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Abstract
Southern Chilean pristine temperate rainforests have been floristically stable during the Holocene, thus representing a pre-industrial baseline of forest ecology. Given this and its edaphic limitations, it is imperative to better
understand these forests ecological patterns of mycorrhizal symbiosis. Therefore, here we compare the arbuscular mycorrhizal (AM) communities in three treeline Nothofagus pumilio contrasting plots of Chilean Andes
(a volcano crater, pristine forest, and disturbed forest). The AM community assemblages were determined by
morphological identification and spore counting, in three A horizon soil samples by plot. In the same nine soil
samples, standard chemical analysis was performed. Eighteen AM species were described; Acaulospora was the
most abundant genus. The forest plot had the highest AM species richness compared to the disturbed and crater
plots. Interestingly, soils Olsen P (plant available phosphorus), pH, and Al+++ saturation similarly affected the
AM assemblages. We suggest that some AM species could be specially adapted to extremely high Al saturation
and extremely low plant available P conditions, as those experienced on Andean Nothofagus forests. These species may help initiate biological succession on highly disturbed ecosystems. We suggest that mycorrhizal fungi
play a key role in seedling colonization of extreme environments such as the Andean treeline.
Keywords: Al-saturation, arbuscular mycorrhizal fungi, Nothofagus pumilio, plant available P, succession, temperate rainforests
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1. Introduction
Old-growth temperate rainforests in mountainous

of these Andean temperate rainforests (Andisols)

areas of Southern South America account for more

originates from volcanic ash and is characterized

than half of the southern hemisphere’s temperate

by low inorganic N (Oyarzún et al., 2004) and high

rainforests (Armesto et al., 2010), and are inter-

total P content, though plant available P is low

esting model ecosystems because atmospheric pol-

(Borie et al., 2010). Additionally, the soil of these

lution in these ecosystems is extremely low and

forests is subject to extreme temperature due to the

because the floristic composition of these forests

wide daily temperature range of these ecosystems,

has been stable throughout the Holocene (Armesto

and due to less snow cover and earlier snow melt-

et al., 2010). This is reflected in the rainfall chem-

ing caused by recent warming (colder winters in a

istry of these areas, which is similar to that of pre-

warmer climate; Briceño et al., 2014). In Andis-

industrial conditions (Oyarzún et al., 2004). Physi-

ols, allophanes retain soil organic matter (SOM)

ologically, temperature is the main environmental

thus slowing decomposition and, in turn, slowing

factor that influences the integrity and function of

Carbon (C), nitrogen (N), and phosphorus (P) cy-

these forests. Thus, these ecosystems are highly

cling (Matus et al., 2009; 2014). The high C, N,

sensitive to climatic variability and anthropogeni-

and total P (but low C turnover rates) of Andisols

cally induced alterations to biogeochemical cycles,

are explained by high levels of SOM stabilization

especially at the forest limit at high altitudes. Sub-

(Matus et al., 2014). Under these biotic and abiotic

sequently, these forests are ideal systems to test

restrictions, functional compensatory strategies

global change hypotheses regarding tolerance to

have evolved in temperate rainforests.

rising temperature and rising atmospheric carbon

Among the most important strategies to cope with

dioxide (Álvarez et al., 2015). At the forest limit,

low nutrient availability are symbiotic mycorrhizal

dendrochronological studies of the broadly dis-

associations (Castillo et al., 2006; Etcheverría et

tributed angiosperm (33°S to 55°S) Nothofagus

al., 2009; Borie et al., 2010; Azcón-Aguilar and

pumilio (P. et E.) Krasser have indicated a recent

Barea, 2015). Specifically, Turner (2008) hypoth-

increase in temperature (Álvarez et al., 2015).

