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Abstract
The mycorrhizal type of dominant trees (“mycorrhizal dominance”) likely affects other non-mycorrhizal fungal guilds by 
means of soil resource partitioning and/or competition (i.e., by niche overlap between saprotrophic and ectomycorrhizal 
fungi). Chilean temperate rainforests, located in two mountain systems (Andes and Coast), offer a model system with con-
trasting geological histories and forest mycorrhizal dominance: Nothofagus spp. forests (dominated by ectomycorrhizal 
(EM) trees), Valdivian forests and coniferous forests (both dominated by arbuscular mycorrhizal (AM) trees). This study 
aimed to test the effects of mountain system, forest mycorrhizal dominance, and edaphic conditions on soil fungal communi-
ties of southern Chile’s temperate rainforests. Here, we describe soil fungal communities using ITS2 Illumina sequencing 
and implemented standard soil chemical analyses. The Andes and Coast mountain systems differed in terms of community 
composition of total, saprotrophic, EM, and plant pathogenic fungi. Forest mycorrhizal dominance was related to the fun-
gal community composition of total, saprotrophic, and EM fungi. Among soil conditions, only pH affected the total fungi 
community composition (also affecting EM and plant pathogens), while redox potential was related to saprotrophic (also 
affected by available P) and EM fungal communities. The composition of plant pathogenic fungal communities was also 
related to soil C and N. EM fungal richness/abundance was higher in Andean EM tree–dominated forests, while saprotrophic 
fungi richness and abundance were higher in AM tree–dominated forests. Overall, we found that co-occurring soil fungal 
groups are affected differently by abiotic (edaphic) and biotic (forest mycorrhizal dominance) factors—possibly including 
interguild fungal interactions.
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1 Introduction

Soil-inhabiting fungi play central roles in nutrient cycling, 
maintenance of biodiversity, and ecosystem productivity 
(Peay et al. 2016). Soil fungal communities can be highly 
diverse, and this diversity is influenced by edaphic and cli-
matic conditions, as well as by plant diversity (Tedersoo 
et al. 2014; Davison et al. 2015; Steidinger et al. 2019). Plant 
diversity, abundance, and type of mycorrhizal association 
in turn are related to diversities of fungi forming arbuscular 
mycorrhizal (AM) and ectomycorrhizal (EM) associations 
(Toussaint et al. 2020). However, the contribution of abiotic 
and biotic factors in shaping soil fungal community patterns 
is still poorly understood, especially at regional scales.

Plant communities can harbor species that form different 
types of mycorrhizae, such as AM, EM, ericoid, and orchid 
mycorrhizae, but usually a single mycorrhizal type domi-
nates (Soudzilovskaia et al. 2019; Steidinger et al. 2019). In 
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some cases, only one mycorrhizal type is present, for exam-
ple, in monodominant tropical EM forests (Tedersoo et al. 
2014, 2021, 2022). The mechanisms generating patterns of 
dominance of a mycorrhizal type in plant communities are 
still under investigation (Bueno et al. 2017a; Steidinger et al. 
2019; Lu and Hedin 2019). It has been shown, for example, 
that introduction of alien EM plants strongly influences local 
AM fungal communities (Dickie et al. 2010; Gazol et al. 
2016). Additionally, non-mycorrhizal fungal guilds, or inter-
actions between different functional fungal guilds, may be 
influenced by the mycorrhizal type of the dominant vegeta-
tion (Carteron et al. 2021; Marín and Kohout 2021; Eagar 
et al. 2022). Recently, the patterns of association between 
mycorrhizal fungi and vegetation have been mapped in dif-
ferent regions, and the factors determining such patterns 
have been investigated (Gerz et  al. 2016; Menzel et  al. 
2016; Swaty et al. 2016; Bueno et al. 2017a), finding, for 
example, that vegetation dominated by AM and EM sym-
bioses accounts for approximately 90.45% of global above-
ground carbon stocks (Soudzilovskaia et al. 2019). Despite 
this, it has not been explored how mycorrhizal dominance, 
here defined as the mycorrhizal type of the dominant plant 
species, contributes to the diversity of soil fungal guilds 
at a regional scale, in the context of edaphic and climatic 
gradients.

Temperate rainforests in Southern Chile (37° to 48° S) 
offer a model system with low levels of pollution (Perakis 
and Hedin 2002), steep slopes, constant volcanic activity, 
contrasting geological stories, gradients of edaphic factors, 
and natural vegetation with different mycorrhizal dominance. 
These forests account for over 50% of all temperate rainfor-
ests in the Southern Hemisphere (Armesto et al. 1998), and 
can be considered as a biogeographic island due to their high 
degree of endemism and stable floristic composition through 
the Holocene (Souto et al. 2015) after Pleistocene glaciations. 
Extreme climatic and edaphic conditions are characteristic 
of this ecosystem: > 8000 mm annual precipitation in some 
mountain areas (Oyarzún et al. 2005), high retention of soil 
organic matter, and high Al and low plant available P content 
in volcanic soils (Aguilera et al. 2017).

