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A B S T R A C T

The aim of this work was to describe and compare the arbuscular mycorrhizal fungal (AMF)
morphospecies community and root colonization in three Polylepis australis forest disturbance types
(degraded forest, young forest and mature forest). Rhizosphere soil samples were collected during wet
and dry seasons in three sites located at the high mountains of central Argentina. A highly diverse AMF
community was detected with 32 different morphospecies. AMF richness, density, Shannon diversity and
evenness were neither influenced by forest disturbance type nor by season. Nevertheless, indicator
species analyses showed two AMF taxa mostly associated with the degraded forest, one with the young
forest and two linked preferentially to the mature forest. Moreover, the latter forest type showed the
highest biovolume of Gigaspora spp., a genus representative of conserved ecosystems. P. australis root
colonization was similar among forest disturbance types and seasons. However, higher abundance of
vesicles was observed during the dry season than during the wet season. This study showed that AMF
community composition was relatively similar among forests with distinct structural complexity. These
results suggest that the AMF community may be resistant to the kind of disturbances that shaped the
forests compared, or that natural successional processes may permit AMF to recover from these
disturbances.
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1. Introduction

Soil microorganisms represent a great part of global
biodiversity and play a crucial role in ecosystem functioning
(Fitter et al., 2005; Johnson et al., 2013). Arbuscular mycorrhizal
fungi (AMF; Phylum Glomeromycota) (Schüßler et al., 2001) are
one of the most relevant soil microorganisms due to their direct
influence on essential processes between plants and soil (Fitter
et al., 2005). AMF are obligate symbionts that associate with �80%
of the studied vascular plants (Brundrett, 2009; Wang and Qiu,
2006), improving soil exploration, mineral acquisition, water
relations and root pathogen resistance in their hosts (Smith and
Read, 2008). During the last years AMF spore community variation
in response to the original plant community changes (e.g., through
disturbances as fire, habitat fragmentation or agricultural
practices) has been widely evidenced (Grilli et al., 2012; Longo
et al., 2014; Stürmer and Siqueira, 2011).

Forest structural changes that are caused by anthropogenic
perturbation might indirectly influence AMF morphospecies
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communities (i.e., spore density, morphospecies diversity and
richness) and root mycorrhizal colonization through variation of
the vegetation, micro-climatic conditions, soil physical–chemical
characteristics, etc. For instance, plant cover reduces soil erosion
while its removal exposes soil to increase radiation (Cingolani
et al., 2003; FAO, 2005; Renison et al., 2004) affecting AMF
composition (Carpenter et al., 2001; Dumbrell et al., 2010; Lopes
Leal et al., 2013) and root colonization (Entry et al., 2002; Haugen
and Smith, 1992).

There is contradictory evidence about the influence on AMF
communities of disturbance history that results in structural
changes to forests, some reporting AMF resilience (Johnson and
Wedin, 1997; Picone, 2000) while others reporting changes in AMF
communities compared to the original forest (Grilli et al., 2012;
Longo et al., 2014; Stürmer and Siqueira, 2011; Zhang et al., 2004). In
addition, AMF community seasonality has been demonstrated and
some morphospecies may be dominant depending on the time of
year (Becerra et al., 2009; Lee and Koske, 1994; Lugo and Cabello,
2002; Merryweather and Fitter,1998; Soteras et al., 2012). Also, root
colonization by AMF is usually higher during the growing season
(Lugo et al., 2003).

High mountain forests of Polylepis australis Bitt. (Rosaceae), the
southernmost species of Polylepis spp. (Simpson, 1979), are highly
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impacted by anthropogenic disturbance (Cingolani et al., 2008).
Forest degradation has occurred mainly due to the influence of
anthropogenic changes (livestock rearing and intentional fires)
since the XVII century (Cingolani et al., 2003). Nowadays,
structural complexity differences of the forest remnants of this
species might be related to the extent of disturbance (Renison
et al., 2011) together with topographic characteristics (e.g.,
altitude) (Marcora et al., 2008) and other particularities of the
species (e.g., Pollice et al., 2013; Renison et al., 2004; Renison et al.,
2011). The influence of P. australis forest structural changes on
physical soil conditions has been evidenced (Renison et al., 2010).
However, whether these forests changes affect belowground
organisms and, especially AMF community, remains unknown.