esizes that soil phosphorus is a resource parti-

These forests, surrounded by arid ecosystems, con-

tioned by plants, due to the action of specialized

stitute a nutrient-limited biogeographic island of

co-existing mycorrhizal associations, and that this

high endemism (Armesto et al., 2010). The biogeo-

partition would explain plants co-existence. This

chemistry of these forests is characterized by low

hypothesis could help to explain the composition

inputs of atmospheric inorganic N (Oyarzún et al.,

changes of associated mycorrhizal fungi. It should

2004), though long-distance atmospheric inputs

be noted, however, that because arbuscular mycor-

(aerosols, diluted marine salts) have influenced the

rhizae have low host specificity, fungal community

biogeochemistry and ecosystem regulation of these

changes are not only affected by plant community

forests (Álvarez et al., 2015). In addition to limited

changes (Davison et al., 2015). Turner (2008) adds

inputs of atmospheric nutrients, Chilean temperate

that this soil phosphorus partition would be espe-

rainforests are also nutrient limited due to edaphic

cially predominant in soils with low P availability,

conditions such as high weathering rates. The soil

such as in South American temperate rainforests.
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Thus, plant and mycorrhizal community compo-

Forests of Southern Chile mainly have ectomycor-

sition changes would be expected as a result of

rhizal (EM) associations. For example, Nothofagus

changing available P.

spp. forests (Valenzuela et al., 1999) host a high

Besides P limitation, Southern Chilean temper-

proportion of Agaricales, while Valdivian and na-

ate rainforest soils are characterized by extremely

tive coniferous forests harbor mainly arbuscular

high levels of Al toxicity (Al saturation; Aguilera

mycorrhizae (Godoy and Mayr, 1989; Carrillo et

et al., 2014). Via various mechanisms, mycorrhizal

al., 1992; Godoy et al., 1994; Castillo et al., 2006;

fungal species can protect host plants against Alu-

Oehl et al., 2012; Medina et al., 2015; Castillo et

minum (Al) phytotoxicity (Aguilera et al., 2014;

al., 2016). In EM or AM dominated forests, the

Seguel et al., 2016). Mycorrhizal species pres-

presence of the other mycorrhizal types (either EM

ent in a community subjected to high levels of Al

or AM) is not excluded, as they are only in lower

toxicity would be drastically different from those

proportions and are often associated with under-

found in non-Al toxic soils (Aguilera et al., 2014;

story plants. Mycorrhizal associations seem to be

Seguel et al., 2016). Some arbuscular mycorrhizal

fundamental to the region’s biogeochemistry, as

(AM) fungi associated with specific hosts have

shown by Etcheverría et al. (2009), who demon-

been shown to significantly promote plant growth

strated that AM fungi play a major role in C, N,

and fitness in acidic soils with high Al phytotoxic-

and SOM biogeochemical cycles in the volcanic

ity (Borie et al., 2010; Aguilera et al., 2014; Seg-

soils of Chilean temperate rainforests.

uel et al., 2016). Even at high Al toxicity levels,

The effects of climate change are especially harsh

slight changes in Al saturation have been shown

on mountain ecosystems, as these ecosystems are

to change the arbuscular mycorrhizal community

highly vulnerable (Álvarez et al., 2015). Microcli-

composition (Borie et al., 2010). Also, differences

matic and edaphic factors are predicted to have an

in host-plant tolerance to Al has been shown to al-

important effect on plant aboveground assemblag-

ter arbuscular mycorrhizal communities (Aguilera

es and distribution. Thus, due to volcanic events

et al., 2014).

in Southern Chile, a large amount of climatic and

There are several potential explanations for how

geological changes have occurred in the region

high Al in soils might affect fungal community

(Armesto et al., 2010). There are several ways in

composition. It can be argued that plants with my-

which stability can be reached in nutrient-limited

corrhizal associations use different photoassimila-

ecosystems. While mycorrhizal associations are

tion pathways when soil Al is high (Borie et al.,

globally distributed, they are especially important

2010; Aguilera et al., 2014). When available P is

in Southern temperate rainforests, as a higher than

extremely low and soil Al is extremely high, my-

average proportion of vascular plants present my-

corrhizal fungi would be of great importance to

corrhizal symbiosis (Soudzilovskaia et al., 2015).