Southern Chilean temperate rainforests are located within 
two mountain systems, Andes Mountains and Coast Moun-
tains, with contrasting geological histories (including eco-
system and soil age, which affects ecosystem processes; 
Delgado-Baquerizo et al. 2020), and therefore contrasting 
edaphic conditions. The Coast Mountains have served as a 
refuge of biodiversity (Smith-Ramirez 2004), which harbors 
higher plant diversity than the Andes (Villagrán and Arm-
esto 2005). The bedrock of the Coast Mountains is highly 
weathered (100–120 kyrs stand age), and atmospheric inputs 
of nutrients are significant (Hedin and Hetherington 1996). 
In contrast, most of the Andes were covered by ice dur-
ing the Last Glacial Maximum, and thus the soils of these 

mountains are young volcanic soils richer in nutrients (< 5 
kyrs stand age; Glasser et al. 2008). There are three main 
floristic types in Chilean temperate rainforests: conifer-dom-
inated forest, Nothofagus spp. (angiosperm)–dominated for-
est, and Valdivian-mixed angiosperm forest with no single 
dominant tree species (Veblen et al. 1996). Nothofagus for-
ests are predominantly EM, while the two other forest types 
are mainly AM with EM associations of subordinate plants 
(Godoy and Marín 2019). These forests usually present a 
high mycorrhizal dominance, where > 85% of the tree layer 
is dominated by plants of a single mycorrhizal type (either 
EM or AM; Marín et al. 2016, 2017a). Transitions between 
forest types with intermediate mycorrhizal dominance are 
common, and different Nothofagus and conifer species usu-
ally occupy different altitudinal ranges (Godoy et al. 1994). 
While some data exists about soil fungal communities in 
Chile (Nouhra et al. 2012, 2013; Tedersoo et al. 2014; Davi-
son et al. 2015; Trierveiler-Pereira et al. 2015; Marín et al. 
2017b, 2018; Godoy and Marín 2019; Truong et al. 2017, 
2019), the understanding of the factors shaping temperate 
rainforest fungal communities at regional scales remains 
limited. In particular, arbuscular mycorrhizal (AM) fungi 
in Southern Chile temperate rainforests were shown to be 
affected by the mycorrhizal dominance of the forest (either 
ectomycorrhizal, EM, or arbuscular mycorrhizal, AM), soil 
chemical properties, and altitude (Marín et al. 2017a). Still, 
it is not known how other fungal guilds such as EM, sapro-
trophic, plant pathogens, and other guilds of soil fungi are 
influenced by these factors.

Therefore, utilizing temperate EM- and AM-dominated 
rainforests of the Chilean Andes and Coast Mountains as 
a model system, we asked: (1) do soil fungal communities 
differ in forests of different mycorrhizal dominance (EM and 
AM forests)?; (2) do fungal communities differ in moun-
tain systems with different geological histories and edaphic 
conditions (Andes and Coast Mountains)?; and (3) how do 
abiotic and biotic (mycorrhizal dominance) factors influence 
individual soil fungal guilds?

2  Materials and Methods

2.1  Study Sites and Sampling

Five sites were selected: three sites in the Andes (Puye-
hue and Tolhuaca National Parks, and San Pablo de Tre-
gua Nature Reserve) and two sites in the Coast Mountains 
(Nahuelbuta and Alerce Costero National Parks). Across 
the five sites, a total of 13 plots were sampled (Table 1). 
Plots were 30 × 30 m and most plots were 1–3 km apart, 
except for plots C4.AM, C5.AM, and C6.AM (within 100 m 
of each other), plot C7.AM (about 10 km from the other 
plots in the same site), and plot A1.EM (8.6 km apart from 
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plot A2.EM). The selected sites harbor three main types 
of old-growth temperate rainforest of Southern Chile: EM 
Nothofagus–dominated forest (including N. pumilio (P. et 
E.) Krasser, N. alpina (P. et E.) Oerst., N. dombeyi (Mirb.) 
Oerst., and N. nitida (Phil.) Krasser), AM-dominated for-
est (including the endemic conifers Araucaria araucana 
(Molina) K. Koch, Fitzroya cupressoides (Molina) Johnst. 
and Saxegothaea conspicua Lindl.), and angiosperm-dom-
inated Valdivian forest (mixed broadleaf, AM-dominated 
forest with some N. nitida (Phil.) Krasser trees) where no 
single tree species dominates. The plots selected for this 
study present a mycorrhizal dominance > 85% (Godoy et al. 
1994; Marín et al. 2017a). Tree plant cover by each mycor-
rhizal type was determined in all plots (Table 1). In each of 
the 13 plots, five random 1 kg soil samples were collected (A 
horizon, 20 cm in depth after removing O horizon; approx. 
20 cm × 20 cm × 20 cm; roots were removed before analysis), 
thoroughly mixed to a form a composite sample for each 
plot, and immediately transported to the laboratory. Sam-
pling was conducted in December 2014.

2.2  Soil Chemical Analysis

Three subsamples of each of the 13 composite soil sam-
ples were used to measure soil chemical properties. pH was 
measured in a 1/2.5 solution of 0.01 M  CaCl2, and electrical 
conductivity (EC) and redox potential (Eh) were determined 
in a water solution (1/2.5) at 20 °C. The percentage of C (C) 
and N (N) were determined in a CN Elemental Analyzer. 
Plant available P (P_a) was determined by extraction with 
 NaHCO3 0.5 M (pH 8.5), and then the extraction was diluted 

(1/2.5) in  HNO3 (10%); then, the amount of plant avail-
able phosphorous (P_a) was determined using inductively 
coupled plasma–optical emission spectrometry (ICP-OES, 
VARIAN, Palo Alto, USA). The cations (Al, Ca, K, Mg, 
and Na) in the samples were extracted using 1 M  NH4OAc 
(multistandards in a matrix of  NH4OAc 1 M,  HNO3 10% 
and ultra-pure water), and then the amount of these cations 
was determined using ICP-OES. Soil chemistry is given in 
Supplementary Table 1.

