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Abstract Diversity of arbuscular mycorrhizal fungi (AMF)
was assessed in two 9.2x9.2-m plots planted with
landscape trees and shrubs at an experimental site in
Phoenix, AZ, USA. Twenty-five soil samples were collect-
ed in a regular grid pattern from each plot, and AMF
species were identified using trap cultures. A total of 12
species were detected, with 7 species detected in one plot
and 11 in the other. We found that sampling effort had a
major impact on assessing species richness and composi-
tion in this local community. Fifteen samples would be
necessary to detect 70-80% of species present in each plot.
A limited number of additional undetected species are
likely to be present in both plots, based on the sampling
effort curves and jackknife estimates. Only two species,
Glomus eburneum and Glomus microaggregatum, were
detected in over 50% of the samples from both plots, and
rank—frequency plots revealed a lognormal species distri-
bution. Despite the patchiness of plants in the plots, the
number of species detected per point exhibited spatial
structuring only at the smallest sampling scale in a single
plot, and only a single species in each plot was not
randomly distributed. These results indicate that sampling
effort and strategy can affect perceptions of AMF commu-
nity structure.
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Arbuscular mycorrhizal fungi (AMF) form associations
with the majority of terrestrial plant species and have been
shown to improve the growth and nutrition of individual
plants (Smith and Read 1997). AMF have recently been
shown to have a pivotal role in plant community ecology
by altering plant productivity and diversity (Klironomos et
al. 2000), changing the course of succession (Gange et al.
1990), and affecting plant competition (Hartnett and Wilson
1999). Until recently, AMF species were generally assumed
to be functionally similar, so there was little focus on AMF
diversity in natural habitats. However, recent work has shown
that plant diversity (van der Heijden et al. 1998) and
ecosystem variability and productivity (Hart and Klironomos
2002) are directly influenced by AMF diversity, making an
accurate assessment of species richness and community
composition crucial to understanding the role of AMF in
ecosystem functioning.

Unfortunately, assessing AMF diversity is complicated
by their clonal, cryptic nature (Bever et al. 2001). Several
inherent problems complicate the measurement of species
richness (the number of species in a community) and
community evenness (the abundance and distribution of
each species in the community) (Magurran 1988). One
problem is the detection and identification of AMF species.
AMF are entirely clonal and their vegetative structures are
nearly indistinguishable, making it impossible to identify
individuals, and even difficult to distinguish between
species based on vegetative characteristics. A second
problem is in attempting to measure AMF abundance and
species dominance. Many researchers have relied on
counting the number of spores in a soil sample as a
measurement of abundance, but this technique underesti-
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mates the abundance of species that are not sporulating at
the time of sampling (Cousins et al. 2003). Another major
confounding factor in assessing AMF diversity is the high
spatial heterogeneity of the soil environment (Ettema and
Wardle 2002). AMF propagules and spore densities are
known to exhibit strong spatial structuring at small scales.
Boerner et al. (1996) quantified variation in arbuscular
mycorrhizal (AM) infectivity within two disturbed sites, a
pseudo-stripmine and a soybean field, and found that
spatial structure accounted for 44-50% of the variance
among samples in the 5x5-m plots. In an undisturbed
forest, however, spatial variability accounted for only 18%
of variance in infectivity. Using nested quadrats to sample
AM spores in a prairie, Anderson et al. (1983) found that
spores were distributed randomly within 30%30-cm quad-
rats, but were highly aggregated at a slightly larger scale
(0.5%0.5 m), and their presence was positively correlated
with plant cover. Similarly, Carvalho et al. (2003) utilized
nested grid sampling to quantify spore numbers in a salt
marsh and a shrubland and discovered that the four AMF
genera in their 5x5-m plots all exhibited spatial structur-
ing at various scales. Hart and Klironomos (2002)
documented the patchiness of spores of four AMF species
in a 50x50-m plot in a Canadian old field, and Klironomos
et al. (1999) also found that spores of Acaulospora,
Glomus, and Scutellospora species were very patchily
distributed within a 3x10-m plot in a Southern California
burned chaparral site. Pringle and Bever (2002) found
spatial structuring of spores of both frequently and
infrequently detected AMF species in a North Carolina
grassland site. Given the spatially heterogeneous nature of
AMEF spores and biomass, it is reasonable to predict that the
number and composition of AMF species in a local
community is also patchy at small spatial scales. However,
the spatial patterning of AMF species at the plot scale has
received little attention.