plant growth, as the fungal functional specializa-

Highly porous, nutrient poor volcanic soils are

tion and efficiency greatly affects plant fitness

common in mountainous Southern Chilean temper-

(Aguilera et al., 2014). Thus, in soils with natu-

ate rainforests (Etcheverría et al., 2009; Borie et

rally low-P and high-Al, adapted fungi and rhizo-

al., 2010). Thus, the greater occurrence of mycor-

sphere would magnify the known growth benefits

rhizae (Soudzilovskaia et al., 2015) in these forests

of mycorrhizal fungi to plants.

compared to other ecosystems could be explained
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by the importance of mycorrhizal associations in

Nothofagus pumilio plots in the Andes of south-

biogeochemical cycles.

ern Chile (a volcano crater, pristine forest, and

Several edaphic variables (plant available P, C,

disturbed forest).

N, Ca and pH) as well as vegetation patterns are
among the main factors that structure soil fungal

2. Materials and Methods

assemblages (Tedersoo et al., 2014), and specifically, arbuscular mycorrhizal assemblages (Davi-

2.1. Study plots

son et al., 2015). Several molecular studies of soil
fungal communities in northern Patagonia focus on

We selected three 30 x 30 m plots in the Andes

EM fungi in Chilean and Argentinian Nothofagus-

Mountains of Southern Chile in Puyehue National

forests (Nouhra et al., 2013). Furthermore, recent

Park (40°47’S - 72°12’O). The first plot (from here

studies at the global scale have also documented

on referred to as “forest”) was located within the

all fungal guilds (Tedersoo et al., 2014) and spe-

altitudinal limit (1,150 – 1,200 m.a.s.l.) of a pris-

cific AM assemblages (Davison et al., 2015) in

tine, deciduous temperate forest of Nothofagus-

Chilean and Argentinian native coniferous forests.

pumilio. The second plot (referred to as “crater”),

Despite the well-documented role of mycorrhizal

which represents a successional forest, was located

fungi in ecosystems, the diversity patterns, sym-

inside the Casablanca volcano crater (Raihuen cra-

biotic associations, edaphic controls, and assem-

ter) at 1,273 m.a.s.l. The crater plot is dominated

blages of these organisms have been poorly studied

by Baccharisnivalis Schultz Bip., Seneciobipon-

in northern Patagonia temperate rainforests.

tinii Wedd., Pernettya pumila (L.F.) Hooker and

We hypothesize that the mycorrhizal species

Quinchamalium chilense Lam. (phytosociological

composition of temperate rainforests reflects the

background in Freiberg, 1985). Located at 1,050

ecophysiological needs imposed by the Andisol

m.a.s.l., the third plot (referred to as “disturbed”)

substratum, namely low P availability and high Al

was located in a N. pumilio forest crossed by a

toxicity. Furthermore, we hypothesize that within

gravel road. The samples from this third plot were

high-Al soils, as treeline temperate Andean rain-

taken at a short distance (<3 m) from the road

forestes, AM diversity increases with higher Al

(the road crossed the disturbed plot). This third

saturation, as detoxifying specialists are increas-

plot was highly disturbed by erosion and constant

ingly needed. Lastly, we predict that within ex-

deposition of gravel. All plots receive more than

tremely low plant available P soils, AM diversity

7,000 mm of annual precipitation, mostly during

increases with decreasing soil P availability. The

winter (June to September), and the annual mean

latter would require more diverse communities in

temperature is 4.5°C (Oyarzún et al., 2004). Dur-

order to exploit harder to access P such as that

ing the Pleistocene, the plots were covered by gla-

found in organo-mineral complexes or organic P.

ciers. The deposition of Andesitic-Basaltic ashes

In order to test these hypotheses we performed

caused by constant volcanic activity in the region

a baseline study carried out in Puyehue National

has been a main input to the soil, which is classi-

Park in Southern Chile. We aimed at determin-

fied as Andisol (Typic Dystrandepts; Soil Survey

ing the AM fungal assemblages in contrasting

Staff, 1999).
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2.2. Soil sampling

2.4.Soil chemical analysis and characteristics of
the study plots

To identify AM fungi species assemblages and determine soil chemistry, bulk soil samples were taken in

