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Abstract Arbuscular mycorrhizal fungi (AMF) are symbiotic
fungi with a broad distribution, and many taxa have physiolog-
ical and ecological adaptations to specific environments, includ-
ing semiarid ecosystems. Our aim was to address regional distri-
bution patterns of AMF communities in such semiarid environ-
ments based on spore morphological techniques. We assessed
AMF spores at the bottom and top of inselbergs distributed
throughout the tropical dry forest in the Northeast region of
Brazil. Across 10 replicate inselbergs and the surrounding area,
spanning a range of altitude between 140 and 2000m, we scored
the AMF soil diversity and properties in 52 plots. We fitted
parsimonious ordination analyses and variance partitioning
models to determine the environmental factors which explained
the variation in AMF community, based on morphological spore
analysis. The diversity of AMFwas similar at the bottom and top
of inselbergs; however, we detected high variation in abundance
and richness across sites. We formulated a parsimonious richness
model that used physical soil factors as predictors. The AMF
community structure could be best explained through the

variables coarse and total sand, iron, organic matter, potassium,
silt, and sodium which together accounted for 17.8% of total
variance. Several AMF species were indicators of either deficien-
cy or high values of specific soil properties. We demonstrated
that habitat isolation of the inselbergs comparedwith surrounding
areas did not trigger differences inAMFcommunities in semiarid
regions of Brazil. At the regional scale, soil predictors across sites
drove the distribution of symbiotic mycorrhizal fungi.
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Introduction

The tropical dry forest biome extends over more than 40% of
the total surface area of the tropics and subtropics [1]. In
Brazil, this biome occurs mainly in the Northeast region of
the country, where the dominant vegetation is caatinga shrubs,
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influenced by topographical parameters and soil type [2].
Often, these landscapes are characterized by rocky outcrops
known as inselbergs that result in unique physical and biotic
conditions. In the inselbergs, limiting resources including
moisture and soil nutrients influence the plant communities
which form particular vegetation ecotones [3, 4]. These dis-
tinct plant communities experience a relatively high degree of
isolation and often experience adverse weather conditions.
Both these two properties make it likely that the plants occur-
ring at inselbergs associate with distinct communities of sym-
biotic microbes and depend on them for survival. We thus
believe that symbiotic microbes occurring at the top of insel-
bergs warrant further scientific attention.

Caatinga environments usually suffer the simultaneous
stress of low nutrient availability, soil organic matter, and ir-
regular precipitation. As a result, arbuscular mycorrhizal fungi
(AMF) are considered an indispensable component of the eco-
system [5]. AMF are formed by a monophyletic group of fun-
gi; these fungi are obligate plant-root mutualists of the vast
majority of terrestrial plant species influencing plant commu-
nity structure [6] and ecosystem processes [7]. The symbiosis
is classified as nutritional, where phosphorus is delivered to the
plant in return for carbon. However, AMF also convey an
entire range of non-nutritional benefits to their plant hosts [8]
such as tolerance to water stresses [9] and protection against
pathogens [10]. Moreover, arbuscular mycorrhiza influence
the cycling rates of C, N and possibly other nutrients (e.g.
[11, 12]) and improve soil structure, soil aggregation and water
infiltration [13]. In this sense, AMF may permit plants to es-
tablish in habitats where they would otherwise be absent [14],
influencing plant community dynamics and diversity [6, 15].

In many semiarid ecosystems, researchers have detected
exceptionally diverse AMF assemblages in the dual niche oc-
cupied by these fungi, plant roots [16, 17] and soil [18]. The
AMF community characterization is historically based on
measurement of morphological features of spores, although
in recent years, this technique has been often replaced with
DNA-based methods. Both approaches have limitations, but
can provide complementary information for taxonomic and
ecological studies. Spore-based approaches yield important
information concerning land management on AMF propa-
gules, abundances and richness in the soil [19, 20].
Furthermore, morphological spore identification may allow
better differentiation of fungal taxa and can be quite sensitive
in terms of detecting changes in AMF community composi-
tion and diversity [21].