2.3  DNA Extraction, PCR, and Illumina Sequencing

A total of 39 soil samples (2 g; three subsamples of each 
composite soil sample) were delivered on dry ice to BiotaP 
LLC (Tallinn, Estonia) where DNA extraction and amplicon 
library preparation were carried out. DNA was extracted 
from the soil samples using the PowerSoil DNA Isolation 
Kit (MoBio). A blank sample was included as a negative 
control for PCR.

The amplicon library preparation was done following the 
16S Metagenomic Sequencing Library Preparation Guide 
(Illumina 2015). The fungal ITS2 region was targeted using 
the primers gITS7 (GTG ART CAT CGA RTC TTT G) and 
fITS7 (GTG ART CAT CGA RTC TTT G), both as forward 
primers (Ihrmark et al. 2012), and the ITS4 (TCC TCC GCT 
TAT TGA TAT GC) primer as the reverse primer. PCR was 
carried out in two sequential reactions: first, the amplicon 
PCR (35 cycles) was conducted with the region’s specific 
primers and partial sequencing adapters. The second reac-
tion was an index PCR (10 cycles), which was used to ligate 
sequencing adapters and Nextera XT (Illumina) sample 

Table 1  Plot locations and characteristics

Valdivian forest: high abundance of Weimannia trichosperma CAV and Nothofagus nitida (Phil.) Krasser

Site Plot code Coordinates Altitude
(m.a.s.l.)

Mycorrhizal 
dominance

Dominant tree species

Andes Mountains
  Puyehue National Park A1.EM 40°46.604′S 72°11.870′W 1172  ~ 85% EM Nothofagus pumilio (P. et E.) Krasser

A2.AM 40°45.553′S 72°17.858′W 679 90% AM Saxegothaea conspicua Lindl
  Tolhuaca National Park A3.EM 38°12.298′S 71°49.044′W 1218  ~ 90% EM Nothofagus dombeyi (Mirb.)

A4.AM 38°11.989′S 71°48.644′W 1365  > 95% AM Araucaria araucana (Molina) K. Koch
  San Pablo de Tregua Reserve A5.EM 39°36.072′S 72°07.099′W 660 90% EM Nothofagus alpina (P. et E.) Oerst

A6.AM 39°36.080′S 72°05.794′W 770  > 85% AM Saxegothaea conspicua Lindl
Coast Mountains

  Nahuelbuta National Park C1.EM 37°48.952′S 73°00.538′W 1314 95% EM Nothofagus dombeyi (Mirb.)
C2.AM 37°47.275′S 72°59.870′W 1347 90% AM Araucaria araucana (Molina) K. Koch

  Alerce Costero National Park C3.EM 40°11.915′S 73°25.887′W 938  ~ 85% EM Nothofagus nitida (Phil.) Krasser
C4.AM 40°11.768′S 73°26.108′W 933  ~ 90% AM Fitzroya cupressoides (Molina) Johnst
C5.AM 40°11.777′S 73°26.129′W 928  ~ 85% AM Fitzroya cupressoides (Molina) Johnst
C6.AM 40°11.775′S 73°26.162′W 924  ~ 85% AM Fitzroya cupressoides (Molina) Johnst
C7.AM 40°10.182′S 73°32.941′W 673  ~ 85% AM Valdivian forest
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identifying indices. PCR reactions contained 0.2 μM of each 
of the primers used and Smart Taq Hot Red 2 × PCR Mix 
(0.1 U/μl Smart Taq Hot Red Thermostable DNA Polymer-
ase, 4 mM MgCl2, 0.4 mM dATP, 0.4 mM dCTP, 0.4 mM 
dGTP, 0.4 mM dTTP; Naxo OÜ, Estonia) in a final vol-
ume of 30 μl for the amplicon PCRs and 50 μl for the index 
PCRs. Amplicon PCR cycling conditions were as follows: 
a period of 15 min at 95 °C followed by 35 cycles of 30 s at 
95 °C, 30 s at 55 °C, and 30 s at 72 °C, followed by a 7-min 
period at 72 °C. Samples were stored at 4 °C. Index PCR 
cycling conditions were the same as those of the amplicon 
PCR, but 10 cycles were used instead of 35. Negative con-
trols were included in all PCR reactions. Products of the first 
PCR were purified with Agencourt AMPureXP Kit (Beck-
man Coulter, Inc.). Three microliters of DNA sample (stock 
DNA or tenfold diluted DNA) was used in the amplicon 
PCR, and 5 μl of the purified amplicons was used in the 
index PCR reaction.