Soil pH and electrical conductivity (EC) were deter-

the three plots (forest, crater, and disturbed). In three

mined using a conductivity probe (Orion Star A329)

randomly selected sites in each plot, one 1,000 g soil

and a pH meter (Orion Star A329), respectively, using

sample was taken (A horizon, approx. 20 cm x 20 cm

a 1:2.5 solution (soil:water). The percentage of C in

x 20 cm; nine sample sites in total). After removing

the soil was determined by colorimetric determina-

the O horizon, roots were carefully removed and the

tion of the reduced chromate following dichromate

samples were thoroughly mixed. Special attention was

acidic oxidation (Zagal and Sadzawka, 2007). The

given to the roots removal on the forest and disturbed

percentage of N was determined using titration with

plots, as these were dominated by Nothofagus species,

a Kjeldahl digestion (NH3 distillation). The concen-

which roots are associated with ectomycorrhizal fungi.

tration of plant available P was determined by colo-

By each sample, a 25 g soil aliquot was taken for AM

rimetric methods using molybdenum blue following

fungi spore isolation and determination, and another

sodium bicarbonate extraction (0.5 M/L, pH 8.5). Soil

25 g soil aliquot was dried at ambient temperature and

calcium (Ca), magnesium (Mg), potassium (K), and

sieved to <2 mm for soil chemical analysis.

sodium (Na) were determined using an atomic absorption spectrophotometer (AAnalyst 400) following

2.3. AM fungi isolation and identification

ammonium acetate (1 M/L, pH 7.0) and lanthanum
extractions. Potassium chloride extractions (1 M/L)

Spores were isolated from soils using wet sieving and

were performed to isolate Al, and the final concen-

a sucrose density gradient (Sieverding, 1991): 25 g of

tration of Al in the soil was determined by atomic

soil were passed through three sieves (500, 125 and

absorption spectrophotometry (AAnalyst 400). Alu-

32 µm) and washed with distilled water. The portion

minum saturation (Sat_Al) was calculated as a per-

collected in the 32 µm mesh was combined with the

centage based on the formula involving the cations

fractions collected in the 500 and 125 µm sieves. This

(Sat_Al=(Al*100)/(Al+Ca+K+Mg+Na)).

combination was distributed in plastic tubes, where 25

Previous studies on the study plots have shown that

mL of a 70% sugar solution was added. Samples were

the soils are coarse in texture and are composed of

decanted by centrifugation for 2 min at 2000 rpm and

black-sand scoriaceous basaltic material containing

then washed and transferred to petri dishes for exami-

allophanes (50% of clay weight; Matus et al., 2009).

nation and quantification using binocular microscopes

Another previous study has shown that the OL ho-

at up to 400-fold magnification. Finally, samples were

rizon of the study plots has 1.5 cm of litter and the

placed on slides with a polyvinyl alcohol-lactic acid

Oh horizon is brownish and dark (Godoy and Opitz,

glycerol (PVLG) medium. Identification of AM fun-

1998); both horizons have a large amount of fine roots

gal species was carried out by observation of morpho-

(Godoy and Opitz, 1998). The A horizon has a depth

logical characteristics such as spore wall structures,

of about 17 cm and has a strong development of fine

subtending hyphae, and germination structures (Oehl

and thick roots; the AC horizon has about 38 cm deep

et al., 2011a; b); identification manuals were used

(Godoy and Opitz, 1998).

during observations (e.g. Oehl et al., 2011a; b).
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Table 1. Soil chemical characteristics of the study sites and plots.
Plot

Site pH

Mg (mg/Kg)

Na (mg/Kg)

