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Abstract
It is generally assumed that recruitment and expansion of alien species along elevation gradients are constrained by climate. But,
if plants are not fully constrained by climate, their expansion could be facilitated or hindered by other factors such as biotic
interactions. Here, we assessed the composition of arbuscular mycorrhizal fungi (AMF) in soils along an elevation gradient (i.e.
900 m, 1600 m, 2200 m and 2700 m a.s.l.) through a fungal DNA meta-barcoding approach. In addition, we studied in the
greenhouse the effects of AMF on growth and phosphorous (P) nutrition of seedlings of the alien trees Gleditsia triacanthos,
Ligustrum lucidum and Pyracantha angustifolia cultivated in soils from those elevations, spanning the elevation at which they
already form monospecific stands (below 1450 m a.s.l.) and higher elevations, above their current range of distribution in
montane ecosystems of Central Argentina. For comparison, we also included in the experiment the dominant native tree
Lithraea molleoides that historically occurs below 1300 m a.s.l. Arbuscular mycorrhizal fungal community composition showed
strong community turnover with increasing elevation. The effects of these AMF communities on plant growth and nutrition
differed among native and alien trees. While P nutrition in alien species’ seedlings was generally enhanced by AMF along the
whole gradient, the native species benefited only from AMF that occur in soils from the elevation corresponding to its current
altitudinal range of distribution. These results suggest that AMF might foster upper range expansion of these invasive trees over
non-invaded higher elevations.
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Introduction

It is generally assumed that recruitment and expansion of alien
species along elevation gradients are constrained by climate
(Alexander et al. 2011). But, if plants are not fully constrained

by climate, their expansion could be facilitated or constrained
by other factors, such as competition, and/or biotic interac-
tions (Pellissier et al. 2013; Brown and Vellend 2014; Tecco
et al. 2016; Marcora et al. 2018).

The interactions of alien plants with soil biota are widely
studied (e.g. Reinhart and Callaway 2006; Nuñez and Dickie
2014; Dickie et al. 2017). The net effects of soil biota on plant
growth are the result of antagonists (e.g. pathogens) and mu-
tualists (e.g. mycorrhizal fungi). Lack of effects of antagonists
and positive effects of mutualists on alien plants in their inva-
sive range is frequently observed (but see Jeschke et al. 2012).
This often results in positive effects of soil biota on alien plant
growth (Klironomos 2002; Reinhart and Callaway 2006;
Callaway et al. 2011).

Among soil mutualists, arbuscular mycorrhizal fungi
(AMF) are the most important, widespread and generalist
plant root symbionts in terrestrial ecosystems (Smith and
Read 2008). They colonise plant roots and provide plants
access to limited nutrients such as phosphorous, among other
benefits. Together with available mineral nutrients in soils
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(e.g. Hoeksema et al. 2010), the outcome of the mycorrhizal
symbiosis on plant performance depends on the identity and
growth form of the plant host and on the composition of the
local mycorrhizal fungal community (Klironomos 2003; Öpik
et al. 2009; Hoeksema et al. 2018).

Most studies on the benefits provided by AMF to alien
plants focus on ecosystems that already have been invaded
(e.g. Klironomos 2003; Callaway et al. 2011). Whether those
benefits also extend to non-invaded ecosystems with different
AMF communities remains almost unstudied (Tomiolo and
Ward 2018). Indeed, there is no study on the role of soil biota
on alien plant expansion over upper elevations in montane
ecosystems. This information is highly relevant in the context
of global environmental changes in which expansion of or-
ganisms into novel environments is expected, especially those
involving abrupt climatic gradients such as mountains.

The Sierras de Córdoba mountain ranges of Central
Argentina include a wide elevational gradient (500–2790 m
a.s.l.) that is subject to an incipient spread of alien tree species
from lower elevations (i.e. 500–1500 m a.s.l.) (Giorgis et al.
2011a, 2016). Together with Pinus elliottii (Urcelay et al.
2017), the alien tree species Gleditsia triacanthos, Ligustrum
lucidum and Pyracantha angustifolia are the most successful
invaders of low-elevation ecosystems in the region (Furey
et al. 2014; Giorgis et al. 2011b, 2017; Tecco et al. 2013;
Zeballos et al. 2014). Although some isolated individuals of
P. angustifolia occur at 1750 m a.s.l. (Giorgis et al. 2011a),
populations of these three species are absent above 1500 m
a.s.l. Recent experimental evidence, however, shows that ger-
mination and establishment of seedlings of these alien species
occur above their current ranges of distribution (Tecco et al.
2016).