Spatial patterning of AMF species in a local community
could have major implications when considering sampling
effort. Klironomos et al. (1999) note that the combination
of clustered spatial distribution of soil biota and the low
number of samples (5-10) typically collected in soil
ecology field experiments often result in low statistical
power and nonsignificant treatment results. Because of this
problem, the use of taxon accumulation curves (Gotelli and
Colwell 2001) may be especially important to determine if
adequate sampling has been used to capture AMF diversity.
This technique allows for valid comparison between species
richness counts when accumulation curves reach an
asymptote. When species area curves were used to analyze
species richness of local communities of ectomycorrhizal
fungi, more than 30 samples were found to be necessary
before accumulation curves would reach an asymptote
(Horton and Bruns 2001).
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Details about spatial patterning of AMF species could
also inform sampling strategies. When organisms are
patchily distributed within a plot, it is unlikely that
individuals sampled “randomly” are collected in a truly
random fashion due to spatial autocorrelation (Ettema and
Wardle 2002). Spatial autocorrelation is a measure of the
degree to which phenomena are correlated with themselves
in space. Samples exhibiting positive autocorrelation tend
to have values that are more similar to neighboring samples
than to more distant samples. Conversely, negatively
autocorrelated samples tend to be dissimilar to their
neighbors. Autocorrelation leads to a violation of the
assumption of sample independence, upon which paramet-
ric statistics are dependent. AMF are generally assumed to
be highly aggregated around host plants, especially in arid
and disturbed environments (Allen and MacMahon 1985),
so that AMF species diversity values are likely to be
autocorrelated at scales similar to those of plant patches.
Although testing of these assumptions is rare, most
sampling strategies for assessing AMF species diversity
appear to be based on these assumptions or employ random
sampling.

Due to these problems, sampling effort and sampling
strategies could have a major influence on how AMF
community structure is perceived. This study was under-
taken to better understand how AMF communities are
structured on a small scale in an urban environment. Woody
plants in urban areas often have very patchy distributions,
especially in landscapes designed for water conservation,
where plants are often planted together in groups and
surrounded by open areas covered with organic or inorganic
mulch. Although there is some evidence that urban
development directly affects AMF communities (Cousins
et al. 2003; Stutz and Martin 1998), the effects of urban
planting designs on the distribution of AMF have not yet
been studied. The hypotheses tested in this study were (1)
the sampling effort needed to detect the number of AMF
species in this local community is greater than those
typically collected in soil ecology field studies, and (2)
AMF species number in urban landscapes exhibits spatial
autocorrelation with a greater number of AM fungi at
sampling points in proximity to landscape plants and lower
numbers in the interspaces between plants.

Materials and methods

Site description

The study was carried out at an urban experimental site
associated with Central Arizona - Phoenix Long-Term

Ecological Research (CAP LTER) located at the Desert
Botanical Garden in Phoenix, Arizona (111°57" W longi-
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tude, 33°28" N latitude). Before establishment of the
experimental plots in 1999, the land was used to grow
Prosopis velutina for horticultural use for 5 years. The area
surrounding the plot is part of a Sonoran desert remnant
creosotebush-white bursage community (Turner and Brown
1982) in the Phoenix metropolitan area. The soil is a Rillito
gravelly loam with a pH of 8.1 and an electrical conductivity
of 1.25 dS/m. Rainfall in Phoenix is bimodal, occurring in
July—August and December—January, with a mean annual
precipitation of 180 mm. The minimum mean monthly
temperature of 5.1°C occurs in January; the maximum mean
monthly temperature of 41.0°C occurs in July.

