fig. 2. Genetic diversity of AM communities. Bars are mean number of AMF-TRFs &+ 1
SE in soil (solid bars; n = 5) and roots (grey bars; n = 3) beneath the canopy of seven
shrubs species and in bare ground. Different capital case and low case letters indicate
significant differences among species for soil and root samples, respectively (Tukey’s
and Fisher post-hoc test for soils and roots, respectively P < 0.05). Species abbreviation
as in Fig. 1.

AMF genetic diversity (Fig. 4b). These results agree with the posi-
tive correlation found between soil AMF genetic diversity and plant
RWC (r = 0.31; P = 0.07), as well as with soil N:P ratio (r = 0.40,
P < 0.05), and SOM content (r = 0.28; P = 0.08). AMF genetic
diversity in roots was inversely correlated to soil N:P ratio
(r=-0.61; P < 0.01).

4. Discussion

Our findings suggest that AMF communities in the rhizosphere
of different shrubs species are mainly influenced by soil nutrients
content.

As expected, different shrub species generated different soil
patches (resources islands) under their canopies and modified
soil characteristics in such a way that may have affected the
composition of AMF communities in soil. Some of the AMF
communities established under shrubs species were similar among
each other e.g., R. sphaerocarpa, T. hyemalis, S. oppositifolia and
S. genistoides. Whereas the composition of AMF communities found

under A. barrelieri and, to a lesser degree, under H. articulata largely
differed from the AMF community under other target species and
gaps. Since dispersal does not limit fungal distribution at short
distances (Dumbrell et al., 2009; Lekberg et al., 2007) the patterns
we observed are likely a consequence of plant specific effects on soil
nutrient content. It has been shown that soil characteristics such as
humidity (Wolfe et al., 2007), structure (Lekberg et al., 2007), fertility
(Alguacil et al., 2010; Egerton-Warburton et al.,, 2007; Landis et al.,
2004) and disturbance (Rodriguez-Echeverria and Freitas, 2006)
influenced AMF community composition and distribution.
Contrary to our expectations, AMF communities in roots did not
differ among shrub species. We chose seven species with con-
trasting characteristics such as photosynthetic strategy or root
system, but all of them were shrubs characterized by forming
fertility islands. It is likely that selecting other functional types such
as herbs or annual species may have revealed greater differences. In
addition, number of samples collected was low and only large
differences among species could be detected. These results are,
however, in line with recent reports that did not find host speci-
ficity (Santos et al., 2006) and suggest that AMF association with
plants may occur at higher hierarchical level such as the plant
functional type or ecological group (Opik et al, 2009) and not
necessarily at the species level (van der Heijden and Horton, 2009).
Soils under our shrubs and in gaps between them had low C:N
ratio values (<10) indicating N was mineralized and available for
plant use (Osler and Sommerkorn, 2007; Swift et al., 1979). C:N
values were higher under R. sphaerocarpa than under A. barrelieri
due to higher litter contribution, which in turn contributed to higher
SOM contents under R. sphaerocarpa. By contrast, soils showed quite
a wide range in N:P values. Although the critical N:P ratio that
determines the switch between N or P limitation depends on many
different factors (Glisewell and Gessner, 2009), SOM decomposition
at high N:Pratios is driven by fungi and limited by P while it is driven
by bacteria and limited by N at low N:P values (Giisewell and
Gessner, 2009). Our results showed that soils with low P avail-
ability for plants (as under R. sphaerocarpa, S. oppositifolia and
T. hyemalis) had more homogeneous AMF communities, likely
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Fig. 3. Non-metric MDS ordination of AM-TRF based on Sgrensen similarity matrix (Primer-E). a) patterns of soil AM-TRFs, stress = 0.21; b) patterns of root AM-TRFs, stress = 0.22,
and; c) patterns of root and soil AM-TRFs, stress = 0.24. Species abbreviations as in Fig. 1; S for soils and R for roots.
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Fig. 4. Results of principal component analysis (PCA) of soil nutrients, physiological
variables, and AMF-TRFs. Samples distribution are represented along a) PC1 vs. PC2
and along b) PC1 vs. PC3. Vector orientation indicates direction and vector length
indicates rate of increase. Species abbreviations as in Fig. 1.

because AMF ability for P uptake led to competitive exclusion of
other soil microorganisms, thus increasing homogeneity as well as
diversity of the AMF community. The opposite occurs in soils with
low N:P values (as in A. barrelieri), that had larger AMF dissimilar-
ities and lower genetic diversity. Here bacteria might exclude fungi
and reduce homogeneity and diversity of the AMF community.
Overall, we found changes in AMF community composition and
diversity among fertile islands and gaps driven by changes in soil
nutrient content and their ratios. This results support the idea that
resource islands may increase landscape-level diversity by sup-
porting distinct suites of fungi (Bennett et al., 2009).

The fact that AMF diversity was higher in soils than in roots may
be explained by the seasonal nature of AMF communities (Clark
et al,, 2009; Liu et al., 2009) and the influence of neighbouring
species (Casper and Castelli, 2007; Mummey et al., 2005). AMF
propagules of formerly active symbionts could remain in the soil in
addition to propagules of current symbionts. Also, resource islands
enhance growth of herbaceous species which might contribute as
well to the AMF community found in the understory of shrubs. Both
sources (former symbioses and contribution by herbs) may also
explain the high AMF diversity found in bare soil, which is
surprising since AMF are obligate symbionts. Our data are sup-
ported by Johnson et al. (2003), who found higher soil AMF
diversity in seedlings growing in bare soil than in soil with Festuca
ovina monocultures or with a mixture of different species. There-
fore, AMF communities in bare areas might come from different
points in the landscape leading to higher soil AMF diversity.

In harsh, arid environments community dynamics is rather
governed by positive interactions (Callaway and Mahall, 2007;
Flores and Jurado, 2003; Pugnaire et al., 1996a; Tirado and
Pugnaire, 2003). There are facilitation processes mediated by AMF
in arid ecosystems, such as higher availability of AMF inocula in

resource islands than in gaps (Azcén-Aguilar et al., 2003; Bashan
et al., 2000); greater plant tolerance to drought (Marulanda et al.,
2007), and in short, enhanced growth rate of semi-arid shrubs
(Al-Karaki et al., 2004; Goicoechea et al., 2004; Marulanda et al.,
2007; Querejeta et al., 2007; Sanchez-Blanco et al., 2004). These
processes may influence AMF—plant feedbacks. We observed that
when AMF genetic diversity in soil was high, RWC tended also to
increase; we cannot, however, assume a direct relationship
between these variables since most likely soil fertility improved
plant water status. Then, we could not detect any link between AMF
communities and plant physiological characteristics. Still we
noticed that AMF genetic diversity in roots decreased with AMF
genetic soil diversity. AMF genetic diversity was higher in roots
growing in soils poor in N, supporting results from Santos et al.
(2006). The low AMF genetic diversity in R. sphaerocarpa roots
contrasted with the high variability in soil and its high AMF root
length colonization, which could point to feedback dynamics.
However, experimental studies would be needed to confirm this
point and to explain the strength and direction of feedbacks in
patchy environments.

5. Conclusions

Our results showed that soil nutrient contents influenced soil
AMF distribution in patchy arid environments. AMF communities
under shrubs with soil fertile islands characterized by high N:P
values (low P availability) were more homogeneous and diverse
than in those shrub fertile islands with low N:P values. In addition,
we generally found higher AMF genetic diversity in soil than in
roots, likely because of the influence of factors such as neighbour-
ing plants or seasonal dynamics of this semi-arid environment.
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