Some studies have shown that important changes in fungal
community composition occur across elevation gradients
(Kivlin et al. 2017; Geml 2017). In particular, abundance
and richness of AMF decrease with increasing elevation.
Moreover, it recently has been shown that dissimilarity among
fungal communities increases with increasing elevation in the
tropical Andes (Nottingham et al. 2018). Nonetheless, there is
a dearth of relevant empirical data for many geographic re-
gions (Geml 2017). Whether alien plants can establish the
symbiosis and benefit from AMF at high elevations, where
different fungal communities are expected, is unknown.

According to this framework, we asked: (1) does AMF
community composition at different elevations along the
Sierras de Córdoba elevation gradient differ and (2) might
potential differences in AMF species presence influence the
growth of three aliens and one native tree species?

To answer these questions, we assessed the compositional
turnover of the AMF community along the elevation gradient
through a fungal DNA meta-barcoding approach. In addition,
we studied the effects of AMF from different elevations on
growth and phosphorous nutrition of seedlings of the aliens

Gleditsia, Ligustrum and Pyracantha grown in the green-
house. This was performed in soils from low-elevation areas
where they have already invaded and reach high densities (i.e.
900 m a.s.l.) and in soils from three other elevations (1600 m,
2200 m and 2700 m a.s.l.) above their current ranges of dis-
tribution. In addition, we assessed mycorrhizal colonisation.
For comparison, we also included in the experiment the dom-
inant native tree Lithraea molleoides that historically domi-
nated in the same vegetation belt in which the invaders cur-
rently occur, i.e. up to 1300 m a.s.l., but which does not ex-
pand to higher elevations (Giorgis et al. 2017).

Materials and methods

Study site

In this study, we collected soil from plots established in the
Sierras Grandes, which is the central mountain range of the
Sierras de Córdoba in Central Argentina. The montane system
comprises the following vegetation belts described by Cabrera
(1976) for the Mountain Chaco District: (1) the upper portion
of Chaco mountain woodlands together with secondary grass-
lands that are distributed from 400 to 1400 m a.s.l., (2) an
intermediate belt of mountain grasslands and shrublands
(1300 m to 1700 m a.s.l.) and (3) a mosaic of high mountain
grasslands and Polylepis australis (Rosaceae) woodlands
(above 1700 m a.s.l.). The experimental plots were placed
along an elevational gradient ranging from 900 to 2700 m
a.s.l. (Linderos Road, 32° 50′ S, 64° 90′ W), near the highest
peak of the mountain range. All sites were short grasslands,
established on hillsides with similar gentle slopes and high
solar insolation (see Marcora et al. (2008) and Tecco et al.
(2016) for further details). The plots were devoid of trees,
either aliens or natives. The mean annual temperature at the
lower end of the gradient (900 m a.s.l.) is 15.7 °C and drops to
7.4 °C near the summit at 2700 m a.s.l. (Marcora et al. 2008).
There is no frost-free period over 1800 m a.s.l. The mean
annual precipitation varies between 750 and 970 mm, with
most rainfall concentrated in the warmest months, from
October to April. Consistent environmental changes have
been recorded along the elevation gradient with significant
decreases in soil temperature and increasing soil moisture to-
wards the upper portion of the gradient (Tecco et al. 2016).