The aims of this work were to describe and compare the AMF
spore community composition and to determine the mycorrhizal
root colonization of P. australis in three forest types varying in their
structural complexity (degraded forest, young forest and mature
forest) at three sites, during two seasons. Considering that the
variation of the original plant community could be related to both
AMF community composition and root colonization changes and
that AMF usually shows seasonal variations, we hypothesized that
forests disturbance types and seasonality affect AMF spore
community and root colonization.

2. Materials and methods

2.1. Study area

Three P. australis forest types with different disturbance history,
described and georeferenced by Renison et al. (2011), hereafter
called “degraded forest”, “young forest” and “mature forest”, were
chosen at each of three sites (“Los Gigantes” (1800–1900 m asl,
31�230S, 64�480W);“Los Molles” (1800–2000 m asl, 31�580S,
64�560W) and “Santa Clara” (2000 to 2200 m asl, 31�440S,
64�470W)) (Fig. 1). According to the conservation degree the three
sites could be ordered from the least to the most preserved as (1)
Los Gigantes, (2) Los Molles, and (3) Santa Clara (Renison et al.,
2006).

Mean temperature for the coldest and warmest months are 5 �C
and 11.4 �C, respectively, with no frost-free period (Cabido, 1985).
Mean annual precipitation is 840 mm, being concentrated in the
warmest months (October to April) (Cabido et al., 1987). Soils
Fig. 1. Sites (arrowheads) located at the high mountains of central Argentina: Los Gigant
three P. australis forest types (degraded forest, young forest and mature forest) were s
characteristics of the three forest structural types were previously
determined by Renison et al. (2010) (Table S1 Table S1).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.apsoil.2014.09.004.

The landscape includes distinctive units differing in their slope,
relief and percentage of rocky outcrops, including hilly uplands,
plateaus, ravines and valley bottoms (Cabido et al., 1987).
Vegetation consists of a mosaic of tussock grasslands and grazing
lawns mostly represented by Deyeuxia hieronymi (Hack.) Türpe,
Festuca tucumanica Alexeev, Poa stuckertii (Hack.) Parodi, Alchemilla
pinnata Ruiz & Pav. and Carex fuscula Urv. intermingled with granite
outcrops and eroded areas with exposed rocky surfaces. Inter-
spersed among the grasslands are P. australis shrublands and
woodlands, together with isolated Maytenus boaria Molina trees,
Berberis hieronymi Scheid shrubs and fern communities (Cabido,
1985; Cingolani, 2004). Since the beginning of the XVII century the
main economic activity has been livestock rearing, cattle and
sheep, that have completely replaced the native herbivores (i.e.,
Lama guanicoe Müller) (Cabido et al., 1987; Díaz et al., 1994).
Livestock and intentional fire management to promote grass
regrowth have created different forest disturbance types varying in
their structural complexity (Renison et al., 2011). Therefore, the
most conserved mature forest type is now represented as small
remnants restricted to rocky outcrops with steep slopes, where the
impact of both livestock and fires is less frequent (Cingolani et al.,
2008; Renison et al., 2006). This forest type has a mean canopy
cover of 72%; shows some isolated individuals of more than 800 cm
in height and mean age of the largest living tree is 67 years. The
young forest stand shows evidence of previous disturbances but is
regenerating naturally, with a mean canopy cover of 54%. Young
trees are from 116 to 200 cm in height and mean age of the largest
living tree is 37 years. The degraded forest type is characterized by
sparse trees with mean cover of 8%; shows low regeneration rates,
evidence of previous fire events and soil erosion; and the mean age
of the largest living tree is 43 years (Renison et al., 2011).

2.2. Experimental design

During the wet (spring – October 2010) and dry (autumn – May
2011) seasons, soil samples (20 cm depth) were collected with a
trowel from the rhizosphere of six randomly selected P. australis
trees, in each forest type (6 replicates per forest type) at the three
es, Los Molles and Santa Clara from the degraded to the most preserved. In each site,
ampled, during wet and dry seasons.

doi:10.1016/j.apsoil.2014.09.004
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sites, totaling 54 soil samples for each season (6 replicates � 3 forest
types � 3 sites � 2 seasons, total = 108).