Forest

Si1

5.732±0.000c 70.168±0.040d 3.296±0.099c 0.024±0.001c 18.284±0.005d 98.578±0.146a

69.824±0.052c

159.616±0.073c 182.234±0.089b 957.493±0.400d 65.236±0.526c

Si2

5.725±0.000c 63.450±0.026d 3.127±0.066b 0.022±0.000b 17.492±0.003d 73.767±0.097a

61.070±0.034b

147.240±0.049b 167.060±0.060c 889.600±0.267d 66.451±0.527d

Si3

5.718±0.000b 56.732±0.032c 2.959±0.079b 0.021±0.001b 16.700±0.004c 48.955±0.117a

52.315±0.041b

134.864±0.058b 151.886±0.072a 821.707±0.320c 67.925±0.526d

Si4

5.202±0.000a 29.962±0.001ª

4.846±0.235d 0.047±0.003d 16.158±0.010c 311.705±0.047d 125.961±0.054d 164.090±0.021d 284.591±0.073d 818.766±0.075c 48.018±0.278a

Si5

5.195±0.000a 29.750±0.001ª

4.347±0.294d 0.040±0.004d 14.063±0.012b 301.767±0.059d 114.414±0.068d 159.646±0.026d 269.091±0.091d 802.833±0.094b 48.723±0.278a

Si6

5.188±0.000a 29.538±0.001ª

3.848±0.196c 0.034±0.003c 11.968±0.008b 291.828±0.039c 102.868±0.045c 155.203±0.017c 253.592±0.061c 786.901±0.063b 49.478±0.280a

Crater

CE (µS)

C (%)

N (%)

P (mg/Kg)

Ca (mg/Kg)

K (mg/Kg)

Al (mg/Kg)

Sat_Al (%)

Disturbed Si7

5.804±0.000d 31.883±0.002c 1.545±0.118a 0.013±0.000a 8.317±0.001a

217.181±0.094c 14.619±0.008a

41.429±0.011a

186.290±0.169c 452.496±0.023a 49.615±0.075b

Si8

5.755±0.000d 31.600±0.001b 1.345±0.078a 0.012±0.000a 8.119±0.001a

201.233±0.063b 13.295±0.005a

39.520±0.007a

157.618±0.113a 448.633±0.015a 52.148±0.074b

Si9

5.706±0.000b 31.317±0.001b 1.146±0.094a 0.012±0.000a 7.921±0.001a

185.286±0.075b 11.970±0.006a

37.611±0.009a

128.945±0.135a 444.770±0.018a 55.006±0.074c

(a) SE indicated by ±. Letters indicate quartiles. P=plant available P. (b) All the analytical techniques were done according to
the Normalization and Accreditation Commission of the Chilean Soil Science Society (Zagal and Sadzawka, 2007).

2.5. Statistical analysis

non (H´), Simpson (D1) and Berger (BP) indices.
Thus, in a Rényi profile, the H-alpha values reflect

In order to test the effectiveness of AM sampling, a

diversity (i.e., community A is more diverse than

species accumulation curve across pooled individuals

community B if A is plotted above B; Kindt and

(spore counting of AM fungi) was calculated using

Coe, 2005).

the function accumresult of the Biodiversity R pack-

In the profile, community A is more diverse or has

age (Kindt and Coe, 2005) in R 3.2.2 (R Development

more evenness than community B, if the former is

Core Team, 2015). In order to describe diversity pat-

above and never intersects with the latter.

terns in the nine sites, several diversity indices ac-

To calculate the alpha, beta, and gamma diversity

counting for alpha diversity, dominance, and evenness

(measured as contribution to the Simpson index,

(Richness, S; Shannon, H´; Simpson, 1-D1; Inverse

1-D1) of the plots, the function contribdiv in the

Simpson, D2; Evenness, J´; Berger, BP) were calcu-

R package vegan (Oksanen et al., 2015) was used.

lated using the function diversityresult of the Biodi-

The function vegdist of the R package vegan (Ok-

versity R package (Kindt and Coe, 2005).

sanen et al., 2015) was used to calculate Bray-

The differences between diversity indices between

Curtis dissimilarity, an ecological distance used

sites were analyzed using a one-way ANOVA in

to generate heat maps of the samples and species,

which the plot (three samples per plot) was the input

and it was also used in a distance-based Redun-

variable and the index (Simpson, Shannon, Berger,

dancy Analysis (db-RDA). The db-RDA modeled

etc.) was the output variable (index~plot).