Arbuscular mycorrhizal fungal composition in the soil
at the sampled elevations

In order to characterise the richness and abundance of AMF
taxa (Glomeromycota) present in the soil at the experimental
sites, soil samples were taken in November 2014 for fungal
DNA meta-barcoding using deep sequencing as follows: ten
soil cores, each ca. 4 cm in diameter and 10–15 cm deep, were
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randomly collected more than 1 m from each other and were
pooled to form a composite sample for each of the three plots
at each of the four sites. Genomic DNA was extracted from
0.5 g of dry soil using the NucleoSpin® Soil kit (Macherey-
Nagel GmbH&Co., Düren, Germany), according to the man-
ufacturer’s protocol. The ITS2 region (ca. 250 bp) of the nu-
clear ribosomal DNA (rDNA) repeat was amplified using
PCR. One microliters of DNA template was used for the
40 μl PCR reaction containing 25.6 μl of Milli-Q water,
4 μl of 10× buffer, 1.5 μl dNTP (2.5 mM), 1.5 μl of reverse
and forward primers (10 mM), 4 μl MgCl2 (50 mM), 0.5 μl
BSA (10 mg/ml) and 0.4 μl BIOTAQ polymerase (5 U/μl).
Primers fITS7 (Ihrmark et al. 2012) and ITS4 (White et al.
1990) and Ion Torrent adapters were used to amplify the ITS2
region (ca. 250 bp) of the nuclear ribosomal rDNA repeat,
using the following PCR conditions: 1 cycle of 95 °C for
5 min, then 37 cycles of 95 °C for 20 s, 56 °C for 30 s and
72 °C for 1.5 min, ending with 1 cycle of 72 °C for 7 min. A
250-μl aliquot of the sample was used for emulsion PCR
according to the Ion PGM™ 200 Xpress™ Template Kit man-
ual and was sequenced by an Ion Torrent Personal Genome
Machine (PGM; Life Technologies, Guilford, CT, USA) at the
Naturalis Biodiversity Center, Leiden.

The initial clean-up of the raw sequence data (1,306,069
sequence reads) was carried out using the online platform
Galaxy (https://main.g2.bx.psu.edu/root), in which the
sequences were sorted according to samples. Adapters
(identification tags) were removed. The primers were
removed, and poor-quality ends were trimmed based on 0.02
error probability limits using Geneious Pro 5.6.1 (Biomatters,
New Zealand). Subsequently, sequences were filtered using
USEARCH v.8.0 (Edgar 2010) based on the following settings:
all sequences were truncated to 200 bp, and sequences with an
expected error > 0.5 were discarded. The resulting 551,691
high-quality sequences were grouped into 6990 operational
taxonomic units (OTUs) with USEARCH at 97% sequence
similarity, following other fungal meta-barcoding studies (e.g.
Bjorbækmo et al. 2010; Geml et al. 2010; Bellemain et al.
2013), while simultaneously excluding 6396 putative chimeric

sequences. We assigned sequences to taxonomic groups based
on pairwise similarity searches against the curated UNITE fun-
gal ITS sequence database containing identified fungal se-
quences with assignments to Species Hypothesis groups
(Kõljalg et al. 2013). After discarding global singletons and
OTUs that did not have at least 80% similarity to any fungal
sequence in UNITE, the final dataset contained 3024 OTUs.
For this paper, 145 OTUs belonging to Glomeromycota were
detected (see Table 1 in the Supplementary information).

Seed collection

We collected fruits of at least 20 mature individuals of
Ligustrum lucidum W.T.Aiton (Oleaceae), Gleditsia
triacanthos L. (Fabaceae) and Pyracantha angustifolia
(Franch.) C.K.Schneid. (Rosaceae) and from the dominant
native Lithraea molleoides (Vell.) Engl. (Anacardiaceae) in
different areas of the lower montane belt. Gleditsia is a decid-
uous tree while the others are evergreen species (Tecco et al.
2013). The fleshy mesocarp of Pyracantha and Ligustrum
fruits was removed, and seeds of Gleditsia were individually
scarified to overcome their physical dormancy. The seed
weight (g) (mean ± SD, n = 6) is 0.205 ± 0.03 for Gleditsia,
0.018 ± 0.0008 for Ligustrum, 0.004 ± 0.0003 for Pyracantha
and 0.064 ± 0.0047 for Lithraea. Seeds of each species were
pooled, in order to standardise any differences associated with
local seed origin as well as to incorporate genetic variability.
Seeds were surface sterilised with 10% bleach (sodium hypo-
chlorite) for 10 min. They were then germinated in a green-
house in an autoclaved mix of sand and native soil (2:1 v/v−1).
After 30 days, these seedlings were used for the greenhouse
experiment.