The amplicons of the index PCR were again purified 
using the Agencourt AMPureXP Kit (Beckman Coul-
ter, Inc.). The samples were eluted in EB Buffer (10 mM 
Tris–Cl, pH 8.5; QIAGEN Inc.). The DNA concentration 
of the purified amplicons was measured using an Appliskan 
fluorescence‐based microplate reader (Thermo Scientific) 
and PicoGreen® dsDNA Quantitation Reagent (Quant-iT 
dsDNA Broad Range Assay Kit, Invitrogen). Thereafter, 
amplicons were equimolarly pooled. The concentration 
of DNA in the final pool was 13.5 ng/μl (three replicates 
measured on QubitTM fluorometer, Thermo Fisher Scien-
tific, Waltham, USA). Fifty microliters of the amplicon pool 
was sequenced using an Illumina MiSeq v3 for 2 × 300 bp at 
Microsynth AG (Balgach, Switzerland).

2.4  Bioinformatic Analyses

The Illumina ITS2 fungal reads were analyzed using the 
gDAT pipeline (Vasar et al. 2021), as done in Vahter et al. 
(2022). Using gDAT, reads were demultiplexed into sam-
ples based on double barcode sequences, with one mis-
match for both reads (Vasar et al. 2021). Primer sequences 
were checked, also allowing one mismatch. Both barcode 
and primer were excluded, and paired reads (phred > 30; 
base = 33) were maintained. Then, those maintained paired-
end reds were combined with FLASh v1.2.11 (Magoč and 
Salzberg 2011) with the default gDAT thresholds. Chi-
meric sequences were removed using VSEARCH v2.22.1 
(Rognes et al. 2016) against the UNITE UCHIME refer-
ence dataset v7.2 (https:// unite. ut. ee/ repos itory. php). Then, 
a BLAST + v2.13.0 (Camacho et al. 2009) search was per-
formed on the sequences with the blastn algorithm against 
the UNITE database v.9.0 (general FASTA release on 
16/10/2022; Abarenkov et al. 2022), which gives species 

hypothesis (SH) as a result. A 97% identity and 95% align-
ment length thresholds were used.

In the cleaning and quality filtering stage of gDAT, ITS2 
reads were trimmed at 220 bases for forward and 180 bases 
for reverse reads, as suggested by Lekberg et al. (2018). 
Short (< 100 bp) sequences were removed. Before remov-
ing chimeras, sequences were preclustered with 97% iden-
tity using VSEARCH to reduce computational time. Cluster 
information was stored to allow mapping clusters back to 
individual reads (Vasar et al. 2021; Vahter et al. 2022). Two 
samples with low sequencing depth were removed from fur-
ther analysis (total of 177 reads, < 0.001% of raw reads). The 
discarded samples were from plots A3.EM and A4.AM in 
which the community matrix was calculated averaging two 
samples instead of three. Finally, fungal functional guilds 
were inferred using the FungalTraits database (according 
to the “Primary lifestyle” category, accessed on October 
2022) (Põlme et al. 2020). The nucleotide sequence data 
obtained in this study are deposited in the European Nucleo-
tide Archive under Study accession number PRJEB19308 
and MGnify ID number MGYS00005385.

2.5  Statistical Data Analysis

To test whether mountain system, mycorrhizal domi-
nance, or the interaction between them affected soil char-
acteristics, a two-way ANOVA was performed in RStudio 
v.2022.07.1 + 554 (RStudio Team 2022) (Supplementary 
Table 1). The fungal community matrix was calculated at 
the plot level: each SH abundance was the result of averag-
ing the abundances of three samples by plot (two samples in 
plots A3.EM and A4.AM). SH accumulation curves calcu-
lated for samples, plots, and mountain system–mycorrhizal 
dominance combinations (averaging SH plot abundances 
for each combination) showed that sampling effort was suf-
ficient. The correlation between the number of reads and 
the number of SH per plot was r = 0.40 (p value = 0.172). 
Thus, as sequencing depth did not affect richness (number 
of SH per plot), data was not rarified. For the following 
analyses, based on the classification obtained from Fun-
galTraits (Põlme et al. 2020), we focused our analyses on 
the whole fungal community, and also on ectomycorrhizal, 
saprotrophic (combining dung, litter, nectar/tap, pollen, 
soil, wood, and unspecified saptropths, according to Põlme 
et al. 2020), and plant pathogenic fungi. Plant pathogens 
were selected, as a previous study in the same ecosystem 
type shows they are affected by vegetation type (Marín et al. 
2017b). Given their low richness (9 SH), AM fungal com-
munities were not evaluated. This can be explained because 
the ITS2 region was used instead of the SSU region (more 
proper for Glomeromycota; Öpik et al. 2010).

The effects of mountain system (Andes or Coast), myc-
orrhizal dominance (EM or AM), and their interaction on 
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richness and abundance of total soil fungi, saprotrophic, 
EM, and plant pathogenic fungi were tested using mixed 
linear models (~ mountain system*mycorrhizal dominance, 
and site as a random factor to overcome the spatial effects 
of sites in plots). These mixed linear models were run using 
the lme function of the R package nmle v.3.1–160 (Pinheiro 
et al. 2022). The effect of mountain system, mycorrhizal 
dominance, and their interaction in community structure 
was tested via permutational analysis of variance (PER-
MANOVA) using the Bray–Curtis dissimilarities for total 
soil fungi, saprotrophic, EM, and plant pathogenic fungi. 
The PERMANOVA was run using the function adonis in the 
R package vegan v.2.6–4 (Oksanen et al. 2022).