At each site, different trees, separated by at least 20 m distance,
belonging to the same height class and representative of each
forest type (following Renison et al. (2011) characterization), were
chosen during both seasons. Roots from each tree were carefully
excavated, taking care that only P. australis lateral roots, attached to
the main trunk, were collected. Samples were placed in plastic bags
and stored at 4 �C.

2.3. Arbuscular mycorrhizal fungal morphospecies community

Soil samples were sieved through a 1 cm mesh size to remove
litter, stones and sticks. AMF spores were extracted by wet sieving
and decanting of 100 g of dry soil, followed by centrifugation in
sucrose (Walker et al.,1982). A fine sieve (38 mm) was used to collect
small spores and the top sieve (125mm) was also checked for
sporocarps and larger spores. Only apparently healthy spores
were isolated by direct observations with stereomicroscope. For
quantification and taxonomic identification, fungal spores were
mounted onto slides using PVA with and without Melzer’s reagent
(Omar et al., 1979) and examined with a compound microscope
(Nikon, E200). AMF morphospecies identification was based on
current species classification (Redecker et al., 2013) and the
identification manuals of Schenck and Perez (1990) and INVAM
(http://invam.caf.wvu.edu/fungi/taxonomy/speciesID.htm).

Total spore density was determined as the AMF spore number
per 100 g of soil dry weight. Also, as an approximation of the soil
volume occupied by spores, biovolume of each morphospecies
was calculated (Egerton-Warburton et al., 2007; van Veen and
Paul, 1979).

2.4. Arbuscular mycorrhizal colonization

In order to assess the percentage of arbuscular mycorrhizal
colonization, roots were cleared with 10% KOH (15 min at 90 �C),
acidified with 1% HCL (1 min, room temperature) and stained in
0.05% aniline blue, following the techniques described by Phillips
and Hayman (1970) and Grace and Stribley (1991). For the
determination of the percentage of total arbuscular mycorrhizal
colonization (AMC) and of intra-radical structures colonization
(arbuscules, vesicles and coils), five permanent slides per sample
were mounted and 100 line intersections were counted at
400� magnification under a compound microscope, following
McGonigle et al. (1990) magnified intersection method.

2.5. Statistical analysis

Shannon diversity index, richness, Jackknife 1 estimator of
richness and evenness (Magurran and McGill, 2011) were obtained
in R 2.13.2 (R Development Core Team, 2011) with the function
diversityresult() of the package BiodiversityR (Kindt, 2013).

To evaluate the strength of association between forest types and
AMF taxa, an indicator species analysis was applied with the
function indval() from the R package labdsv (Dufrêne and Legendre,
1997; Roberts, 2013).

Non-metric multidimensional scaling (NMDS) was performed
with metaMDS() function of the R package vegan (Oksanen et al.,
2012) to evaluate the ordination of arbuscular mycorrhizal fungal
community, considering morphospecies presence–absence and
the fixed factors (forest types and seasons) in related to the two
dimensional ordination space (Kenkel and Orlóci, 1986). NMDS
analysis was performed with the Bray Curtis dissimilarity measure.
PERMANOVA analysis was done in order to assess the significance
of the fixed factors with the function adonis() of the vegan package
of R with 999 permutations and using Bray Curtis dissimilarity as
the measure of distance between pair of morphospecies.
PERMANOVA analysis was also used for density and biovolume
comparisons among fixed factors.

To determine the differences of Shannon index, evenness and
AMF root colonization among forest types and seasons, generalized
linear mixed models (GLMM) were fitted in the R package lme4
(Bates et al., 2012), with forest type (three levels: degraded forest,
young forest, and mature forest) and season (two levels: wet and
dry) as fixed factors and including the interaction term. The
sampled individual trees within each forest type and permanent
slides per root system (pseudoreplicates) were nested in sites and
considered as a random term. The best fit and the significance of
model terms were determined comparing the Akaike information
criterion (AIC) using chi-squared (x2) test, with a significance level
of 0.05. Total root colonization and colonization by arbuscules,
vesicles and coils (proportions) were fitted with a binomial error
structure and log link. Shannon diversity index and evenness were
fitted with a Gaussian error structure and identity link.

