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Abstract The Neotropics are among the least explored regions from a mycological per-
spective. A few recent molecular studies in South America have shown high fungal diver-
sity as well as numerous groups of mostly undescribed taxa. Through soil metabarcoding 
analysis we compared richness and species composition among macrofungal communities, 
belonging to Agaricales, Russulales, Boletales and Phallomycetidae groups, in three eleva-
tional forests types in the subtropical Yungas of Northwestern Argentina (Piedmont for-
est; Montane forest, Montane cloud forest). The aims of this study were to assess richness 
of taxonomic and functional groups along the elevation gradient and to assess the rela-
tionships between environmental variables and species composition in the studied fungal 
communities. The results have shown rich Agaricomycetes communities, diversely struc-
tured among forests habitats. The elevation gradient differentially affected the richness and 
distribution of Agaricales, Russulales, Boletales and Phallomycetidae. Based on fungal 
trophic modes and guilds, the gradient also affected the ectomycorrhizal taxa distribution. 
When considering the basidiomata growth forms (agaricoid, boletoid, gasteroid, etc.), only 
the secotioid type showed significant elevational differences. Additional analyses indicated 
that saprotrophic nutritional mode was dominant along the entire gradient, being partially 
replaced by biotrophic modes at higher elevations. Fungal communities in the Montane 
cloud forests are most dissimilar when compared with communities at the Piedmont forest 
and Montane forest, which is consistent with the different biogeographic origins of these 
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forests. DNA metabarcoding sequence analysis provided detailed information on the diver-
sity and taxonomic and functional composition of macrofungal communities.

Keywords Fungal communities · Macromycetes · Functional groups · Elevational 
gradient · Neotropics

Introduction

Fungi represent one of the largest groups of living organisms with approximately 100,000 
described species (Blackwell 2011). Recent estimates suggest there may be between 0.8 
and 5.1 million fungal species (Blackwell 2011; Schmit and Mueller 2007), which empha-
sizes the need to improve our knowledge about fungal diversity. In particular, tropical and 
subtropical ecosystems are comparatively under sampled in relation to temperate forests 
and are predicted to be the most diverse in soil-inhabiting fungal species (O’Brien et al. 
2005; Taylor et al. 2014; Tedersoo et al. 2014). Recently, various studies have been con-
ducted in order to characterize the diversity and structure of fungal communities as well as 
their functional roles in tropical and subtropical forests (Lodge 1997; Lodge and Cantrell 
1995a, b; Meier et  al. 2010; Piepenbring et  al. 2012; Rosa and Capelari 2009; Schmit 
and Mueller 2007; Swapna et al. 2008; Young et al. 2002). Moreover, many authors have 
unveiled that various biotic and abiotic environmental factors such as plant identity and 
soil composition, precipitation and elevation differentially affect the distribution of fungal 
groups in tropical systems and other biomes (Bahram et al. 2012; Geml 2017; Geml et al. 
2014, 2017; Gómez-Hernández and Williams-Linera 2011; Gómez-Hernández et al. 2012; 
Masayuki et al. 2008; McGuire et al. 2012; Peay et al. 2013; Swapna et al. 2008; Tedersoo 
et al. 2014). Recent mycological studies in South American tropical forests have revealed 
high fungal diversity and numerous groups of mostly undescribed taxa (Geml et al. 2014; 
Henkel et al. 2012; López-Quintero et al. 2012; Peay et al. 2013).

Fungi play essential roles in ecosystems due to their nutritional modes as parasites, 
symbionts and saprotrophs, comprising various taxa that evolved convergently as special-
ists in the exploitation of various substrates and/or symbiotic partners (Mueller et al. 2007; 
Oberwinkler 1994). These nutritional modes and the ecosystem function of the target fun-
gal taxa can be used to describe functional groups of fungi (Oberwinkler 1994), but other 
groups of organisms, e.g. guilds of plants and insects have been also classified based on 
their roles in ecosystem functioning (Gitay and Noble 1997; Lavorel and Garnier 2001). 
Recent studies have depicted the robustness of a trait-based approach as a useful frame-
work to describe some of aspects of fungal ecology, and traits that can be related to major 
ecosystem processes, such as resource acquirement, soil aggregation, host growth, decom-
position, etc. (Aguilar-Trigueros et al. 2015; Boddy 2001; Chase and Leibold 2003; Mitch-
ell 2003; Rillig et al. 2014). Also, it has been showed that environmental variables related 
to elevation, and the responses of certain fungal functional groups may be structuring com-
munities of fungi along elevation gradients (Bahram et al. 2012; Coince et al. 2014; Geml 
2017; Looby et al. 2016).