To identify which of the 11 edaphic variables best pre-
dicted soil fungal community structure, canonical corre-
spondence analysis (CCA) for all fungi, saprotrophic, EM, 
and plant pathogenic fungi was calculated using the func-
tion cca of the R package vegan (Oksanen et al. 2022). The 
order of the final variables was selected using both direc-
tions of model selection using the ordistep function in vegan. 
In order to graph which SH were common across the 13 
plots (or less), the upset function of the UpSetR R package 
(Gehlenborg 2019) was used.

3  Results

3.1  Illumina Sequencing and Functional Guild 
Assignment

Illumina MiSeq paired-end sequencing of the fungal ITS2 
region of 37 soil samples yielded 18,139,729 raw read pairs. 
After the different bioinformatic steps, i.e., pairing reads, 
quality filtering, discarding non-fungal reads, and short 
sequences, a total of 6,042,827 reads were retained, assigned 
to a total of 3388 fungal species hypothesis (SH).

The average number of SH per sample was 569 (range: 
272 to 1129), and an average of 847 SH were recovered for 
each plot (range: 486 to 1378). The average number of reads 
per sample was 1632,320 (range: 19,006 to 710,297), and 
an average of 176,495 reads were generated for each plot 
(range: 60,364 to 470,941). A total of 31 SH occurred in all 
13 plots (19.65% reads); these 31 SH corresponded to the 
genera: Cladophialophora (soil saprotroph; 7 SH), Ilyonec-
tria (plant pathogen; 5 SH); Leohumicola (soil saprotroph; 
11 SH), Mortierella (soil saprotroph; 3 SH), Saitozyma (soil 
saptrotroph; 2 SH), and Solicoccozyma (soil saprotroph; 3 
SH) (Supplementary Fig. 1).

Overall, all saprotroph fungi were higher in richness 
and abundance in AM-dominated forests, while EM fun-
gal richness and abundance were higher in EM-dominated 
forests (Fig. 1). A total of 3311 fungal SH (99.41% reads) 
were functionally assigned (out of 3388) (Fig. 1): 849 

SH (50.18% reads) were soil saprotrophs, 478 SH (4.78% 
reads) were litter saprotrophs, 434 SH (36.20% reads) were 
ectomycorrhizal fungi, 390 SH (1.93% reads) were wood 
saprotrophs, 324 SH (0.80% reads) were unspecified sapro-
trophs, 321 SH (1.62% reads) were plant pathogenic fungi, 
127 SH (1.21% reads) were animal parasitic fungi, 116 SH 
(0.38% reads) were mycoparasitic fungi, 85 SH (1.76% 
reads) were root endophytes, 85 SH (0.29% reads) were 
dung saprotrophs, 22 SH (0.15% reads) were lichen para-
sites, 20 SH (0.02% reads) were foliar endophytes, 15 SH 
(0.01% reads) were lichenized fungi, 9 SH (0.02% reads) 
were arbuscular mycorrhizal fungi, 7 SH (0.01% reads) 
were pollen saprotrophs, 6 SH (0.02% reads) were sooty 
molds, and 5 SH (0.01% reads) were algal parasites. Other 
four functional guilds had each < 0.01% reads: epiphytic 
fungi (9 SH), nectar/tap saprotrophs (8 SH), animal endo-
symbionts (3 SH), and moss symbiont (2 SH). Cortinarius 
was the most common EM fungal genus among all plots 
(Supplementary Fig. 2).

3.2  Effects of Mountain System and Mycorrhizal 
Dominance on Fungal Diversity

No effect of mountain system was found for the rich-
ness and abundance of total soil fungi (Supplementary 
Fig. 3) and saprotrophic, EM, and plant pathogenic fungi 
(Table 2). EM fungi were significantly affected by myc-
orrhizal dominance and by its interaction with mountain 
system (Table 2): a Tukey HSD test showed that EM-domi-
nated forests from the Andes had a slightly higher EM fun-
gal richness than EM-dominated forests from the Coast, 
and both had significantly higher EM fungal richness than 
AM-dominated forests (Fig. 2). In addition, mycorrhizal 
dominance affected the abundance of saprotrophic and EM 
fungi (Table 2), although only for EM fungi it was signifi-
cantly higher in EM-dominated forests (mean = 135,312 
reads) than in AM-dominated forests (mean = 19,253 
reads) (t =  − 2.745, p = 0.048). There was a significant 
negative relationship between saprotrophs and plant patho-
genic fungi richness per plot (r = 0.897, p =  < 0.001), but 
there was no relationship between the abundances and 
richness of the rest of the guilds evaluated.