To determine the relationship between AMF richness and
spores density, a linear regression model was fitted. Spore density
was log-transformed before analysis.

3. Results

3.1. Arbuscular mycorrhizal fungal spore community

In total 32 AMF morphospecies were identified in the
rhizosphere soil samples of the three forest disturbance types of
P. australis. Among them, 29 were assigned to known species while
the remaining were identified to genus level (Table 1). The most
frequent morphospecies recovered were Acaulospora mellea,
A. scrobiculata, Glomus brohultii and Rhizophagus intraradices in
all the forest types compared. The highest value of richness per
forest type detected was 22. Meanwhile, according to Jackknife
1 estimator of richness the highest expected number of
morphospecies per forest type was 30 (Table 1).

Indicator species analyses revealed five significant AMF
morphospecies. During the wet season, Funneliformis geosporum
was mostly present in the degraded forest (indicator value = 0.19;
P = 0.009). During the dry season, Dentiscutata biornata was
preferentially in the degraded forest (indicator value = 0.15,
P = 0.028), Rhizophagus clarus in the young forest (indicator
value = 0.27, P = 0.041) and both F. mosseae and Entrophospora
infrequens in the mature forest (indicator values = 0.25 and 0.18;
P = 0.005 and 0.035, respectively).

AMF community composition (morphospecies presence–
absence) was similar among forest types (PERMANOVA
wet season: pseudo-F = 1.41, P = 0.16; PERMANOVA dry season:
pseudo- F = 1.57, P = 0.08) (Fig. 2) and seasons (Table 2). The same
response was observed for morphospecies density, showing
similar values in the three forest structural types and during both
seasons (Table S2).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.apsoil.2014.09.004.

Because the differences in size among AMF genera, spore
biovolume was calculated. Mean spore biovolume of Acaulospora
was 9.2 � 10�4mm3, of Ambispora was 3.7 � 10�3mm3, of
Claroideoglomus 1.9 � 10�4mm3, of Entrophospora 7.1 �10�4mm3,
of Gigaspora 0.01 mm3, of Scutellospora 0.01 mm3, of Funneliformis
8.2 � 10�4mm3, of Glomus 2.2 � 10�4mm3, of Rhizophagus
1.4 �10�4mm3 and of Pacispora 6.8 � 10�4mm3. Although Glomus
was one of the most abundant genera (wet season: mean = 41.96,
s.e. = 13.98; dry season: mean = 127.41, s.e. = 25.15) contributed
with almost the same biovolume (wet season: mean = 0.01,
s.e. = 0.003 soil; dry season: mean = 0.03, s.e. = 0.01) as Gigaspora
(wet season: mean = 0.03, s.e. = 0.01; dry season: mean = 0.02,

http://invam.caf.wvu.edu/fungi/taxonomy/speciesID.htm
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Table 1
Occurrence (+) of arbuscular mycorrhizal fungi morphospecies in the rhizosphere of three P. australis forest types (degraded forest (DF), young forest (YF) and mature forest
(MF)), at each sampling site (Los Gigantes, Los Molles, and Santa Clara) during two seasons (wet and dry).

Los Gigantes Los Molles Santa Clara

Wet season Dry season Wet season Dry season Wet season Dry season

DF YF MF DF YF MF DF YF MF DF YF MF DF YF MF DF YF MF

Acaulosporaceae
Acaulospora alpina Oehl, Sýkorová and Sieverd. + + + + � + + + � � + + + + + + + +
A. bireticulata Rothwell and Trappe + � + + + � � + � + � � � � + � � �
A. excavata Ingleby and Walker + + + + + + + + � + + + + + + + + +
A. foveata Rothwell and Trappe � � � � + � + � � � � � � + + � � +
A. mellea Spain and Schenck + + + + + + + + + + + + + + + + + +
A. rehmii Sieverd. and Toro + � + � � � � � + � � � � � � � � �
A. rugosa Morton � + + + + + � + � � + + + + + + + �
A. scrobiculata Trappe + + + + + + + + + + + + + + + + + +
A. spinosa Walker and Trappe � + + � + + � + + + + + + � � + � +
A. undulata Sieverd. � � � + � � � � � � � � � � � + + +
A. lacunosa Morton + + + � + + + + + � � � + + + + + +
Acaulospora sp. 1 � � � � + � � � � � � � � � � � + �

Ambisporaceae
Ambispora leptoticha (Schenck and Sm.) Walker,
Vestberg and Schüßler

� + � + � � � � � + � + + + + + + +

A. appendicula (Spain, Sieverd. and Schenck) Walker + + + � � + + � + + � � � � + + + +

Claroideoglomeraceae
Claroideoglomus claroideum (Schenck and Sm.)
Walker and Schüßler

� � � � + + � � + � + � + � � � � �

C. luteum (Kenn., Stutz and Morton) Walker and
Schüßler

� + � + � � + � � + + � + + � + + +

Entrophosporaceae
Entrophospora infrequens (Hall) Ames and Schneid. � � + + + + � � � � � � + � + + + +
Entrophospora sp. 1 + � � + � + � � � � � � � � � � � �

Gigasporaceae
Gigaspora margarita Becker and Hall + + + + + + + + + + + + � + + + + +
G. rosea Nicolson and Schenck + � � � � + � + � � + � � � � � � �
Dentiscutata biornata (Sieverd. and Toro) Sieverd., Souza and Oehl � � � � � � � � � � � � + + � + � �

Glomeraceae
Funneliformis badium (Oehl, Redecker and Sieverd.) Walker and Schüßler � + + + � � + � + + + � + � � + � +
F. geosporum (Nicolson and Gerd.) Walker and Schüßler + � � � � � + � � + � � � � � � � �
F. mosseae (Nicolson and Gerd.) Walker and Schüßler + + � + + + + + + + � + � � + � + +
Glomus brohultii Sieverd. and Herrera + + + + + + + + + + + + + + + + + +
G. fuegianum Trappe and Gerd. + � + + + + + + + + + � � � � + + +
Glomus sp. 1 � + � � � � � � + � � � � � � � + +
Rhizophagus clarus (Nicolson and Schenck) Walker and Schüßler � + + + + + � + � + + � + + + + + +
R. intraradices (Schenck and Sm.) Walker and Schüßler + + + + + + + + + + + + + + + + + +

Pacisporaceae
Pacispora patagonica (Novas and Fracchia) Walker, Vestberg and Schüßler + + + � + + + + � + � + � + � � � +
P. dominikii (Blaszk.) Sieverd. and Oehl � � � � + + � � + + + + + � � + � +
P. robigina Sieverd. and Oehl � � + � + � + + + + + + � � � + + �

Total no. of morphospecies 17 18 19 19 20 20 17 17 16 20 17 15 16 15 16 21 20 22
Jackknife estimator 1 23 25 22 25 25 25 24 23 21 25 23 18 18 20 24 25 26 30
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s.e. = 0.01) and Scutellospora (wet season: mean = 0; dry season:
mean = 0.01, s.e. = 0.01). Meanwhile, Acaulospora was highly
abundant (wet season: mean = 208.54, s.e. = 124.20; dry season:
mean = 165.27, s.e. = 32.08) and occupied high soil volume (wet
season: mean = 0.09, s.e. = 0.04; dry season: mean = 0.07, s.e. = 0.01).