Experimental design and sampling

Experimental landscape plots (9.2x9.2 m) were established
in April 1999 at the site after trees were removed and
ruderal vegetation disced. Each plot was planted with six
Leucophyllum frutescens “Green Cloud™” and six Nerium
oleander “Sister Agnes” shrubs, and one each of Quercus
virginiana, Eucalyptus microtheca “Blue Ghost,” Rosmar-
inus officinalis, and Opuntia violacea var. santa-rita plants
(V and P Nursery, Chandler, AZ, USA). Woody plant
species were selected because they are representative
landscape plants in the Phoenix metropolitan area. Plants
had been propagated using stem cuttings and grown in
containers in a mixture of native soil, bark, sand and
Turflite™ (Sierra Cascade, Chemult, OR, USA).

After planting, water was applied by drip irrigation at the
base of each plant at an average rate of 2,401 1 plant™
year '. Plants were fertilized during April of each year with
200 g of controlled release 20N-4.4P-4K plus micro-
nutrients fertilizer (Best Paks™, J. R. Simplot, Boise, ID,
USA). Weeds were managed with winter and summer
broadcast applications of preemergent herbicide (XL 2G,
Dow Elanco Specialty Products, Indianapolis, IN, USA)
and regular handweeding.

Soil samples were collected at two plots (designated plot
A and plot B) located 4 m apart in late fall 2000 (plot A) or
winter 2001 (plot B). Although the plots were sampled in
two different seasons, this difference was not considered a
treatment and no between-plot comparison were made.
Each plot was divided into 25 equally sized quadrats and a
soil core was collected from a sampling point at the center
of each quadrat. The soil was removed with a sanitized
hand shovel to a depth of 10 cm and stored in sealed plastic
bags at 4°C.

Roots were collected from plants and stained in trypan
blue (Koske and Gemma 1989) to verify fungal coloniza-
tion. Colonization by AM fungi was detected in roots of all
plant species using a light microscope. In addition,
ectomycorrhizal root tips were detected on Q. virginiana
and E. microtheca.

Analysis of mycorrhizal fungi diversity

AMEF diversity has been studied by counting asexual spores
isolated from field soils (Morton et al. 1995). However, this
method may not adequately capture species richness at a
site when spore numbers are low and cryptic AMF species
are present that do not readily sporulate in field soils (Bever
et al. 2001; McGee 1989; Stutz and Morton 1996). Soil
samples from the sites were examined for the presence of
AM fungal spores and found to have very low spore
densities (<10 spores/100 cm® soil), typical of arid urban
environments (Cousins et al. 2003). Although the use of
molecular methods has begun to revolutionize studies of
AMF diversity (Clapp et al. 2002; Redecker 2002), we
decided not to employ these methods because of the lack of
a single primer to amplify AMF DNA and the difficulty in
matching sequence groups to morphospecies (Redecker et
al. 2003). We decided to use the successive trap cultures
technique (Stutz and Morton 1996), in which host plants
are grown in diluted field soils in a greenhouse for several
months to induce sporulation of recalcitrant fungi (Bever et
al. 1996; Brundrett et al. 1999; Stutz and Morton 1996),
enabling the detection of fungi that may be present in roots
and soil but not sporulating at the time of sampling. Trap
cultures were established by mixing a 250-cm® portion of
each soil sample with 250 cm® of a 1:1 mixture of
autoclaved #12 and #20 silica sand and placing the mixture
in a D40 Deepot™ (Stuewe and Sons, Corvallis, OR,
USA). The pots were planted with 50-60 seeds of Sorghum
bicolor, and the plants were grown in a greenhouse for
4 months, then the grass was clipped, and the pots were
reseeded. After an additional 4 months of growth, the soil
was air-dried, removed from the pots, and stored in sealed
plastic bags at 4°C until further processing.

AMF spores were isolated from a 100-cm® soil subsam-
ple of each trap culture using the sucrose density gradient
centrifugation method of Daniels and Skipper (1982).
Isolated spores were examined using a dissecting micro-
scope and spores of each morphotype were mounted in
polyvinyl-lacto-glycerol (PVLG) and 1:1 PVLG/Melzer’s
reagent for identification (Koske and Tessier 1983). Species
identification was based on examination of spore morpho-
logical and subcellular characteristics using stereo and light
microscopes and compared to voucher specimens and
species descriptions on the International Culture Collection
of Arbuscular and Vesicular-Arbuscular Mycorrhizal Fungi
web site (Morton et al. 1993).