This work focused on the macrofungal (i.e., fungi with macroscopic reproductive struc-
tures) communities in the Tucuman-Bolivian montane forests (hereafter, Yungas), situated 
on the eastern slopes of the Andes. The Yungas are floristically distinct from the tropical 
northern Andean forests (Brown et al. 2001) and, together with the adjacent seasonally dry 
piedmont forests, constitute the southern limit of the Amazonian biogeographic domain 
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(Cabrera 1976; Prado 2000). The flora and fauna of the region have been relatively well 
studied and are considered very diverse and rich in endemics (Blake and Rougés 1997; 
Hueck 1978; Lavilla and Manzano 1995; Legname 1982; Meyer 1963; Ojeda and Mares 
1989). Unfortunately, the Yungas and especially the piedmont forests have been severely 
affected by agriculture, losing over 90% of the original area, and are being replaced by 
sugar cane and transgenic cultivars of soybean (Malizia et  al. 2012). In addition, exten-
sive livestock farming and forest fires are important disturbance factors in this ecosys-
tem (Brown et al. 2002; Grau and Brown 2000; Malizia et al. 2012; Pacheco et al. 2010). 
Deforestation has been found to influence litter decomposition, reducing or changing fun-
gal diversity as well as the production of fruiting bodies of ligninolytic basidiomycetes 
(Ishikawa et al. 2007; Kinoshita and Fukuda 2004; Looby et al. 2016). It has been showed 
that forest soils with high C:N ratios may have a higher prevalence of basidiomycetes (i.e. 
white rot decomposers) than those crop soils with lower C:N ratios, thus shifting the over-
all distribution of fungi across these land use types (Lauber et  al. 2008). In addition to 
anthropogenic disturbance, Pacheco et al. (2010) and Wicaksono et al. (2017) have recently 
predicted, based on modelled present and future distributions of tree species that suitable 
habitat area for piedmont and montane cloud forests will decrease due to climate change. 
Considering that fungal communities in subtropical ecosystems of Argentina are under-
sampled and their forests structure and distributions are rapidly changing through anthro-
pogenic influences, it is important to characterize the fungal communities in the remaining 
preserved areas of the Yungas.

Since the 1900s, taxonomic studies on various groups of macrofungi have been done 
in the Yungas by Spegazzini (1912, 1919), Singer (1953), and Singer and Morello (1960). 
Most recently, additional studies have focused on the systematics and distribution of 
Xylariaceae (Hladki and Romero 2001, 2010), polypores (Robledo et  al. 2003; Robledo 
and Rajchenberg 2007; Urcelay and Robledo 2004), and selected agaricoid groups (Baroni 
et  al. 2012; Niveiro 2012; Niveiro et  al. 2012, 2014a, b), thus increasing the number of 
known taxa. Further studies using molecular techniques have focused on the ectomycor-
rhizal fungi associated with Alnus acuminata in the montane cloud forests (Becerra et al. 
2002, 2005a, b, 2007, 2009, 2011; Nouhra et al. 2005, 2015; Pritsch et al. 2010; Wicak-
sono et  al. 2017). Despite these important contributions, we still know little about how 
richness and distribution of specific macrofungal groups are affected by environmental fac-
tors, many of which relate to elevation and respective vegetation types that are characteris-
tic of the Yungas region.

We focused on macrofungal taxa in Agaricales, Russulales, Boletales and various highly 
diverse lineages within Phallomycetidae, with a diverse set of nutritional modes, such as 
saprotrophic, mycorrhizal, plant or animal parasitic, muscicolous and fungicolous (Kirk 
et al. 2008). These groups exhibit enormous morphological plasticity and ecological diver-
sity and, due to their diversity and abundance, are among the most ecologically important 
fungi in forest ecosystems. The order Agaricales in itself includes more than half of all 
known species of the homobasidiomycetes (Hibbett et al. 1997; Hibbett and Thorn 2001), 
accounting for more than 13,000 species and 413 genera (Kirk et  al. 2008). Russulales 
and Boletales are also characterized by a diverse array of species, however, these groups 
are less represented in ecosystems, roughly accounting for 1800 and 1300 species, respec-
tively. The Phallomycetidae, which includes the orders Geastrales, Gomphalles, Hysteran-
giales and Phallales, are represented by around 600 species (Kirk et  al. 2008), and new 
species are continuously being described in all orders. In addition, these macrofungi con-
tain some of the most conspicuous and familiar types of mushrooms, and thus, can have 
prominent roles in fungal conservation efforts.
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The Yungas represent a particularly interesting system to study these fungal groups. 
The three elevational forest types in the Yungas differ in their plant diversity and composi-
tion along the gradient. At the upper vegetation belt, the ectomycorrhizal Alnus acuminata 
forms extensive monodominant forests. These montane cloud forests exhibit lower produc-
tivity and slower nutrient cycling rates compared with the lowland tropics (Looby et  al. 
2016), and are usually characterized by cooler climate conditions, and particular edaphic 
characteristics, e.g., with soil pH decreasing and organic matter and N increasing with 
elevation (Geml et al. 2014). The mid- and low-elevation vegetation belts in the Yungas 
exhibit taller average canopy with highly diverse plant communities of tropical and sub-
tropical species, warmer temperatures and higher soil pH values. They also present a dense 
shrub understory, as well as many lianas, climbers and epiphytes (Brown et  al. 2001). 
Given that the diversity of plants and animals and, consequently, the variety of organic 
substrates are higher in the warmer lower elevations (Brown et al. 2001; Geml et al. 2014; 
Meier et al. 2010), taxonomic fungal groups possessing symbiotrophic, endophytic, wood 
and litter-decaying, and pathogenic taxa are expected to be differentially represented along 
of the elevational gradient in the Yungas.