The factors that influence the structure of AMF communi-
ties at both local and regional scales have not yet been studied
in sufficient depth. Studying the influence of environmental
drivers onAMF community structure at different spatial scales
(i.e. local, regional and global) can give us a more robust
overview of the ecology of arbuscular mycorrhizal systems
[22]. A factor that may influence the distribution of AMF taxa

is environmental filtering, including the abiotic factors in a
particular location that prevent the establishment or persis-
tence of species. Through studying AMF taxa at higher taxo-
nomic levels, it became apparent that taxa belonging to differ-
ent AMF families appear to have distinct ecological prefer-
ences [23]. As an example, species of the familyGlomeraceae
appear to thrive in soils with high availability of nutrients,
while fungi in the Gigasporaceae prevail in soils with low
nutrients [24]. This may reflect physiological differences
found across AMF groups and, depending on the relative
composition of the AMF community, give rise to systematic
differences in the kind of ecosystem services the plant hosts
receive from their mycosymbionts across different environ-
ments [25].

Studies conducted at a regional scale have found that the
structure of AMF communities is influenced by a broad range
of factors including the environment, interspecific competi-
tion and regional spatial dynamics [24]. The relative influence
of the abovementioned factors may change for studies carried
out at different spatial scales [22]. When working at larger
spatial scales, it is considerably easier to accurately assess
the influence of the different factors that influence the distri-
bution of AMF when working in relatively uniform climatic
conditions [26]. In semiarid regions, the climatic conditions
are relatively static and it appears that the biogeography of
microorganisms is determined to a larger extent by environ-
mental factors than by geographic distance and spatial distri-
bution patterns [27]. Our study aims at addressing how drivers
of AMF community structure described above might differ
across sites in semiarid communities when they are assessed
based on spore morphological techniques. Thus, we hypothe-
size that we will detect more diverse AMF communities at the
bottom than at the top of inselbergs (1). We also expected that
the harsh environmental conditions on top of the inselbergs
would result in plants colonized by distinct assemblages of
AMF (2). As we argue earlier, AMF communities are subject
to a strong environmental filtering. This is why we thought
that, at larger spatial scales (i.e. regional scale), we would find
a strong relationship between the community structure of
AMF and environmental drivers. We additionally expect
AMF occurrence in our system to be less stochastic than in
moist or temperate systems [28]. We justify this because
plants in the semiarid region experience a wider range of
stresses, such as drought and extreme temperatures. We thus
hypothesized that we can explain the environmental variabil-
ity with a variance partitioning approach at a regional scale
(3). Finally, we wanted to make our results comparable to
older surveys of AMF in the region. For many of these studies,
we had to infer environmental parameters. This is why we
concluded our study through identifying AMF taxa that could
be informative of environmental properties. We hypothesize
that we could classify several of our AMF taxa into groups of
indicator species (4).
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Methods

Study Area

The semiarid region of Brazil is covered by a tropical dry
forest biome that comprises part of the Brazilian
Northeast and North of the State of Minas Gerais. The
plant community is characterized by caatinga vegetation,
and climatic conditions are described by low levels of
humidity, an irregular and brief rainy season (average
750 mm/year) and long periods of drought [29, 30]. The
climate variation explains most of the differences in the
composition of the caatinga vegetation between the insel-
bergs with plants of the families Cyperaceae, Poaceae,
Euphorbiaceae, Fabaceae, Orchidaceae, Bromeliaceae
and Cactaceae being relatively abundant [31]. The sam-
pling was carried out in 13 areas in the semiarid, where in
each area we defined four sampling sites, separated at
least 1 km from each other (Fig. 1). In each site, one
100 m2 plot was chosen, from which 10 soil samples were
randomly collected to obtain a representative composite
sample of the plot. In those sampled areas, 10 were in
inselbergs with altitudes ranging from 140 to 2130 m.
For each of these inselbergs, one sample was obtained at
the top and three at the base. We additionally included
three sites that were not centred on an inselberg, aiming
to get a more representative picture of the AMF commu-
nities’ structure away of inselbergs. For each of these
three sites, we implemented a comparable protocol to

what we used for the inselbergs, each consisting of four
samples at a distance of approximately 1 km from each
other. In total, 52 plots were sampled. The sampling was
performed between August and September 2014.