Data analysis
Average sampling effort curves for each plot were

generated with the EstimateS 5.0 program (Colwell 1997).
First-order jackknife estimates were calculated to estimate
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the expected number of species in each plot (Smith and van
Belle 1984).

The spatial structure of the number of AMF species
detected in each quadrat was visualized using ArcView 3.3
(ESRI). The number of species detected at each of the 25
sampling points in the plots was mapped and locations of
plants were overlain onto these maps.

The number of AMF species detected at each sampling
point was used to determine the spatial structure of the
AMF species in each plot using Moran’s [ spatial
autocorrelation coefficient, implemented with the ROOK
CASE program (Sawada 1999). Moran’s [ is a global
measure of spatial autocorrelation, determining the extent to
which a variable is surrounded by variables with similar
values. Moran’s / coefficients were calculated at a series of
lag distances, indicating the distance from one sample
location to another. Moran’s [ values normally range
between —1 and +1. A positive value at a given lag
indicates that samples at that distance are more similar to
each other than to the overall mean. A negative value at a
given lag indicates that samples at that distance are less
similar to each other than they are to the overall mean.
Regular distribution of AMF species should produce
corresponding peaks and troughs in the Moran’s I correlo-
gram (Roberts and Jones 2000).

Spore abundance in trap cultures was not used as a
measure of species dominance because it is probably more
indicative of the culture environment rather than having any

Fig. 1 Sampling effort curves 12 -
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ecological significance. In an effort to overcome this
problem, we used relative frequency as an indication of
dominance. This method often underestimates the occur-
rence of the most common species (Magurran 1988) and
could give a different perception of community evenness
than the use of abundance (Horton and Bruns 2001).
However, the use of a large number of sampling points has
been found to overcome some of these problems (Magurran
1988). Relative frequency was calculated as the number of
times a species was detected per total number of samples in
each plot.

AMF community structure was depicted by plotting
rank frequency of species within each experimental plot.
The join-count statistic, implemented in the ROOK-
CASE program (Sawada 1999), was used to determine
the amount of clustering among the four most frequently
encountered species in each plot. This method codes each
sampling point as present or absent for a given species,
then determines the type of join (present/present, present/
absent, or absent/absent) for each pair of neighboring
points. If present/present joins are higher than expected,
that species is clustered, and if absent/absent joins are
higher than expected, that species is overdispersed. If
both types of joins are near the expected values, the
species is randomly distributed across the plot. Signifi-
cance was tested by calculating the Z score for each type
of join (Sawada 1999).
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Results
AMF community and sampling effort

A total of 12 AMF species were detected in pot cultures
established with soil from both experimental plots. Seven
species were detected in plot A and 11 species in plot B.
AMF spores were recovered from trap cultures in 96% of
samples in plot A and 100% of samples in plot B. In both
plots, there was a maximum of five species detected per
sampling point. In plot A, the mean number of species
detected per sampling point was 2.4 (SEM=0.20), and in
plot B a mean of 3.6 species (SEM=0.21) was detected per
sampling point.

Sampling effort curves continue to rise in both plots,
indicating that there were still species to be found (Fig. 1).
The logarithmic curve for plot A approached a horizontal
asymptote, with more than 90% of all species detected in
the first 20 samples. The logarithmic curve for plot B did
not approach an asymptote after 25 samples. Nonlinear
regressions of number of species against number of samples
yielded the equation y=2.89x°** (P<0.001) for plot A and
y=3.56x"** (P<0.001) for plot B. Based on first-order
jackknife estimates, the expected number of species in plot
A was 9 and the expected number in plot B was 16.

Analysis of spatial patterns

Maps of the number of AMF species detected per quadrat in
each plot are depicted in Fig. 2. All but one quadrat
contained at least one AMF species, even in areas that were
bare of plants. Visual inspection appears to reveal a patchier
distribution of the number detected per point in plot B, but
spatial statistical analysis does not support this observation.
The mean nearest neighbor distance of 1.84 m was used
as the lag in calculating Moran’s 7, with six lags in each
plot. In plot A, values were negatively autocorrelated
(Moran’s [=-0.556, z=-3.03) at the first lag, indicating
that number of species for samples within 1.84 m of each
other are less similar to each other than they are to the overall
mean number of species per sample for the plot. Moran’s /
values were not significant at any other distance in this plot.
Plot B demonstrated a similar pattern, but Moran’s / was
not significant at any distance (Fig. 3). These results
indicate that at the resolution of the sampling design, AMF
species are fairly randomly distributed across both plots.