PERMANOVA (Table 3) showed that the community 
composition of total soil fungi, saprotrophic, and EM 
fungi differed among mountain systems and forest mycor-
rhizal dominance types. Plant pathogenic fungal commu-
nity composition, on the other hand, differed only between 
mountain systems (Table 3). There was no significant 
effect of the interaction between the mountain system and 
mycorrhizal dominance (Table 3) on the community com-
position of total soil fungi, saprotrophic, EM, and plant 
pathogenic fungi.
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Fig. 1  Abundance and richness of fungal guilds by plot. a Proportional abundance (no. of reads) of fungal guilds by plot. b Proportional number 
of species hypothesis (no. of SH) of fungal guilds by plot

Table 2  Mixed linear model showing the effects of mountain system 
(Andes or Coast), forest mycorrhizal dominance (AM or EM), and 
their interaction on total soil fungi richness (no. of SH) and richness 
of saprotrophs, ectomycorrhizal (EM), and plant pathogenic fungi, 

per plot; the same effects are shown for the number of reads of total 
soil fungi, saprotrophs, EM, and plant pathogenic fungi, per plot. Site 
was a random factor for all estimations

F value is given, with p values as asterisks: Fp, p: * < 0.05, ** < 0.01, *** < 0.001; ns, non-significant; SH, species hypothesis

Total Saprotrophs EM Plant pathogens

No. of SH
  Mountain system 0.136 ns 0.215 ns 0.504 ns 0.710 ns

  Mycorrhizal dominance 0.798 ns 0.019 ns 109.631*** 0.108 ns

  Mountain system × mycorrhizal dominance 2.586 ns 0.883 ns 20.660** 1.726 ns

AIC = 139.602 AIC = 134.185 AIC = 96.764 AIC = 97.931
Number of reads

  Mountain system 0.498 ns 1.140 ns 0.011 ns 2.063 ns

  Mycorrhizal dominance 2.497 ns 6.437* 12.708* 1.228 ns

  Mountain system × mycorrhizal dominance 0.039 ns 0.659 ns 0.075 ns 1.098 ns

AIC = 246.608 AIC = 241.615 AIC = 240.894 AIC = 195.232
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3.3  Edaphic Factors

Several soil characteristics (pH, C, N, available P, Ca, 
and Eh) differed between the two mountain systems, but 
not between forests of different mycorrhizal dominance 
(Supplementary Table 1b). Coast Mountains soil had sig-
nificantly lower pH (average of 3.35; 4.40 in the Andes), 
N (average of 0.29%; 0.84% in the Andes), C (average 
of 8.70%; 15.86% in the Andes), available P (average of 

12.73 mg  kg−1; 18.96 mg  kg−1 in the Andes), and Ca (aver-
age of 396.12 mg  kg−1; 1120.10 mg  kg−1 in the Andes) while 
Eh was higher (average of 135 mV; 77 mV in the Andes). 
There was a significant effect of the interaction between the 
mountain system and mycorrhizal dominance on soil Ca and 
K: coastal AM forests had lower Ca (344.73 mg  kg−1) and K 
(99.61 mg  kg−1) than the other three mountain system–myc-
orrhizal dominance combinations (Ca: 971.218 mg  kg−1; K: 
142.166 mg  kg−1).

Fig. 2  Ectomycorrhizal fungal richness for each mountain system and mycorrhizal dominance combination. Bars indicate SD; letters indicate 
significant differences according to a Tukey HSD test

Table 3  Permutational analysis of variance (PERMANOVA) of the 
Bray–Curtis dissimilarities for total soil fungi, saprotrophs, ecto-
mycorrhizal (EM), and plant pathogenic fungi community structure 

in relation to mountain system (Andes or Coast), mycorrhizal domi-
nance (AM or EM), and their interaction. P based on 999 permuta-
tions

F value is given, R2 in parenthesis, and p values as asterisks: F(R2)p, p: * < 0.05, ** < 0.01; ns, non-significant

Total Saprotrophs EM Plant pathogens

Mountain system 1.762 (0.128)* 2.161 (0.147)** 1.600 (0.119)** 2.300 (0.180)**
Mycorrhizal dominance 1.900 (0.138)** 2.263 (0.154)*** 1.603 (0.119)** 0.783 (0.061)ns

Mountain system × Mycorrhizal 
dominance

1.135 (0.082)ns 1.279 (0.087)ns 1.283 (0.095)ns 0.702 (0.055)ns

Residuals (R2) (0.652) (0.612) (0.667) (0.704)
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The abundances and richness of total soil fungi, and sap-
rotrophic, EM, and plant pathogenic fungi were not signifi-
cantly correlated to any of the 11 edaphic variables meas-
ured. Total soil fungal community composition was solely 
affected by soil pH, which also influenced the community 
structures of EM and plant pathogenic fungi, among other 
soil chemical variables (Fig. 3).

4  Discussion

Forest mycorrhizal dominance affected the abundance and 
community composition of saprotrophic and EM fungi, 
also affecting the richness of the latter. Saprotrophic fungal 
abundance and richness were significantly higher in AM-
dominated coniferous forests. This could be explained by 
three lines of argument. First, compared to the broadleaf 
EM Nothofagus forests, the more complex litter and coarse 

woody debris paired with slower degradation times of AM 
coniferous forests (Valenzuela et al. 2001; Staelens et al. 
2011) could lead to higher diversity and predominance of 
specialist saprotrophic fungi. Second, host abundance may 
have a strong effect on fungal assemblages (Gazol et al. 
2016; Noreika et al. 2019; Toussaint et al. 2020), and this 
could lead to increased dominance of EM fungi in forests 
dominated by EM trees, as was the case for this study. Third, 
competition for soil resources has been shown to be an 
important interaction between saprotrophic and EM fungi 
(Bödeker et al. 2016). These explanations are not mutually 
exclusive: AM fungi allow for AM conifer establishment 
(in these forests; we acknowledge that Northern hemisphere 
conifers are EM), which in turn have a complex litter with 
slower decomposition (Lusk 2001; Staelens et al. 2011), 
which might favor saprotrophic fungal abundance thereby 
possibly reducing the abundance of EM fungi (associated 
with the understory vegetation). A spatial, temporal, and/