Soil Analysis and AMF Identification

Glomerospores were extracted from 50 g of soil by
decanting and wet sieving followed by centrifugation in
water and in a 50% sucrose solution [32, 33]. The spores
were separated under the microscope into morphotypes
based on colour and size. The taxonomic identification
was based on the morphology of the AMF spores (spores
of each species were counted to assess their abundance),
consulting publications with descriptions of new species
and databases (http://invam.caf.wvu.edu; http://www.zor.
zut .edu.pl /Glomeromycota/Taxonomy.html) . Soil
properties including copper (Cu), aluminium (Al), zinc
(Zn), manganese (Mn), phosphorus (P), soil pH,
potassium (K), sodium (Na), calcium (Ca), magnesium
(Mg), hydrogen (H), sum of bases (S.B), cation
exchange capacity (C.E.C), bases saturation (V), carbon
(C), aluminium saturation (m), organic matter (OM), sand,
clay and silt were measured at the Estação Experimental
de Cana-de-Açúcar do Carpina, of the Universidade
Federal Rural de Pernambuco, Brazil. Climate data,
temperature and precipitation were extracted from the
Global Climate Data [34] at a resolution of 30 s.

Fig. 1 Location map of the 13
sampled sites in the tropical dry
forest of Brazil
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Data Analysis

The differences in AMF alpha diversity and species abundance
(spores number) from the top and bottom of each inselberg were
compared through paired t tests of each sample mean values.
The sampling intensity was normalized by standardizing the soil
sample from which spores were extracted to 50 g. To measure
the influence of environmental factors on richness (response
variable), a general purpose full model was built. In this full
model, we used a blocking factor (a categorical factor with
discrete values for each inselberg—i.e. four samples), climatic
data and a range of abiotic variables describing soil texture,
nutrient availability and altitude. We simplified this model with
a forward and backward (bidirectional) AIC-minimizing
selection approach that was implemented through the command
stepAIC. The null model in our case consisted of a single
predictor, the blocking factor (inselbergs).

We first Hellinger transformed [35] the spore community data to
correct for double absences and we applied a principal coordinates
of neighbourmatrices approach as implemented with the command
pcnm in the package ‘vegan’ [36] to correct for spatial autocorrela-
tion. Then, we fitted a full model with all the abiotic predictors we
measured, which included soil texture, altitude, latitude, longitude
and nutrient status of the soil. We then applied a forward and
backward (bidirectional) selection approach with a p < 0.05
condition to identify the soil variables thatwewould further consider
in our model. We also tried PERMANOVA as an alternative
approach to assess significant effects of latitude and altitude the
fungal spore community using the function adonis in the ‘vegan’
package. We use a manual forward-and-backward (bidirectional)
selection procedure at p ≤ 0.05.

We finally carried out a variance partitioning of our commu-
nity matrix according to [37]. We first simplified the RDA
model to retain the subset of predictors that influenced
significantly the community table. That way, we also addressed
issues of collinearity across our predictors. We then used an
indicator species analysis to establish whether any particular
AMF taxa were characteristic of particular levels of soil
properties. For each of the significant soil properties, we
identified instances of values lower than the first quantile (i.e.
low) and higher than the third quantile (i.e. high).We carried out
the indicator species analysis with the commandmultipatt func-
tion in the ‘indicspecies’ package [38]. The analyses were
performed with the statistical program R, version 3.2.3 [39].
The packages are available at https://cran.r-project.org.

Results

AMF Diversity

In the tropical dry forest of Brazil, we recorded 82 morpho-
species of AMF, belonging to nine families and 18 genera,

distributed among the inselbergs tops and surrounding areas
(Table 1). Twenty-six morphospecies were shared by the top
and bottom of the inselbergs. Eight species were exclusively
detected at the tops of the inselbergs, and the most frequent
taxa were within Acaulospora, Glomus and Dominikia
genera. In the surrounding areas of the outcrops, we found
48 morphospecies that were not found at any inselberg top.
Acaulospora and Glomus were the most representative
genera in these areas, encompassing 24 and 11 taxa, respec-
tively. The most strongly represented families were
Acaulosporaceae containing 24 morphospecies and
Glomeraceae with 23 across the sample sites. The most
dominant AMF species occurred in more than 40% of the
total sites sampled and they belonged to Acaulospora,
Ambispora and Glomus genera. The morphospecies most
abundant and with frequent occurrence records were
Glomus macrocarpum which was found in 95% of the sam-
ples, followed by Acaulospora excavata (61%), Glomus
brohultii (56%) and Claroideoglomus sp.1 occurred in
52% of the sites. The identified species are classified accord-
ing to type of spore formation as acaulosporoid,
entrophosporoid, gigasporoid, glomoid and scutellosporoid.
The most abundant species groups were acaulosporoid,
glomoid and scutellosporoid. The abundance and richness
of AMF species were similar between the tops and bottoms
of inselbergs; however, when the top and surrounding area
were considered together, the abundance differed between
the 13 regions sampled, as well the richness (p < 0.001),
by block effect (Figs. 2 and 3). According to PERMANOVA
results, the AMF community composition differed signifi-
cantly between the latitude (R2 = 0.06, p < 0.001) and alti-
tudes (R2 = 0.03, p = 0.03) of sites (Fig. 4). In our optimal
richness model, richness was influenced positively by clay
content (p = 0.03).