the edaphic variables predicting the AM commu-

Rényi diversity profiles of each site were calcu-

nity structure. The variables order of the db-RDA

lated using the function renyiresult of the Biodi-

was given by adding variables according to the

versity R package (Kindt and Coe, 2005). Rényi

Variance Inflation Factor –VIF (VIF < 10); 1,000

diversity profile values (H-alpha) are calculated on

permutations were carried out. The db-RDA was

the basis of the relative abundance of each species

calculated using the function capscale of the R

and a scale parameter (alpha), ranging from zero

package vegan (Oksanen et al., 2015).

to infinity (Kindt and Coe, 2005). Rényi profiles
are directly related to richness (S) and to the Shan-
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3. Results

cies belong to two classes, four orders, and six families: eight Acaulosporaceae species were identified,

3.1. Soil analysis and AM fungi assemblage

two Claroideoglomus (Entrophosporaceae) species
were identified, one Glomus (Glomeraceae) species

Regarding the soil analysis of this study, the disturbed

was identified, two Rhizoglomus and one Simiglo-

plot sites were poorer in Mg, Na, K, plant available P

mus (Glomeraceae) species were identified, one Scu-

content, C and N (percentages), and they were slightly

tellospora (Scutellosporaceae) was identified, one

more acidic than sites of the other two plots (Table 1).

Ambispora (Ambisporaceae) and two Archaeospora

However, Ca was significantly lower in the forest plot

(Archaeosporaceae) species were identified. Subse-

sites while Al saturation was close to 70%. Further-

quently, eight genera of the Glomeromycota (Table 2)

more, the forest plot had higher plant available P and

were identified in this study according to methods by

EC. In the crater plot sites, Mg, Na, K, and C and N

Oehl (2011a). Two AM fungal species of the Acau-

were significantly higher. All sites were slightly acidic

lospora genus could potentially be undescribed spe-

(pH between 5.0 and 6.0).

cies. AM fungal species belonging to the Acaulospora

More than 8,000 AM fungal spores were isolated

genus were abundant in the highest proportion (Table

and identified in the collected soil samples (Figure

2). In general, the three sites within each given plot

1). In total, 18 AM fungal species were identified in

were similar in terms of AM fungal species composi-

the nine sites composing the three plots. These spe-

tion and abundance.

Figure 1. Species richness´s accumulation curve with pooled individuals of arbuscular mycorrhizal (AM) fungi
(No. of sampled AM fungi spores) for all plots and sites combined. Bars represent permutations (1000).
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Table 2. Species and relative abundance (relative to each site) of arbuscular mycorrhizal (AM) fungi in the three
plots in the Andean mountain area of south-central Chile (forest, crater, disturbed) and nine sites (Si 1-Si 9).

(a) ▫ <1-5%, ▪ 5-15%, □ 15-25%, ■ 25-50%, □ >50%, : non detected. (b) CL1, CL2 corresponds to undescribed AM fungi species.

3.2. AM diversity and community structure in different
ecosystems

(Figure 2) and Shannon (H´) and Simpson (1-D1)
diversity indices (Table 3) were significantly higher in the N. pumilio forest plot than in the other

The N. pumilio forest plot had significantly high-

two plots. The alpha diversity of the crater and

er species richness (11 -13 AM fungal species,

disturbed plots did not differ significantly. Domi-

p<0.001, Table 3) than the other plots. The spe-

nance measured by the Evenness (J´) and Berger

cies richness of the crater and disturbed plots was

(BP) indices was significantly lower in the forest

not significantly different (6-7 AM fungal species

sites (Table 3). Simpson’s diversity index was not

were identified). In addition, the alpha diversity

significantly different among the nine sites, but the
N. pumilio forest plot sites had significantly higher
alpha diversity (Table 3).
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Figure 2. Rényi diversity profile of arbuscular mycorrhizal (AM) fungi per site (forest plot: Si 1 – Si 3; crater plot:
Si 4 – Si 6; disturbed plot: Si 7 – Si 9). In a Rényi profile, a community A is more diverse or has more evenness
than the community B, if the former is above and never intersecting with the latter.
Sites and AM fungal species clustered based on plant