Greenhouse experiment

Seedlings of all four species were transplanted at the same time
to pots (500 cm3) in November 2011. They were grown in soils
collected from plots at the four elevations, spanning the whole
elevation range of the region (900 m, 1600 m, 2200 m and

Table 1 Chemical and physical
properties of soils at each
elevation (m a.s.l.)

900 1600 2200 2700

Organic matter (%)* 4.23 (0.45) 5.20 (1.84) 9.67 (0.71) 13.07 (0.12)

Nitrogen (%)* 0.20 (0.02) 0.25 (0.08) 0.45 (0.03) 0.61 (0.01)

Phosphorous (ppm) 4.27 (5.74) 2.07 (0.65) 2.00 (0.20) 1.37 (0.68)

pH* 5.80 (0.44) 4.83 (0.12) 4.73 (0.06) 5.07 (0.38)

Sand (%)* 72.57 (2.15) 77.00 (4.83) 51.00 (2.21) 57.70 (10.11)

Silt (%)* 16.53 (0.87) 16.43 (2.77) 38.90 (1.47) 30.87 (9.74)

Clay (%)* 10.90 (1.31) 6.57 (2.06) 10.10 (0.85) 11.43 (0.50)

Mean (SD), n = 3

*Means P ≤ 0.05, Kruskal-Wallis test
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2700 m a.s.l.). These were the same plots from which we col-
lected the soil for molecular analyses. The dominant plant spe-
cies at each elevation were (expressed in% cover) as follows: at
900 m a.s.l., Cuphea glutinosa (25%), Piptochaetium
montevidense (20%) and Eryngium elegans (20%); at 1600 m
a.s.l., Piptochaetium montevidense (40%), Setaria parviflora
(15%) and Paspalum quadrifarium (15%); at 2200 m a.s.l.,
Deyeuxia hieronymi (60%) and Poa stuckertii (30%); and at
2700 m a.s.l.,Deyeuxia hieronymi (50%), Poa stuckertii (10%)
and Festuca dissitiflora (10%). Soil properties in these plots are
shown in Table 1. The soil samples were sieved (2-mm mesh),
pooled within elevation and stored for 5 weeks at 4 °C for the
subsequent experiment in the greenhouse. These soils alsowere
used as the source of inoculum (see below).

All pots contained 450ml of an autoclaved (1.5 atm for 1 h)
mix of silicon sand and native soil (2:1 v/v−1). The sand is
infertile and mainly composed of feldspar and quartz.
Accordingly, macronutrients from native soils were diluted
in the sand. This nutrient dilution may exacerbate mycorrhizal
functioning but also compensate for the lack of plant compe-
tition in the pots. The native soil in each elevational treatment
belongs to the corresponding elevation. Three different soil
biota treatments were applied for each elevation: (a) sterile
soil, (b) sterile soil + microorganisms excluding arbuscular
mycorrhizal fungi and (c) sterile soil + microorganisms +
AMF, all from the pertinent elevation. These treatments were
prepared as follows:

Sterile soil (S) Twenty-five cubic centimeters of autoclaved
soil and 30 ml of water were added to each pot.

Microorganisms without AMF (M) Twenty-five cubic centime-
ters of autoclaved soil and 30 ml of microbial slurry were
added. The slurry was prepared for each elevation by filtering
a soil suspension in water (1:5 v/v−1) through a 36-μmmesh to
remove AMF spores and mycorrhizal root fragments, but
allowing other microorganisms, including soil pathogens
(such as bacteria and fungi) to pass through the mesh (Koide
and Li 1989; Perez and Urcelay 2009).

Microorganisms with AMF (M + AMF) Twenty-five cubic cen-
timeters of non-sterile soil and 30 ml of water were added to
each pot (Perez and Urcelay 2009).

These three soil treatments from each of the four elevations
were applied to each of the four plant species with six indi-
viduals per species (N = 288 pots).