Predictors of the Structure of AMF Communities
and Indicator Species Analysis

Comparison of three different sets of predictors of AMF
communities showed that environmental factors were re-
sponsible for explaining 9% of the AMF community pat-
terns in the dry tropical forest of Brazil, while the geograph-
ical distance and climate factors did not contribute to
explaining the AMF community composition (Fig. 5). The
effects of individual predictors within each group were first
evaluated independently; thereafter, we compared the effects
across groups with variation partitioning. The group of pre-
dictor variables (soil, geography and climate) shared little
contribution and showed that variability in AMF community
depended on unique soil effects. Redundancy analysis ex-
plained approximately 17.8% of the variation of the data
(Fig. 6) with the main portion for axis 1 (3.6%) then to axis
2 (3.3%). The community of arbuscular mycorrhiza fungi

de Sousa N. M. F. et al.

https://cran.r-project.org


T
ab

le
1

To
ta
la
bu
nd
an
ce

(s
po
re
s
nu
m
be
r)
an
d
sp
ec
ie
s
ri
ch
ne
ss

of
A
M
F
in

th
e
ar
ea
s
an
d
at
th
e
to
p
an
d
bo
tto

m
(b
ot
)
of

in
se
lb
er
gs

in
dr
y
tr
op
ic
al
fo
re
st
si
te
s
in

B
ra
zi
l

S
pe
ci
es

na
m
e

C
e1

C
e2

P
b1

Pb
2

Pb
3

P
e1

P
e2

B
a1

B
a2

B
a3

B
a4

M
g1

M
g2

C
e1

C
e2

P
b2

Pb
3

Pe
1

P
e2

B
a2

B
a3

M
g1

M
g2

C
om

m
on

sp
ec
ie
s
on

th
e
si
te
s

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

B
ot

To
p

To
p

To
p

To
p

To
p

To
p

To
p

To
p

To
p

To
p

G
lo
m
us

m
ac
ro
ca
rp
um

7
32

11
2

51
12

17
14
4

21
11

12
3

18
6

59
–

3
18
3

37
62

3
93

2
17
7

26
4

G
lo
m
us

br
oh
ul
tii

47
–

12
1
7

28
1

59
1

54
–

7
–

45
–

–
57

–
2

–
94

–
–

9

A
ca
ul
os
po
ra

m
el
le
a

42
6

26
3

2
12

5
1

–
2

3
5

2
–

–
–

–
–

–
–

–
–

–

C
la
ro
id
eo
gl
om

us
cl
ar
oi
de
um

–
–

8
–

86
9

–
–

1
–

–
–

1
–

–
12

–
1

–
1

–
–

–

G
lo
m
us

m
ic
ro
ca
rp
um

–
–

1
–

–
6

–
2

–
–

–
–

8
–

–
–

1
2

–
1

–
31

7

C
la
ro
id
eo
gl
om

us
et
un
ic
at
um

–
24

–
2

6
–

–
1

6
–

–
–

1
–

–
2

–
–

–
–

–
–

3

A
m
bi
sp
or
a
ap
pe
nd
ic
ul
a

–
9

4
3

–
–

3
–

11
–

3
2

3
–

–
–

–
–

–
–

1
–

1

D
iv
er
si
sp
or
a
eb
ur
ne
a

–
–

–
–

19
14

–
1

–
–

–
–

–
–

–
2

–
–

–
–

–
–

–

G
ig
as
po
ra

m
ar
ga
ri
ta

4
13

–
–

–
–

11
–

–
–

1
–

–