pendent on pH and the crater plot sites were more de-

available P, pH, and aluminum saturation (Sat_Al)

pendent on plant available P, than the other two plots,

(Figure 3). These three variables were independent

respectively. The three sites within each plot clustered

(not correlated) and had different effects on structur-

as expected with species within AM fungal genera

ing the AM fungal communities, as tested using the

clustering well (Figure 4). Furthermore, species such

VIF criteria (Figure 3). The AM communities of the

as G. badium and G. invermaium were highly abun-

forest plot tended to be more similar than the commu-

dant in the crater and disturbed plot sites (lower avail-

nities of the other two plots (Figure 3). Additionally,

able P) but were almost absent in the forest plot sites,

the forest plot communities were more dependent on

which have higher Al toxicity (Figure 4). In contrast,

Sat_Al than the crater and disturbed forest communi-

A. laevis and A. punctate were highly abundant in the

ties (Figure 3). The disturbed plot sites were more de-

forest plot sites (Figure 4).

Table 3. Diversity indices, statistical analysis of the indices and contribution to diversity (alpha, beta and gamma
diversity, Simpson´s index) of AM communities in the three plots and nine sites in the Andean mountain area of
south-central Chile.

(a) Letters indicate quartiles. (b) Model=index~plot; Fpcorresponds to the F value with their respective p value (p), where:
Journal of Soil Science and Plant Nutrition, 2016, 16 (4), 916-929
*<0.5, **<0.1, ***<0.001, ns=non-significant.
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Figure 3. Distance-based Redundancy Analysis (db-RDA; Bray-Curtis dissimilarity; CAP1 explains 84.73%
of variation while CAP2 explains 11.09%), showing the effect of the edaphic variables measured in clustering
the nine sites (forest plot: Si 1 – Si 3; crater plot: Si 4 – Si 6; disturbed plot: Si 7 – Si 9), and the 18 described
species of arbuscular mycorrhizal (AM) fungi. Permutation test for db-RDA (1000 permutations; model:
~pH+P+Sat_Al; variables selected due to VIF regression, threshold=10): pseudo F value: 10.846; significance:
0.002. Species legend: Sp1: Acaulospora alpina, Sp2: Acaulospora laevis, Sp3: Acaulospora myriocarpa, Sp4:
Acaulospora paulinae, Sp5: Acaulospora punctata, Sp6: Acaulosporas crobiculata, Sp7: Acaulospora sp CL1,
Sp8: Acaulospora sp CL2, Sp9: Acaulospora spinosa, Sp10: Ambispora reticulata, Sp11: Archaeospora trappei,
Sp12: Claroideoglomus claroideum, Sp13: Claroideoglomus etunicatum, Sp14: Glomus badium, Sp15: Glomus
invermaium, Sp16: Rhizoglomus intraradices, Sp17: Scutellospora calospora, Sp18: Simiglomus hoi.

Figure 4. Heatmap and clustering (Bray-Curtis dissimilarity) for the 18 arbuscular mycorrhizal (AM) fungi species described in
the three studied plots (forest plot: Si 1 – Si 3, green; crater plot: Si 4 – Si 6, orange; disturbed plot: Si 7 – Si 9, blue), showing
the edaphic variables which significantly structure the AM fungi communities. Species legend: Sp1: Acaulospora alpina, Sp2:
Acaulospora laevis, Sp3: Acaulospora myriocarpa, Sp4: Acaulospora paulinae, Sp5: Acaulospora punctata, Sp6: Acaulosporas
crobiculata, Sp7: Acaulospora spCL1, Sp8: Acaulospora spCL2, Sp9: Acaulospora spinosa, Sp10: Ambispora reticulata, Sp11:
Archaeospora trappei, Sp12: Claroideoglomus claroideum, Sp13: Claroideoglomus etunicatum, Sp14: Glomus badium, Sp15:
Glomus invermaium, Sp16: Rhizoglomus intraradices, Sp17: Scutellospora calospora, Sp18: Simiglomus hoi.
Journal of Soil Science and Plant Nutrition, 2016, 16 (4), 916-929
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4. Discussion

in soils with Al occupying most of the exchangeable
sites, as indicated by percentage of Al saturation close