Fig. 3  Canonical correspondence analysis (CCA) models for total 
soil fungi and selected guilds (ANOVA for CCA, 1000 permuta-
tions; order of soil chemical variables selected using both direc-
tions model selection; variance explained in brackets), for the 13 
plots. a CCA for total soil fungi (model: ~ pH; F: 1.465, significance: 

0.001). b CCA for saprotroph fungi (model: ~ Eh + Ca + P_a; F: 
1.909, significance: 0.001). c CCA for EM fungi (model: ~ pH + Eh; 
F: 1.505, significance: 0.001). d CCA for plant pathogenic fungi 
(model: ~ pH + C + N; F: 1.972, significance: 0.001)
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or niche separation (Shaw et al. 1995; Lindahl et al. 2007) 
and competitive interactions regarding soil nutrient usage 
(Hobbie et al. 1999; Högberg et al. 2003) between EM and 
saprotrophic fungi have been well documented. Some stud-
ies have shown that saprotrophic and EM fungi have over-
lapping niches in terms of their decomposition of organic 
substrates (Bödeker et al. 2014, 2016; Lindahl and Tunlid 
2015). This competition between saprotrophic and EM fungi 
for limiting resources in the soil organic matter has been 
deemed the “Gadgil effect” (Fernandez and Kennedy 2016). 
Studying the interguild fungal interactions in these south-
ern contrasting forests (in terms of their mycorrhizal type) 
would broaden their understanding.

Although taxonomic and phylogenetic plant diversity is 
higher in Chilean coastal than in Andean forests (Scherson 
et al. 2012), and regardless that coastal soils are generally 
poorer in nutrients (Marín et al. 2017a), here we did not 
find any effect of mountain system on the richness or abun-
dance of the total, saprotrophic, and plant pathogenic fungi. 
Its interaction with mycorrhizal dominance did markedly 
affect EM fungal richness. Contrary to our expectations, 
such interaction did not affect the other fungal guilds. Inter-
estingly, the community composition of all fungi and of the 
fungal guilds explored was affected by the mountain system. 
Thus, with the exception of EM fungi, the effect of mycor-
rhizal dominance on fungal diversity is strong enough to 
not be influenced by mountain systems with highly differ-
ent geological histories and edaphic conditions. Armesto 
et al. (2009, 2010) has suggested that belowground ecologi-
cal interactions rather than raw richness would highly vary 
between coastal and Andean forests. Similarly, in our study, 
community composition rather than richness/abundance of 
most fungal guilds was affected by the mountain system. As 
coastal forests served as biodiversity refugia for the Andean 
forests, belowground biodiversity would have returned to 
its original state after the reconnection of formerly gla-
cially separated areas (Armesto et al. 2009). Ecological 
interactions, on the other hand, would have changed given 
the strongly different environments (Armesto et al. 2010). 
This could help to explain most of the patterns obtained, 
except for EM fungal richness, which was higher in Andean 
EM–dominated forests (contrary to our expectations). This 
higher richness can be related to Andean Nothofagus forests 
being better protected, having a broader distribution, and 
being less weathered. Contrary to flora, the Andes moun-
tains seem to be the biodiversity refugia for EM fungi.

Even when saprotrophic fungal abundance was low, as 
in the EM forests, the edaphic factors structuring sapro-
trophic communities were more than those structuring total 
soil fungi (solely structured by soil pH), and included redox 
potential, Ca, and available P. This could reflect the known 
broader ecosystem functions of saprotroph fungi compared 
to EM fungi (Högberg et al. 2003; Lindahl et al. 2007; 

Noreika et al. 2019), as only pH and redox potential influ-
enced EM fungal communities. Remarkably, while less rich, 
and abundant, plant pathogenic fungal communities were the 
only ones structured by C and N. Furthermore, such edaphic 
factors structuring plant pathogenic fungal communities 
were similar to those structuring total soil fungi, a pattern 
that has been shown to hold at global scales (Tedersoo et al. 
2014; Davison et al. 2015). Overall, the results gathered 
here support the idea that different fungal functional guilds 
respond differently to global changes (Marín and Kohout 
2021), as some guilds are more related to macro-nutrients, 
others to cations, and others to soil pH and redox potential.