–

–
2

–
–

–
1

–
–

2

A
ca
ul
os
po
ra

lo
ng
ul
a

3
3

–
–

14
–

2
2

–
–

–
–

–
–

–
7

–
–

–
–

–
–

3

A
ca
ul
os
po
ra

m
or
ro
w
ia
e

1
2

3
–

–
–

–
–

–
–

–
2

4
–

–
4

–
–

–
–

–
1

3

C
et
ra
sp
or
a
gi
lm
or
ei

1
–

–
–

8
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
ig
as
po
ra

de
ci
pi
en
s

2
–

1
–

1
1

1
1

–
–

–
–

–
–

1
1

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

la
ev
is

–
–

3
–

4
–

–
–

–
–

–
–

–
–

–
6

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.8

–
–

–
1

–
–

–
–

–
1

4
–

–
–

–
1

–
–

–
–

2
–

–

G
lo
m
us

sp
.1

–
1

–
2

–
–

2
–

–
1

–
–

–
–

–
19

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

re
hm

ii
–

–
1

1
11

–
–

–
–

–
–

–
–

–
–

1
–

–
–

–
–

–
–

G
ig
as
po
ra

gi
ga
nt
ea

–
–

–
–

–
–

–
6

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

R
hi
zo
gl
om

us
in
tr
ar
ad
ic
es

1
–

–
5

–
–

2
5

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

la
cu
no
sa

2
3

–
–

–
1

–
2

–
–

2
–

–
1

–
9

–
–

–
–

–
1

–

G
ig
as
po
ra

sp
.3

5
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
lo
m
us

sp
.3

–
–

–
–

–
–

1
–

–
3

1
–

–
–

–
–

–
–

–
–

1
–

–

A
ca
ul
os
po
ra

de
nt
ic
ul
at
a

–
–

–
–

–
–

–
–

–
–

–
–

–
1

–
–

–
1

–
–

–
–

–

E
nt
ro
ph
os
po
ra

in
fr
eq
ue
ns

–
1

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

R
hi
zo
gl
om

us
ir
re
gu
la
re

1
–

1
–

–
–

–
–

–
–

–
–

–
–

–
1

–
–

–
–

–
–

–

Sc
ut
el
lo
sp
or
a
al
te
ra
ta

–
1

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

E
xc
lu
si
ve
s
sp
ec
ie
s
of

th
e
B
ot
to
m

C
la
ro
id
eo
gl
om

us
sp
.1

64
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
lo
m
us

gl
om

er
ul
at
um

–
–

–
–

17
–

3
–

7
–

–
1

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.2

–
–

3
–

23
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

F
un
ne
lif
or
m
is
m
os
se
ae

–
1

–
–

8
2

–
–

4
–

2
–

–
–

–
–

–
–

–
–

–
–

–

Se
pt
og
lo
m
us

fu
rc
at
um

–
–

–
15

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

R
hi
zo
gl
om

us
sp
.3

–
–

11
–

3
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

fo
ve
at
a

4
1

6
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

Predictors of Arbuscular Mycorrhizal Fungal Communities in the Brazilian Tropical Dry Forest



T
ab

le
1

(c
on
tin

ue
d)