The diversity and abundance of soil fungal groups,

to 70% (forest plot sites; Table 1, Figure 4). This is

including mycorrhizal fungi, is dependent on nutri-

typical from temperate rainforests acidic soils, since

ent availability on soil and plants (Tedersoo et al.,

Al is able to replace cations such as Mg and Ca from

2014) as well on plant assemblages and patterns. At

exchangeable sites, which are removed from the soil

the global scale, pH, P, and Ca are the main edaphic

profile (Soil Survey Staff, 1999). Remarkably, the for-

variables structuring soil fungal assemblages (Teder-

est plot sites had higher levels of Al (Table 1, Figure

soo et al., 2014). At a local scale, in our study, pH,

4) and the fungal communities may be highly influ-

P and Sat_Al were important edaphic factors struc-

enced by Al saturation (Figure 3). The forest plot sites

turing AM fungal assemblages (Figure 3). Samples

also had the highest AM richness (Table 3) and even-

taken from the non-disturbed plot (forest) were highly

ness (Figure 2), and they also had higher plant avail-

similar in their assemblages, compared to samples

able P (Table 1, Figure 4).

taken from human and naturally disturbed plots (dis-

In line with Turner (2008) P-niche partitioning hy-

turbed forest and crater, respectively; Figure 3). It is

pothesis, even at general low plant available P, AM

important to note that the forest plot sites had higher

fungi species were detected that specialize at the

alpha diversity and evenness (Figure 2; also reflected

lower plant available P levels (Figure 4). The high

in Table 3 with several diversity indices) than the sites

predominance and diversity of AM fungi (Figure 4) in

from the other two plots. Alpha diversity constitutes

these high-altitude, mountainous conditions is compa-

an important component of gamma diversity in the

rable to lowland AM fungal diversity (Carrillo et al.,

nine sites (Table 3), which is concordant with low

1992); thus, this may be a signal of the importance

species turnover (low beta diversity), meaning that

of AM fungal ‘services’ to plants in adverse habitats

a few species were different in the studied plots and

(Oehl et al., 2012).

sites (Figure 4).
Among those differentiating species, interestingly,

5. Conclusions

the AM Glomus species (G. badium and G. invermaium) were absent in the non-disturbed forest plot,

This study is one of the first morphological identifica-

but were highly abundant in the lower-diversity and

tion studies of AM in a typical Andean treeline forest

lower-evenness, disturbed plots (disturbed forest and

ecosystem (Nothofagus pumilio) with a broad latitu-

crater; Table 2, Figure 4). Thus, it could be predicted

dinal distribution (> 2,000 km); thus, this study could

that Glomus spp. are potential successional pioneers

serve as a basis for further identification studies. Mo-

in disturbed habitats (either human or naturally dis-

lecular methods are definitely needed to further iden-

turbed), especially in conditions of nutrient limita-

tify soil biota and to provide a complementary view of

tion (Table 1, Figure 4). Acaulospora species have

the diversity of this ecosystem.

an important role allowing plants to adapt to highly

More studies of soil biota, and specifically of mycor-

acidic and Al-saturated environments (Aguilera et al.,

rhizal associations across altitudinal gradients, are

2014). This is accomplished by Al immobilization

needed in order to better understand the plant and as-

in fungal propagules (Aguilera et al., 2014). In our

sociated soil biota community responses to changing

study, A. laevis and A. punctata were highly abundant

biogeochemical cycles (due to rising temperature and

Journal of Soil Science and Plant Nutrition, 2016, 16 (4), 916-929
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CO2 and droughts currently happening in Southern
Chile). Future studies exploring the role of mycorrhizae in C, N, P and SOM biogeochemical cycles (by
nutrient recycling and biogenic weathering) would
further elucidate the ecological role of mycorrhizae in
Chilean temperate rainforests.
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