The volume in soil occupied by each morphospecies genus
(mm3/100 g of dry soil) was not significantly different among forest
types (PERMANOVA wet season: pseudo-F = 1.14, P = 0.31; PERMA-
NOVA dry season: pseudo- F = 0.56, P = 0.93). However, higher
sporebiovolumeof Gigaspora spp. was observed in the mature forest
during both seasons (wet season: degraded forest = 0.02 � 0.01,
young forest = 0.02 � 0.01, mature forest = 0.04 � 0.02; dry season:
degraded forest = 0.01 �0.004, young forest = 0.03 � 0.01, mature
forest = 0.03 � 0.02).
Shannon diversity index and evenness were not significant
different among forest types (Shannon Gaussian GLLM: x2 = 1.22,
P = 0.54; evenness Gaussian GLLM: x2 = 0.13, P = 0.94) nor among
seasons (Shannon Gaussian GLLM: x2 = 1.20, P = 0.27; evenness
Gaussian GLLM: x2 = 1.75, P = 0.19).

Regression analysis indicated that AMF mean richness was
positively related to spore density (P < 0.001) (Fig. 3).

3.2. Arbuscular mycorrhizal colonization

P. australis roots from every forest type and during both seasons
showed colonization by AMF. Total root colonization percentages
during the wet season varied from 16.05 to 95% in the degraded
forest, from 4 to 92% in the young forest and from 6 to 88.07% in the



Fig. 2. Two dimensional non-metric multidimensional scaling (NMDS) plot of arbuscular mycorrhizal fungal community composition in three forest structural types
(degraded, young and mature) during (a) wet and (b) dry seasons.
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mature forest. Meanwhile during the dry season varied from
31.64 to 100% in the degraded forest, from 10.96 to 90% in the
young forest and from 16.39 to 93.15% in the mature forest.
Although the higher values were observed during the dry than
during the wet season, root colonization was not significantly
different among seasons (Table 3).

Among intra-radical structures, only vesicles showed signifi-
cantly higher values during the dry than during the wet season
(Table 3). Nevertheless, colonization of intra-radical structures did
not show significant differences among forest types (Table 3).

4. Discussion

In this study for the first time, to the best of our knowledge, the
influence of different P. australis forest disturbance types on the
community composition of AMF morphospecies and on mycor-
rhizal root colonization were evaluated. The total number of AMF
morphospecies identified (32) was in the range of values reported
for other mountain forest ecosystems. In the high altitudinal
forests of Kenia, Jefwa et al. (2009) detected 11 AMF morphospe-
cies; 20 morphospecies were identified in P. australis forests
of central Argentina (Menoyo et al., 2009) and 40 AMF taxa
were isolated from forests of the Tibetan Plateau (Qing-Ming and
Liang-Dong, 2010).

The previous work in P. australis forests (Menoyo et al., 2009)
identified most of the morphospecies detected in this study. The
Table 2
PERMANOVA outputs of arbuscular mycorrhizal fungal community composition
variation during wet and dry seasons.

Model/parameter dfa SDb MSc pseudo-F R2 P

Degraded forest
Season 1 0.27 0.27 1.73 0.05 0.11
Residuals 34 5.26 0.15 0.95
Total 35 5.53 1

Young forest
Season 1 0.26 0.26 1.76 0.05 0.13
Residuals 34 5.02 0.15 0.95
Total 35 5.28 1

Mature forest
Season 1 0.26 0.26 1.76 0.05 0.09
Residuals 34 5.02 0.15 0.95
Total 35 5.28 1

a df: degrees of freedom.
b SD: sums of squares.
c MS: mean squares.
following morphospecies represent new records for the high
mountain forests of central Argentina: Acaulospora alpina,
Acaulospora foveata, A. rehmii, A. rugosa, A. undulata, A. lacunosa,
Ambispora leptoticha, Claroideoglomus luteum, Gigaspora margarita,
Gi. rosea, Funneliformis badium, F. mosseae, Glomus brohultii,
Rhizophagus clarus, Pacispora patagonica, P. dominikii and
P. robigina. However, many of these taxa have been previously
identified in the high mountain grasslands of central Argentina
(Lugo and Cabello, 2002). The formal species identification based
on spore morphology, as performed in this study, may not be
equated directly with the species recovered through spores
sequencing (Lanfranco et al., 2001). The use of both morphology
and molecular methods may be the most appropriate description
approach (Redecker et al., 2013), thus further use of molecular
techniques could help to improve the AMF community characteri-
zation (Öpik et al., 2010).