Plants were grown in a greenhouse with temperatures rang-
ing from 15 to 25 °C under well-watered conditions, without
water stress (daily watering with tap water). The pots were
randomised on the bench and repositioned weekly to avoid
any potential biases related to their position in the greenhouse.
After 90 days, plants were harvested in order to avoid pot
volume limitation for roots, then washed and separated into

shoots and roots. They were dried at 60 °C for 72 h and
weighed.

Phosphorous concentration in tissues

It is widely known that AMF provide access to mineral nutri-
ents, mainly P (Smith and Read 2008). To assess P nutrition,
dried aboveground tissues were ground with a vibratory
micromill and used to measure P concentration following
the US EPA 365.4 method. Some seedlings of Ligustrum
and Lithraea grown in soils from upper elevations had to be
pooled because of insufficient biomass for the analyses. For
this reason, in these analyses, the n for Ligustrum at 2700 m
a.s.l. was 4, 4 and 3 for M + AMF, M and S, respectively. In
the case of Lithraea, the nwas 2, 3 and 2 for M +AMF,M and
S at 2700 m a.s.l., respectively. Also, at 2200 m a.s.l., it was 3,
4 and 3 for M + AMF, M and S, respectively.

Mycorrhizal colonisation in plant roots

The complete root system of each plant was stained using the
hot staining technique (Grace and Stribley 1991). Potassium
hydroxide (KOH; 10%) was used to clear roots for a period
of approximately 20 min (± 10 min depending on the species)
at 90 °C. Then, the roots were washed with tap water and
acidified with 10% hydrochloric acid (HCl) for 10 min (±
3 min depending on the species) at the same temperature.
Finally, they were rinsed and stained with 0.025% aniline blue
for 15 min (± 5 min depending on the species) at 90 °C.
Randomly selected roots below 2 mm diameter were mounted
on semi-permanent slides in polyvinyl-lactic acid-glycerol (one
slide per plant). Ten to twelve root pieces were mounted on
each slide. AMF colonisation rates were determined following
the magnified intersection method of McGonigle et al. (1990)
using a compound microscope (Nikon Optical, model E200) at
× 200 magnification. One hundred intersections per sample
were counted to assess hyphae, vesicles and arbuscules. The
number of intersections with mycorrhizal fungal structures was
used to calculate percentages of colonised root by every AMF
structure (total mycorrhizal colonisation) and by arbuscules for
all individuals.

Statistical analyses

Community composition of AMF along the elevation gradient
was compared using permutation-based non-parametric
MANOVA (PERMANOVA, Anderson 2001) and non-metric
multidimensional scaling (NMDS) in PC-Ord v. 6.0 (McCune
and Grace 2002). Both were applied to primary presence/
absence and abundance matrices. Data were subjected to 500
iterations per run using the Bray-Curtis distance measure.

Dry mass and P concentration were compared using gener-
alised linear models (GLMs). BElevation^ (900 m, 1600 m,
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2200 m and 2700 m a.s.l.) and BSoil biota^ (S, M and M +
AMF) were used as fixed factors. Interaction terms
(BElevation^ × BSoil biota^) were tested and included in the
analysis. Tukey’s tests were applied a posteriori to identify dif-
ferences among treatment means. Total mycorrhizal colonisa-
tion and colonisation by arbuscules were compared among el-
evations only for the mycorrhizal treatment because non-
mycorrhizal treatments were almost not colonised (see below).
Because root colonisation data did not meet the assumptions of
normal distribution and/or homogenous variance, we used non-
parametric Kruskal-Wallis analyses. Statistical analyses were
performed in R (version 3.0.2; 2013 September 25) (R
Development Core Team) through the interface implemented
in Infostat (version 2013) (Di Rienzo et al. 2013).

Results

Composition of AMF along the elevation gradient

AMF community composition in soils differed among eleva-
tions (PERMANOVA; presence/absence: pseudo-F = 3.77,
P < 0.001; relative abundance: pseudo-F = 2.37, P < 0.001).
NMDS analyses resulted in two-dimensional solutions for the
presence/absence (Fig. 1) as well as the abundance (not shown)
data with final stress values of 0.06 and 0.086, respectively, and
final instability < 0.00001. The NMDS ordination plots not
only showed a strong elevational turnover of AMF but also
revealed that the community composition in intermediate ele-
vations represented gradual transitions between sites at the two
extremes of the gradient (see also supplementary data,
Table 1S).