S
pe
ci
es

na
m
e

C
e1

C
e2

P
b1

Pb
2

Pb
3

P
e1

P
e2

B
a1

B
a2

B
a3

B
a4

M
g1

M
g2

C
e1

C
e2

P
b2

Pb
3

Pe
1

P
e2

B
a2

B
a3

M
g1

M
g2

A
m
bi
sp
or
a
sp
.1

af
f
br
as
ili
en
si
s

1
–

–
–

8
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

E
nt
ro
ph
os
po
ra

sp
.1

–
–

–
–

–
–

1
7

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

G
lo
m
us

sp
.4

–
–

–
–

–
–

1
6

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

R
hi
zo
gl
om

us
na
ta
le
ns
e

–
–

–
–

–
–

2
5

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.1
4

–
–

–
–

–
–

–
6

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
lo
m
us

sp
.1

1
–

–
5

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
m
bi
sp
or
a
sp
.2

5
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
ig
as
po
ra

sp
.1

5
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.1
3

–
–

2
–

–
1

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

A
m
bi
sp
or
a
sp
.3

4
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

D
en
tis
cu
ta
ta

bi
or
na
ta

–
–

4
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

P
ar
ad
en
tis
cu
ta
ta

m
ar
iti
m
a

–
3

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.5

–
–

–
–

–
3

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

tu
be
rc
ul
at
a

–
3

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
m
bi
sp
or
a
sp
.4

–
–

3
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
lo
m
us

sp
.5

–
–

–
–

–
1

2
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

R
ac
oc
et
ra

sp
.1

–
–

–
–

–
2

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
m
bi
sp
or
a
ge
rd
em

an
ni
i

–
–

–
–

–
–

–
1

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

F
us
cu
ta
ta

he
te
ro
ga
m
a

–
–

–
–

–
–

2
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

D
iv
er
si
sp
or
a
sp
.3

–
1

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

R
ac
oc
et
ra

tr
op
ic
an
a

–
–

–
–

–
–

–
–

–
–

–
–

2
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.a
ff
sc
ro
bi
cu
la
ta

3
1

2
–

32
1

3
1

–
–

4
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

ex
ca
va
ta

–
–

–
–

–
–

2
7

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.9

af
f
bi
re
tic
ul
at
a

–
–

–
–

–
–

–
1

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.1
0
af
f
pa
ul
in
ae

–
–

–
–

–
–

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.1
1

–
–

–
–

–
–

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
.1
2
af
f
al
pi
na

–
–

–
–

–
–

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
in
os
a

–
–

–
–

–
–

–
1

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

A
ca
ul
os
po
ra

sp
in
os
is
si
m
a

–
–

–
1

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

D
en
tis
cu
ta
ta

sa
va
nn
ic
ol
a

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

D
iv
er
si
sp
or
a
sp
.1

af
f
ve
rs
ifo

rm
is

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

D
iv
er
si
sp
or
a
sp
.2

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

Tr
ic
is
po
ra

sp
.

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

E
nt
ro
ph
os
po
ra

sp
.2

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–
–

–

G
lo
m
us

sp
.2

–
–

–
–

–
–

–
–

1
–

–
–

–
–

–
–

–
–

–
–

–
–

–

de Sousa N. M. F. et al.



was structured according to the soil variables in the axis 1,
iron (0.59), base saturation (0.36), organic matter (−0.38)
and coarse sand content (−0.53). The variables sodium (−
0.64), potassium (0.19), silt (0.17) and total sand content
(−0.35) were strongly correlated with the axis 2. The analy-
sis of indicator species showed that several species were
indicators of soil properties. Acaulospora morrowie
(p = 0.05), Claroideoglomus etunicatum (p = 0.03) and
Gigaspora decipiens (p = 0.03) were indicators of high
values of iron in the soil. G. decipiens (p = 0.04) and
Glomus microcarpum (p = 0.03) were indicators of high
sand content in the soil. G. microcarpum (p = 0.01) was
an indicator of low sodium contents, and Acaulospora
scrobiculata (p = 0.04) and Acaulospora sp.1 (p = 0.03)
indicated the portions of the soil with high sodium content.
Acaulospora sp.1 (p = 0.04) and Ambispora appendicula
(p = 0.03) were indicators for low carbon content, and
Glomus glomerulatum (p = 0.01) and A. appendicula
(p = 0.02) indicated low potassium levels. Gigaspora
margarita (p = 0.02), Gigaspora sp. (p = 0.02) and
Paradentiscutata maritima (p = 0.04) were indicators of
low values of silt contents on soil, and Acaulospora
morrowiae (p = 0.03) indicated the high amounts of silt.T
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Fig. 2 Abundance (spores number) and AMF richness (morphospecies
number) in samples across the bottom and top of the inselbergs. Median
(bold line), interquartile range (box) and lower-upper values (whiskers)
are shown (outlying values are indicated by points)
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Discussion

The vast majority of existing studies that have addressed the
extent to which AMF communities are influenced by environ-
mental factors are molecular studies [27, 40–43] and few use
spore-based identification, as our study does [20, 44, 45]. This
method is a historically predominant approach to characterize
species, allowing a better differentiation of fungal taxa and a
more sensitive detection of changes in AMF diversity and
community composition [21], yielding also important infor-
mation about soil management [20] but only for the sporula-
tion fraction of the AMF assemblage [46]. Spore identification
to a species level is an intricate procedure and, when conduct-
ed by non-experts, can result in individual spore morphotypes
matching up with more than one AMF species [47].
Simultaneously, though, spore-based community studies can
yield superior estimates of relative abundances [21, 48] and
can better control for confounding issues arising from variable
sampling depth. In the tropical dry forest of Brazil, AMF
communities on the top of the inselbergs did not differ in
richness from those in the surrounding soil, not corroborating
our first hypothesis, and showing no effects of rocky outcrops
isolation in AMF community and the lack of historical pro-
cesses in the distribution of AMF. This latter point implies that
community members of AMF communities around the insel-
bergs could also disperse within the specific rocky habitats
and that there was no isolation. Results may also be related
to the weak host specificity of AMF, as well with the strong
similarities of the vegetation on inselbergs with the surround-
ing matrix, due to the overall harsh overall conditions in these
semiarid environments [49].