Contrary to the initial hypothesis and to other studies (Grilli
et al., 2012; Longo et al., 2014; Lopes Leal et al., 2013; Stürmer and
Siqueira, 2011; Zhang et al., 2004), AMF richness, spore density,
Shannon diversity and evenness were not affected by forest
Fig. 3. Relationship between AMF richness (number of morphospecies) and spores
density (number of spores/100 g of dry soil) of arbuscular mycorrhizal fungi (AMF)
present in three forest structural types (degraded, young and mature) during wet
and dry seasons. Shaded band represents 95% intervals of confidence around the
regression line fitted (solid line).



Table 3
Mean percentage value (standard error) and generalized linear mixed model (GLLM) outputs of total arbuscular mycorrhizal colonization (AMC), root colonization by
arbuscules (A), vesicles (V) and coils (C) of P. australis roots of three forest types (degraded forest, young forest and mature forest) during two seasons (wet and dry).

AMC A V C

Mean (s.e.)
Wet season Degraded forest 57.82 (1.89) 0.40 (0.11) 16.16 (1.21) 0.64 (0.12)

Young forest 56.23 (1.85) 0.23 (0.07) 12.13 (1.08) 0.37 (0.09)
Mature forest 49.71 (1.86) 0.17 (0.06) 8.99 (0.69) 0.63 (0.15)

Dry season Degraded forest 68.16 (1.58) 2.07 (0.32) 31.29 (1.28) 0
Young forest 59.58 (1.80) 0.60 (0.13) 20.49 (1.33) 0
Mature forest 64.22 (1.70) 0.91 (0.18) 24.35 (1.10) 0.01 (0.01)

Term/GLLM output
Forest type dfa 4 4 4 4

Deviance 0.952 0.952 3.94 0.103
P 0.92 0.92 0.41 0.99

Season dfa 3 3 3 3
Deviance 1.760 1.760 12.962 1.959
P 0.620 0.62 0.005 0.58

Season � forest type dfa 2 2 2 2
Deviance 0.048 0.048 0.766 0.019
P 0.98 0.98 0.68 0.99

a df: degrees of freedom of fixed factors: forest type (3 levels) * season (2 levels) + random term: five permanent slides nested within forest type, nested within three
sampling sites.

F. Soteras et al. / Applied Soil Ecology 85 (2014) 30–37 35
disturbance types. The similarity of the AMF community among
forest types was also evidenced by the NMDS and PERMANOVA
analyses. The ordination plots revealed overlapping groups for the
different forest types. There are four potential hypotheses that
could explain the lack of differences observed in AMF communi-
ties. First, the spore dispersion process might facilitate AMF
communities’ recovery as P. australis woodlands and shrublands
are interspaced among grasslands that shared most of the
morphospecies (Friese and Koske, 1991; Lekberg et al., 2007; Lugo
and Cabello, 2002).

Second, the kind of disturbances (i.e., livestock rearing and fire)
that shaped the three forests types could not be severe enough to
affect soil communities. It has been revealed that when organic
matter remains, the soil ecosystem is not affected comparing with
agricultural practices where soil overturn highly alters below-
ground ecosystem (Carrera et al., 2007; Kladivko, 2001). Moreover,
due to the long evolutionary history of livestock rearing in the high
mountains of central Argentina, grazing could be considered as an
intrinsic factor rather than as a disturbance of the ecosystem (Díaz
et al., 1994). In accordance with this, Menoyo et al. (2009) found
that livestock impact did not affect the AMF community of
P. australis forests.

Third, other possible explanation is that, mycorrhizal commu-
nity may be resilient (Johnson et al., 2013; Urcelay et al., 2009), and
natural successional processes will enable AMF to recover from
these disturbances.

Finally, it has been widely acknowledged that AMF communi-
ties are influenced by soil physico- chemical characteristics (Bever
et al., 2001; Egerton-Warburton et al., 2007; Grilli et al., 2012).
Generally, high inorganic soil phosphorous concentrations limit
AMF occurrence, and some AMF taxa are favored by particular soil
properties (Smith and Read, 2008). Therefore, the similarities of
soil properties among forest types could be explaining the absence
of effect of forest disturbances on AMF community.