Plant growth, P concentration and mycorrhizal
colonisation in the greenhouse

Alien seedlings were generally benefited by AMF commu-
nities from all elevations, particularly reflected by en-
hanced P concentrations in aboveground tissues. In

contrast, P concentration in tissues of the native seedlings
was enhanced only by AMF from its current range of dis-
tribution (i.e. lowest elevation). Plant biomass showed few-
er differences among treatments and varied among species
(Table 2, Fig. 2a–h). Phosphorous concentration and plant
biomass never differed significantly between M and S
treatments. In turn, AMF colonisation did not significantly
differ among soils from different elevations in the aliens
(except for Gleditsia at 1600 m a.s.l.) but decreased with
soil inocula from upper elevations in the native (Table 3,
Fig. 3a–h). In non-mycorrhizal treatments, the roots prac-
tically were not colonised. However, some individuals
showed some stained hyphae that were counted. In these
roots, the average colonisation never exceeded 0.36% and
arbuscules were never found, so the absence of functional
symbiosis can be assumed.

The dry mass of Gleditsia was higher for individuals inoc-
ulated with AMF than for non-inoculated individuals only at
2200 m a.s.l. (Fig. 2a). In the mycorrhizal treatment, AMF
positively affected P concentration in aboveground tissues in
most soils except for that from 1600 m a.s.l. (Fig. 2b). In the
1600-m treatment plants, total colonisation showed the lowest
values and arbuscules were absent (Fig. 3a, b).

Conversely, the growth of Ligustrum decreased with in-
creasing elevation (Fig. 2c). Arbuscular mycorrhizal fungi
from all elevations significantly affected P concentration
(Table 2), albeit these effects were not significant within each
elevation (Fig. 2d). In turn, there was a significant effect of
soil treatments on growth (Table 2), but differences were not
significant within elevations (Fig. 2c). Mycorrhizal colonisa-
tion did not significantly change with elevation (Fig. 3c, d).

The growth of Pyracantha was lower in soil of the highest
elevation than in soils from the other three elevations (Fig. 2e).
AMF increased P concentration at all elevations but had no
effect on plant growth (Fig. 2e, f). Mycorrhizal colonisation
did not significantly differ with elevation (Fig. 3e, f).

In the case of Lithraea, the growth was lower in soils from
upper elevations but was not affected byAMF (Fig. 2g). There
was a positive effect of AMF from the lowest elevation on P

Fig. 1 Qualitative (presence–
absence-based) non-metric
multidimensional scaling
(NMDS) plots of variation in
AMF community composition at
900 m, 1600 m, 2200 m and
2700 m a.s.l. Each point
corresponds to one plot at the
corresponding elevation
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Fig. 2 Dry mass (g) and
aboveground tissue P
concentration (mg/g) of the aliens
Gleditsia (a, b), Ligustrum (c, d)
and Pyracantha (e, f) and of the
native Lithraea (g, h) grown in
soils from different elevations (m
a.s.l.) under different treatments:
white, sterile soil; grey,
microorganisms without AMF;
and black, microorganisms with
AMF. Bars correspond to means
+ 1 SE. Bars with the same letter
are not significantly different
(Tukey’s HSD test: P < 0.05)

Table 2 Results of generalised
linear models (GLMs) on the ef-
fects of elevation and soil biota
(n = 6 for each treatment combi-
nation) on growth (dry mass; g)
and phosphorous concentration
(mg/g) of three woody alien spe-
cies and one native

Elevation Soil biota Elevation × soil biota

F P F P F P

Gleditsia (alien)

Dry mass 0.14 0.9327 5.72 0.0053 1.79 0.117

P concentration 3.45 0.0221 36.91 < 0.0001 4.3 0.0012

Ligustrum (alien)