5  Conclusions

Soil fungal communities have been poorly studied in South-
ern Chilean temperate rainforests (Bueno et al. 2017b). Here, 
we explored soil fungal communities in ectomycorrhizal 
and arbuscular mycorrhizal–dominated forests in the two 
mountain systems of Chile, Andes and Coast Mountains, 
and found that mycorrhizal dominance affected most of the 
community attributes of saprotrophic and ectomycorrhizal 
fungi, while mountain system affected solely the community 
composition of the explored guilds. Its interaction with myc-
orrhizal dominance also influenced ectomycorrhizal fungal 
richness, which was significantly higher in the Andes; thus, 
maybe this mountain system constitutes an ectomycorrhi-
zal fungi refugia—in contrast to flora. Arbuscular mycor-
rhizal–dominated forests had a quite large abundance and 
richness of fungal saprotrophs of all types (including soil, 
dung, wood, litter saprotrophs, among others), which could 
be explained by the complexity of the wood, litter, and soil 
organic matter of the native conifers of southern Chile. Our 
results suggest that co-occurring soil fungal groups are dif-
ferentially influenced by abiotic (edaphic) and biotic (for-
est tree dominance) factors, and potentially by interactions 
among the fungal guilds themselves.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42729- 022- 01078-2.
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Supplementary Table 1. a. Soil chemical characteristics of the study plots. b. Two-way ANOVA test for differences in the corresponding soil 
chemical variables, among plots in two mountain systems (MS; Andes and Coast), plots with different forest mycorrhizal dominance (MD; 
ectomycorrhizal, EM; arbuscular mycorrhizal, AM), and their interaction (MS-MD).
a. Plot EC (µS cm-1) pH Eh (mV) N(%) C (%) P_a (mg kg-1) Al (mg kg-1) Ca (mg kg-1) K (mg kg-1) Mg (mg kg-1) Na (mg kg-1)

Andes Mountains

A1.EM 43.8±0.700 4.39±0.006 61±2.121 0.211±0.002 6.201±0.022 14.883±0.557 90.326±1.304 353.017±11.299 78.422±4.274 69.227±4.390 49.987±1.287

A2.AM 9±0.361 4.1±0.035 121±4.950 1.101±0.001 19.433±0.010 33.85±0.697 19.795±0.256 2239.148±66.073 233.729±10.272 353.739±4.100 61.466±0.971

A3.EM 30.8±0.200 4.31±0.006 75±3.536 0.774±0.002 17.389±0.163 17.567±1.039 89.929±4.711 749.62±23.378 129.926±5.495 119.399±4.310 60.162±0.166

A4.AM 39.8±0.751 4.87±0.082 34±0.707 0.486±0.001 11.653±0.091 8.633±0.302 86.58±6.974 857.383±16.029 128.621±1.193 62.974±4.870 43.235±0.444

A5.EM 23.9±0.200 4.33±0.006 83±0.707 1.125±0.012 19.643±0.052 19.567±0.399 96.552±2.604 990.398±22.510 101.537±0.694 136.586±4.330 60.107±0.444

A6.AM 35.5±0.265 4.37±0.175 86±0.000 1.331±0.000 20.847±0.156 19.258±0.088 37.666±2.587 1531.023±120.158 198.635±13.592 268.287±4.370 55.167±2.664

Coast Mountains

C1.EM 30.4±2.479 4.08±0.104 93±1.414 0.538±0.013 11.155±0.362 23.113±0.788 47.86±1.891 802.604±25.860 179.857±2.636 119.732±4.080 37.999±4.211

C2.AM 19.3±1.473 4.13±0.070 78±2.828 0.267±0.001 7.219±0.163 16.975±0.613 38.878±3.302 369.945±15.862 91.464±1.221 68.395±4.130 47.564±6.270

C3.EM 62.2±0.058 3.04±0.060 153±0.707 0.281±0.001 9.210±0.076 16.283±1.208 31.385±0.250 246.55±7.074 86.599±1.315 83.472±3.040 69.902±15.179

C4.AM 99±3.853 2.99±0.040 154±0.707 0.266±0.021 9.002±0.816 8.708±0.362 73.954±0.083 441.669±35.308 112.258±5.934 126.318±2.990 50.672±0.389

C5.AM 51.2±0.252 3±0.010 169±0.707 0.281±0.005 10.363±0.543 9.567±0.201 48.868±3.302 305.824±11.937 108.503±1.472 110.168±3.000 49.377±0.722

C6.AM 31.3±0.557 3.09±0.006 152±0.000 0.231±0.015 7.815±0.049 6.267±0.208 147.649±6.744 356.976±13.686 92.741±1.665 91.242±3.090 47.258±1.360

C7.AM 49±1.000 3.15±0.025 149±3.536 0.188±0.009 6.131±0.159 8.217±0.791 179.21±0.444 249.251±20.537 93.074±0.972 97.384±3.150 56.333±1.655

b.

MS 1.994ns 17.621** 9.139* 10.186* 9.026* 2.668ns 0.193ns 11.396** 3.181ns 2.776ns 0.501ns

MD 0.002ns 0.113ns 0.360ns 0.107ns 0.036ns 0.598ns 0.047ns 2.346ns 1.565ns 1.912ns 0.421ns

MS-
MD

0.094ns 0.564ns 0.061ns 1.456ns 0.987ns 2.631ns 3.811ns 5.170* 7.680* 2.001ns 0.001ns

a: Means ± SE are shown (n=3). b: Fp, p: *<0.05, **<0.01, ns=non-significat.



Supplementary Figure 1. UpSetR graph showing the number of species hypothesis (SHs) present in 1 to 13 plots of the study.



Supplementary Figure 2. Genera and number of EM fungal species hypothesis (SHs) by plot.

Supplementary Figure 3. Total soil fungal richness for each mountain system and mycorrhizal dominance
combination. Bars indicate SD, letters indicate significant differences according to a TukeyHSD test.
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