Jackknife 1 estimator showed that there remain to be detected
2–7 morphospecies in the degraded forest, 5–7 in the young forest
and 3–8 in the mature forest. Further studies using trap plant
cultures should be carried out to determine non- sporulating
spores at sampling time (Stürmer et al., 2013).

Despite the lack of general differences in the AMF community
among forest types, indicator species analyses showed two
morphospecies mostly associated with the degraded forest, one
preferentially linked to the young forest and two AMF taxa to the
mature forest type. Therefore, slight variations of the AMF
community that could be increase with greater anthropogenic
disturbance (e.g. recently burnt forests (Longo et al., 2014)), were
observed. Moreover, the mature forest type showed a higher
biovolume of Gigaspora spp., a genus representative of conserved
environments and late successional ecosystems (Allen et al., 2003;
Hart and Reader, 2002).

In consistence with worldwide researches (e.g., Qing-Ming and
Liang- Dong, 2010; Stürmer and Siqueira, 2011; Zhang et al., 2004),
the genera Glomus and Acaulospora were the most abundant.
Furthermore, while Acaulospora spp. occupied high volume in soil,
Glomus showed the same biovolume as other larger but less
abundant AMF taxa. These results highlight the importance of
considering spore biovolume measurements to determine the
biomass contribution of each genus to the soil AMF community
(Allen et al., 2003; Egerton-Warburton et al., 2007; Qing-Ming and
Liang-Dong, 2010).

Local species richness might be influenced by biotic and abiotic
factors (not mutually exclusive) as competition for niche space,
resource availability or host-symbionts functional traits (Chagnon
et al., 2013; Gotelli and Colwell, 2001; Caley and Schluter, 1997). In
this study a relationship between AMF richness and spore density
has been observed. As the number of spore enhances, rare taxa or
those that sporulate under suitable conditions are recorded, thus
this increase might be evidencing the greater AMF community
richness.

It has been reported that AMF community show seasonal
variations (Lugo and Cabello, 2002; Merryweather and Fitter,1998;
Pringle and Bever, 2002). However, AMF spore diversity, density
and richness were similar among seasons. Similar results were
recorded by Davison et al. (2012), who using pyrosequencing to
describe soil communities, observed spatial variation of AMF
community composition but not seasonal changes.

In consistence with Menoyo et al. (2009) results in P. australis
forests with different livestock density, total arbuscular mycor-
rhizal colonization did not vary among forest structural types. In
our study this variable neither showed seasonal variation, in
opposite to other author’s findings (Lugo et al., 2003; Zangaro
et al., 2013). Nevertheless, significantly higher percentage of
root colonization by vesicles during the dry than during the wet
season was observed. During the dry season, when soil
drought enhance and plant metabolic activity decrease, the
abundance of these storage structures, developed by some AMF
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genera, tends to increase (Smith and Read, 2008). Although in low
percentages, arbuscules and coils, the latter also described as
exchange interfaces (Smith and Smith, 2011), were found during
both seasons and in all the forest types thus indicating the
symbiosis functioning.

5. Conclusions

P. australis forests represent one of the most endangered high
mountain ecosystems mostly due to the effect of livestock rearing
and intentional fires, leading it conservation as a priority.
Therefore, several studies have been focused on the description
of their biodiversity. However one of the most important soil
microorganisms, AMF, has rarely been evaluated. This study
showed that P. australis high mountain forests harbor a highly
diverse AMF community. The relatively high similarity of
morphospecies composition among forests with different degrees
of disturbance could be attributed to a number of potential
explanations. First, spore dispersal processes. Grassland species
that are part of the vegetation mosaic and replace P. australis during
early succession harbor a highly similar AMF community as
P. australis forests. Second, the AMF community may not be
impacted by these disturbances, which could have become an
intrinsic factor of the ecosystem. Third, AMF community may be
resilient to the kind of disturbances that shaped the forests
compared, and natural successional processes may permit AMF to
recover from these disturbances. Finally, the similarities of soil
properties among forest types could be explaining the absence of
effect of forest disturbances on AMF community.
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