We were expecting based on our second hypothesis that we
would detect different AMF communities at the top and at the
bottom of inselbergs. To assess whether the AMF communi-
ties differed, we had to first explore and when necessary cor-
rect for other confounding drivers of AMF community struc-
ture. Because we experimented over a broad geographical
range, we had to consider the fact that AMF communities

follow a latitudinal diversity gradient [43]. Although our sam-
pling design here was carried out within the limits of a single
country, as expected, we detected evidence in support of such
a latitudinal gradient at a regional scale, in the case of the
species richness of AMF on the top of the inselbergs.
Nevertheless, the low species richness of AMF that we found
at low latitudes is incongruent with our expectations from the
inferred latitudinal gradient for AMF taxa. The AMF commu-
nity was sampled from ten different inselbergs with different
altitude, which may have influenced the result from the latitu-
dinal gradient. Altitude is a factor that influences the geogra-
phy and ecology of species [50] because higher-altitude sites
experience pronounced environmental differences from low-
land sites such as lower temperatures, slowing down decom-
position and nutrient cycling [51]. Studies on the dynamics of
the AMF community as a function of latitude have rarely
taken into consideration the possible confounding influence
of altitude. A global approach to species richness of AMF did
not yield evidence in support of a latitudinal gradient of diver-
sity [40]. However, it is known that the AMF communities are

Fig. 3 AMF diversity across the
sites. Median (point) and lower-
upper values (whiskers)

Fig. 4 RDA redundancy analysis showing the variation in AMF
community composition across latitudes (F = 3.7660, R2 = 0.06764,
P = 0.0003) and an altitude range. (F = 1.8873, R2 = 0.03390,
P = 0.0411). The PERMANOVA was calculated using Bray-Curtis
distance and sample relative abundance data. Colours indicate different
altitudes. Dispersion ellipses represent one standard deviation of points
around group centroids
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influenced by latitude [52]. The Tropical Conservatism
Hypothesis [53] postulates that the basal fungal groups pre-
dominate in low latitudes, and that this pattern is related with
phylogenetic patterns, since key morphological or physiolog-
ical traits determine fungal taxa response to temperature and
precipitation [54]. There is evidence that the latitudinal gradi-
ent observed for AMF is the outcome of host selectivity by the
plant hosts [52]; higher plant richness per unit area at low
latitudes means a higher number of hosts, each with unique
preferences for AMF associates which in the end result in an
apparent latitudinal gradient in AMF richness. The diversity
of microorganisms in relation to the latitudinal gradient could
also be influenced by frequency of disturbance, higher pro-
ductivity and environmental heterogeneity [55]. Even after

correcting for these factors, we could not find any evidence
that AMF communities at the top and bottom of inselbergs
differed.

In agreement to our third hypothesis, we detected that en-
vironmental conditions exerted a strong influence on the AMF
community structure. We used variance partitioning for this
purpose, a commonly used tool in microbial ecology which is
particularly reliable [56, 57]. In microbial communities, soil
properties have been found in multiple studies to have perva-
sive effects on environmental filtering [26, 58–60]. Our results
support these previous studies; the soil edaphic factors were
responsible for the explained variation of the AMF communi-
ty within the Brazilian semiarid region. The main soil predic-
tor of AMF richness was clay content. Other evidence also
suggests that soil texture is an important predictor of AMF
community structure [20, 26, 44, 61], and the low clay content
in the soil is a limiting factor for several species of the family
Gigasporaceae and Acaulosporaceae [24]. In relatively ho-
mogeneous areas, differences in soil texture may override oth-
er predictor variables such as weather, host plant, soil man-
agement practices and seasonality as structuring of AMF com-
munities [24]. In semiarid ecosystems, clay content is an im-
portant factor governing water infiltration [62]. In these sys-
tems, mobility of nutrients such as iron and aluminium is
relatively low as there is limited diffusion. These soils also
are characterized by low cation exchange capacity, clay and
organic material content in the topsoil. Evidence accrues to
suggest that soil texture has multifaceted effects on many soil
properties such as porosity, water holding capacity of the soil,
cation exchange capacity [59, 63] and, consequently, the hab-
itat of soil microorganisms. The understanding of how soil
properties can influence the diversity of AMF is important to
predict the biogeography and functionality of these microor-
ganisms. For instance, the organic matter in the soil is related
to the rate of production of external mycelium by the AMF
species [63, 64]. Although studies predicting AMF niche
spaces are still scarce, our results show that niche processes
mediate the distribution of AMF and that more investigation
in this regard could elucidate issues related to ecological role
in different biomes.