Dry mass 16.83 < 0.0001 3.38 0.0408 1.24 0.3004

P concentration 2.1 0.1107 12.39 < 0.0001 0.64 0.6991

Pyracantha (alien)

Dry mass 34.94 < 0.0001 1.1 0.338 0.62 0.7135

P concentration 1.28 0.2885 92.42 < 0.0001 1.99 0.0805

Lithraea (native)

Dry mass 31.55 < 0.0001 3.49 0.0369 0.47 0.8255

P concentration 6.65 0.001 18.09 < 0.0001 5.34 0.0004

Significant effects (P < 0.05) are in italics
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concentration in plant tissues. This effect disappeared in soils
from upper elevations (Fig. 2h). Total mycorrhizal colonisa-
tion and arbuscular colonisation significantly decreased with
elevation (Fig. 3g, h).

Discussion

We have shown strong AMF community turnover with in-
creasing elevation. In addition, we have provided novel evi-
dence on the role of AMF from non-invaded ecosystems on
alien tree species growth and nutrition.

Despite the reported widespread distribution of AMF
(Kivlin et al. 2011; Davison et al. 2015), changes in
AMF communities at the landscape level are generally ob-
served (e.g. Hazard et al. 2013; Jansa et al. 2014; Xu et al.
2017). A recent meta-analysis revealed that AMF commu-
nity composition changes considerably along elevation gra-
dients (Kivlin et al. 2017). In line with those findings, our
results reveal a strong turnover in AMF community com-
position with increasing elevation (Fig. 1). These shifts are
generally attributed to changes in climate, edaphic vari-
ables and plant hosts (Kivlin et al. 2017). In our study
region, vegetation, temperature, humidity, organic matter
and available nitrogen differ with elevation (Table 1)
(Tecco et al. 2016; Giorgis et al. 2017), but available data
cannot distinguish among them or determine their relative
contributions to the patterns we observed.

As reported by studies on AMF communities in other re-
gions (e.g. Berruti et al. 2017; Lekberg et al. 2018),
Glomeraceae dominated in these soils. It is worth mentioning
that the ITS2 marker used here to assess AMF composition

may show some slight differences when compared with other
widely employed markers such as the SSU. Nonetheless, they
show comparable results when assessing AMF community
structure and response to environmental variables (Berruti
et al. 2017; Lekberg et al. 2018). Importantly, most
glomeromycotan clades were recovered in this study.

With some nuances, the growth and nutrition of the studied
plant species were similar in treatments that excluded AMF,
either with or without microorganisms. These results suggest a
minor role of soil pathogens either in constraining or releasing
the expansion of the studied tree species. It is worth mention-
ing that soil microorganisms could have included potentially
beneficial microorganisms (e.g. P-solubilising bacteria)
(Kucey 1983) that can counteract the effects of antagonists.

The most important result that we found for alien plants
was their response to AMF in terms of P nutrition. In
general, P concentrations in aboveground tissues of aliens
were notably higher when plants were grown with AMF
than without them, regardless of the elevation provenance
of the soil biota. The exception was Gleditsia in soils from
1600 m a.s.l., which was mirrored by a lack of arbuscular
colonisation. In contrast, P concentration in the native tree
was enhanced only by AMF from soil corresponding to
900 m a.s.l. This elevation corresponds to its current and
historical range of distribution (Giorgis et al. 2017).
Moreover, the native Lithraea showed higher mycorrhizal
colonisation with inocula belonging to this elevation than
in the other three studied elevations. There are 22 OTUs
from different lineages that occur in soils from this eleva-
tion (see Table S1 in the supplementary material) and are
absent from the others. In addition, some OTUs, such as
no. 1392 (Glomeraceae) and no. 2927 (Diversisporaceae),
are abundant at the lower elevation but not in the others.
Alien species, instead, were able to form mycorrhizal sym-
biosis even when AMF communities in soils changed, sug-
gesting that they have no major incompatibilities with dif-
ferent AMF symbionts. Alternatively, it is possible that
they were colonised by generalist AMF occurring at the
four elevations. Although we cannot exclude this possibil-
ity, it might be unlikely because only one OTU (no. 1392;
Table S1) was present at all four elevations. Because the
soil DNA meta-barcoding analysis and the greenhouse ex-
periment were not carried out on simultaneously collected
soils, however, comparisons between them should be
interpreted with caution. Nonetheless, even when seasonal
and inter-annual changes in fungal composition are ob-
served (e.g. Siles et al. 2017), the trend of decreasing
AMF richness and abundance and changes in composition
with elevation along elevation gradients are consistent
across continents and biomes (Kivlin et al. 2017).