Individual taxon-level analysis

Six species (Glomus eburneum, Glomus intraradices,
Glomus microaggregatum, Glomus mosseae, and Glomus
sp. AZ 123) were detected in both experimental plots, and
the remaining six species were unique to a single plot. G.

Plant species

a Nerium oleander

b Quercus virginiana

< Rosmarinus officinalis

d Eucalyptus microtheca

e Opuntia violacea

f Leucophyll frutescens
Number of

AMF species

| el
Fig. 2 Maps of plant species and number of AMF species detected in
each quadrat in plot A and plot B

eburneum and G. microaggregatum were detected in more
than 50% of sampling points in both plots. G. intraradices
was also detected in more than 50% of points in plot B but
at ~30% of the points in plot A. Glomus spurcum was
detected at more than 50% of points in plot B but was not
detected in plot A. G. mosseae was detected in ~40% of
points in both plots, and the remaining species were
detected in less than 30% (Fig. 4).

Plots of species rank in frequency vs relative frequency
of the species imply that there is a lognormal distribution in
both plots, with a few common species and a longer tail of
rarer species (Fig. 5).

The spatial distribution of the four most frequently
detected species in each plot is depicted in Fig. 6. Based on
visual observation, G. mosseae and G. eburneum appear to
have patchy distributions in plot A, while G. micro-
aggregatum appears to be evenly distributed. Likewise, G.
microaggregatum, G. mosseae, and G. intraradices all
appear to be nonrandomly distributed in plot B. According
to the join-count statistic, however, only a single species in
each plot was not randomly distributed (Table 1). The
sampling points at which G. eburneum was detected in plot
A were negatively autocorrelated (absent/absent joins are
higher than expected), indicating an overdispersed pattern.
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In contrast, points at which G. microaggregatum was
detected in plot B were positively autocorrelated (present/
present joins are higher than expected), suggesting a
clustered distribution.

100 7 M
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HPlot A
80 A OPlot B
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Proportion of samples (%)

30 A

20

Species
Fig. 4 Proportion of samples in each plot in which individual AMF
species were detected
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Discussion

We found that sampling effort had a major impact on
assessing species richness in this local community. A
limited number of additional undetected species are likely
to be present in both plots based on the estimation
procedures such as sampling effort curves and first-order
jackknife estimate calculations. Based on sampling effort
curves, 15 samples would have been adequate to detect 70—
80% of species present in each plot. These results confirm
the findings of Tews and Koske (1986), who estimated that
30 samples would be adequate to enumerate AMF species
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Fig. 5 Rank—frequency of AMF species in both plots
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G. microaggregatum

G. mosseae
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G. eburneum G. microaggregatum
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G. intraradices G. spurcum

h o,

Fig. 6 Spatial distribution of the four most common AMF species in a plot A and b plot B. Dark spaces indicate presence, white spaces indicate

absence

richness in a barrier dune system. The species richness
detected in this experimental urban landscaped site was
similar to the number found in similarly sized sites in other
semiarid and mesic ecosystems, including Brazilian sand
dunes (Stiirmer and Bellei 1994), an Iowa poplar plantation
(Walker et al. 1982), and Sonoran and Chihuahuan desert
scrub (Stutz and Morton 1996). However, when Bever et al.
(2001) used intensive sequential sampling over a longer
period and a variety of culture techniques, they detected a

total of 37 species in a single 1-ha old field, an area about
50 times larger than our study area.