Of particular concern in our area was the condition with
regard to Na availability and the way AMF taxa responded to
it. The levels of Na in the soil vary geographically. In semiarid
regions, crystalline characteristics of the soil induce Na limi-
tation of plant communities [65]. Sodium is considered a func-
tional nutrient of plants, and partially replaces K activity, reg-
ulating ion balance of plants and improving water balance via
regulation of stomatal conductance with indirect participation
on carbon sequestration [66, 67]. The mechanisms that regu-
late photosynthesis are of the utmost importance to the estab-
lishment and survival of plants; thus, the amount of sodium in
the soil indirectly affects the communities of AMF via effects
on plant growth. Studies have shown that sodium content

Fig. 6 Spatially constrained, distance-based redundancy analysis of plot-
based quantitative AMF community composition. The bottom and top
samples of the inselbergs (triangles of different colour) are shown.
Arrows indicate the direction of the maximum change in soil variables

Fig. 5 Partitioning of the variation (inertia) in arbuscular mycorrhizal
fungi (AMF) community profiles among the three groups of predictors
(environment 9%)
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influences soil fungal communities [59] and mycorrhizal sym-
bionts [68, 69]. In the semiarid region of Brazil, the low pre-
cipitation and the high evapotranspiration, linked to defores-
tation, have led to salinization [70]. Nevertheless, the mecha-
nisms responsible for the changes in the community of micro-
organisms still remain little understood. Some species of AMF
are able to overcome high levels of soil salinity effectively
helping the host plant [71]. In conditions of high salinity,
species of Glomus assist in plant development by increasing
the acquisition of water and nutrients [72, 73].

To address hypothesis four, we carried out an indicator spe-
cies analysis and found, in agreement with our hypothesis, sev-
eral indicator species. G. decipiens was found to be a good
indicator of high sand content, corroborating prior studies ob-
serving this same pattern [24, 74]. Some species of the genus
Acaulospora, Gigaspora and Rhizoglomus were indicators of
high levels of soil iron. The ability of these different groups of
AMF to serve as indicators of different soil properties is report-
ed [20, 75] and could reflect the functional role of these sym-
bionts in the environment. Different strategies of colonization
have been reported for members of the groups with
acaulosporoid and glomoid spores, which show rapid coloniza-
tion [76], while more tolerance to environmental disturbance
[61, 77] is ascribed to species which produce gigasporoid
spores. The occurrence of species of Acaulospora and
Glomus in soil with high iron content manifests the benefit that
these groups offer for the plants in the initial processes of col-
onization, while Gigaspora species, due to delayed coloniza-
tion, tend to be involved in the processes of maintenance of
plant species [76]. This shows that taxonomic/morphological
parameters are related to the ecological role of species of AMF,
reflected in functional terms.

In conclusion, our work addresses the factors that shape
AMF communities in semiarid regions, by evaluating the mor-
phological diversity of these symbionts. We found no differ-
ences between AMF communities at the top and bottom of the
inselbergs; we also found soil characteristics as the main pre-
dictor of the distribution of AMF communities in Brazilian
tropical dry forest. The pattern of diversity of the AMF along
the latitudinal gradient is incongruent with the known diver-
sity patterns in low latitudes, suggesting effects of altitude. At
a regional scale, physical soil properties (e.g. clay content)
shape AMF community and reflect the functional role of these
fungi. There is evidence that different AMF species play dif-
ferent functional roles [76, 78]; thus, studies of the distribution
of AMF at the landscape-scale can increase the understanding
of biogeography and predict potential ecosystem services pro-
vided by the species of the Glomeromycota.
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