The lower (and even lack of) AMF colonisation in roots of
the native Lithraeawith increases in elevation might be attrib-
utable to incompatibility because of partner selectivity in the

Table 3 Results of the Kruskal-Wallis analysis on the percentage of
colonised root by any AMF structure (total) and by arbuscules at different
elevations (n = 6 for each species at each elevation)

Elevation

H P

Gleditsia (alien)

Total mycorrhizal colonisation 8.28 0.0406

Arbuscular colonisation 1.99 0.3577

Ligustrum (alien)

Total mycorrhizal colonisation 2.90 0.4055

Arbuscular colonisation 2.28 0.4567

Pyracantha (alien)

Total mycorrhizal colonisation 4.95 0.1757

Arbuscular colonisation 1.61 0.4771

Lithraea (native)

Total mycorrhizal colonisation 6.44 0.0275

Arbuscular colonisation 7.56 0.0132

Significant effects (P < 0.05) are in italics
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Lithraea (g, h) grown in soils
with AMF from different
elevations (m a.s.l.). Bars
correspond to means + 1 SE. Bars
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symbiosis (Helgason et al. 2002; Öpik et al. 2009; Yang et al.
2012). Indeed, some evidence suggests that natives establish
selective associations with AMF, while aliens are generalists
(Moora et al. 2011; Anacker et al. 2014). Moreover, in a meta-
analysis on the interactions between AMF and non-woody
native/alien plants, Bunn et al. (2015) found a positive corre-
lation between AMF colonisation and growth responses by
natives but not by aliens.

Our results are in line with the idea that invasive alien
plants rely on generalist symbiotic associations (Richardson
et al. 2000; Moora et al. 2011; Anacker et al. 2014), so novel
AMF communities do not constrain the formation of their
mycorrhizal symbioses and may provide benefits that would
facilitate their expansion into non-invaded ranges. Given the
significant increases of organic matter with increasing eleva-
tion (Siles et al. 2017; this study), we cannot discard that AMF
provide plants with mineral nutrients released from organic
matter by decomposer microorganisms in soils at high eleva-
tions (e.g. see Aristizábal et al. 2004).

An alternative hypothesis to Bpartner selectivity^ in the
native Lithraea could be that it just had small stature and
limited leaf area in the three upper-elevation soils, and so
provided little carbon to AMF, hence was poorly colonised.
An interesting test to this hypothesis could be to fertilise
Lithraea seedlings growing in soils from the upper eleva-
tions to see if that could increase root colonisation.
Moreover, further studies including analyses of AMF com-
position in roots of native and alien trees growing in soils
from different ecosystems would shed light on the links
between the generalist-selective character of the plant and
the benefits received from AMF.

The overall trend of growth lessening in soils from higher
elevation cannot be attributed to soil phosphorous availability
because its decrease towards high elevation was not signifi-
cant (Table 1). Instead, it is possible that other soil properties
such as the high proportion of silt observed in soils of the
upper belt may underlie the observed growth trends, albeit
conclusive evidence is still lacking.

Finally, the results reported here correspond to the seed-
ling stage that is the critical stage for plant establishment.
Because seedlings were grown for 90 days, it cannot be
ruled out that the differences would have increased over an
extended experiment. Also, our results with plants grown
in the greenhouse remain to be corroborated under field
conditions.

Conclusions

The effects of soil biota from different elevations in mon-
tane soils differed between native and alien trees. While the
alien plant species benefited from AMF along the entire
gradient, mainly in terms of P nutrition, the native species

benefited only from mutualists that occur at its current
altitudinal range of distribution. These results suggest that
AMF may foster upper range expansion of the studied
alien trees over not yet-invaded high elevations.
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