Our results illustrate the importance of using taxon
sampling curves when comparing AMF species richness
between sites or treatments. If a small number of samples is
collected in a study, it would be difficult to ascertain if
differences in detected species richness between sites and/or
treatments are due to underlying differences in species
richness or reflect sampling effort (Gotelli and Colwell

Table 1 Results of join-count statistical tests for the two species of AMF with significant results

Species Plot A joins Plot B joins
Observed Expected Z score Observed Expected Z score

G. eburneum®

Present/present 12 16 —2.25° na na na
Present/absent 26 19.2 2.40° na na na
Absent/absent 2 4.8 -1.85 na na na
G. microaggregatum

Present/present 23 22.8 0.13 19 16.0 1.68
Present/absent 15 15.2 -0.09 12 19.2 -2.54°
Absent/absent 2 2 na° 9 4.8 2.77°

A “join” is a comparison between two contiguous quadrats.

#The test could not be performed on G. eburneum in plot B because it was detected at all sampling points.

®Denotes significant z scores
°This type of join was not present for this species.
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2001; Taylor 2002). Sampling effort curves in this study did
not reach an asymptote in the five to ten samples that
Klironomos et al. (1999) report are typically collected per
treatment in soil ecology field experiments. Gotelli and
Colwell (2001) suggest that species richness counts can
only be compared when taxon-sampling curves reach a
clear asymptote.

Klironomos et al. (1999) suggested that the location of
plants could be used to predict below-ground ‘“hotspots”
because the spatial organization of soil microorganisms and
chemical cycles is linked to primary producers. Because of
the patchy distribution of plants in the experimental plots,
we expected that the number of AMF would be higher at
sampling points in proximity to landscape plants and lower
in the interspaces between plants. Our results indicated that
the density of AMF species (number/sample point) was
fairly randomly distributed across both plots with no
detectable hotspots. The relatively recent establishment of
our experimental plots could be one explanation for the
lack of detectable hotspots associated with landscape
plants. AM fungi detected in the interspaces between
landscape plants could be a legacy effect of the previous
land use (Schlesinger et al. 1966) as a tree farm and
creosote desert flat. AMF propagules may have survived
from previous association with plants in the tree farm or the
original desert community, remaining dormant in the bare
areas between landscape plants. Ettema and Wardle (2002)
report that dormancy contributes to the intrinsic heteroge-
neity of soil organisms, with dormant propagules being
analogous to soil seed banks. AMF propagules may have
also migrated to the sampling points lacking plants from the
surrounding areas. In arid environments, wind serves as an
effective dispersal agent for AMF propagules (Allen et al.
1989; Warner et al. 1987). Wind-blown propagules of AMF
species that were deposited at sampling points would have
been part of the original soil sample and these species
would be detected in the resulting trap culture.

Like Pringle and Bever (2002), we found that AMF
communities were highly variable on a local scale, with the
species richness and species composition of one site quite
different from that of a second nearby site. Six species were
detected at both plots, but the remaining six species were
unique to a single plot. Some species, such as Glomus
intraradices and G. spurcum, were detected at more than
50% of the sampling points in one plot but were rare or not
detected in the other plot. The distribution of AMF species
was clustered to the extent that half the species detected
occurred in less than 10% of the soil samples taken.
Although there were differences in species composition and
richness between the two plots, these differences may be
due to seasonal differences in growth of the AMF species,
as plot A was sampled during the dry autumn season and
plot B was sampled 4 months later during the winter wet
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season. Camargo-Ricalde and Esperon-Rodriguez (2005)
observed greater numbers of AMF spores in semiarid soils
during the wet season than during the dry season in
Tehuacan-Cuicatlan, Mexico. Due to the difference in
sampling times, the two plots were not considered true
replicates for the purposes of this study.

In conclusion, this study illustrates some of the pitfalls in
assessing AMF diversity and community structure. Sam-
pling effort had a major influence on detected AMF species
richness, showing similarity to results reported using
molecular techniques with ectomycorrhizal fungi (Horton
and Bruns 2001; Taylor 2002). Our results also indicated
that the number of AMF species detected at sample points
was not autocorrelated at scales similar to those of plant
patches and that “plant-stratified”” approach may not be best
for sampling in an arid urban ecosystem or possibly in other
recently disturbed environments. While these results are
specific to an arid urban site and cannot be extrapolated to
other locations, they do illustrate the difficulties in
quantifying AMF diversity and the complexity of AMF
communities.
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