In this study, we analyzed DNA metabarcoding data from multiple sites representing 
the three major forest types in the Yungas. Considering that the different habitats along the 
elevational gradient are susceptible to current variations of land use and climate change 
effects, the aims of this study were to (1) describe the soil macrofungal communities, and 
to (2) explore correlations among local environmental factors and richness and composi-
tion of macrofungi at taxonomic and functional levels.

Materials and methods

The study region

The 24 sampled sites are located within preserved forested areas in The Yungas UNESCO 
Biosphere Reserve (Lomáscolo et  al. 2010), Parque Nacional Campo de los Alisos and 
Reserva Provincial La Florida. The sites are not affected by sugar cane and soybean mono-
cultures, and, therefore, represent almost intact forest remnants along the entire latitudinal 
extent of the Yungas in Argentina (ca. 22.2–27.4°S) as well as the three different eleva-
tional forest types (Brown et al. 2001; Grau and Brown 2000; Prado 2000): the piedmont 
forest (400–700 m.a.s.l.), the montane forest (700–1500 m.a.s.l.), and the montane cloud 
forest (1500–3000 m.a.s.l.), hereafter named as PF, MF, and MCF, respectively. Detailed 
information on the elevational forest types as well as the localities and edaphic data on 
the sampling sites are provided in Geml et al. (2014). Sampling sites consisted of approxi-
mately 50 × 50 m plots situated at a distance of at least 500 m from each other within a 
forest type, with most sites being chosen to be at least 1 km from the nearest one, whenever 
possible.

Sampling and molecular work

Communities of terrestrial macrofungal Agaricomycetes in all elevational forest types in 
the Yungas were characterized and compared after re-analyzing soil DNA metabarcoding 
data generated by Geml et al. (2014), using an updated set of bioinformatic tools. The data 
generation process is described in detail in Geml et al. (2014), in the present study we only 
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include a brief methodological description. At each sampling site, 40 soil cores (2 cm in 
diameter and ca. 20 cm deep) were taken and pooled, resulting in a composite soil sam-
ple for each site. Genomic DNA was extracted from 1 g of dry soil using a  NucleoSpin® 
Soil kit (Macherey–Nagel GmbH & Co., Düren, Germany), according to the manufacturers 
protocol. For each sample, DNA extraction was carried out in duplicate and the extracts 
were combined. The remaining parts of the pooled soil samples were kept for soil chemi-
cal analyses that were carried out at the Laboratorio de Suelos y Aguas of the Facultad de 
Ciencias Agropecuarias (Universidad Nacional de Córdoba) following protocols described 
in Sparks et al. (1996). The ITS2 region (ca. 250 bp) of the nuclear ribosomal DNA repeat 
was PCR amplified and later sequenced using Ion Torrent as described in detail in Geml 
et al. (2014).

The raw sequence data (deposited in Dryad: https ://doi.org/10.5061/dryad .8fn8j ) con-
tained 7,489,045 sequences with a modal read length of 287 bp. The primers were removed 
and poor quality ends were trimmed off based on 0.02 error probability limits in Geneious 
Pro 5.6.1 (BioMatters, New Zealand). Subsequently, sequences were filtered using 
MOTHUR v. 1.32.1 (Schloss et al. 2009) based on the following settings: no ambiguous 
bases (maxambig = 0), homopolymers no longer than 10 nucleotides (maxhomop = 10), 
and length range from 150 to 400  bp (minlength  =  150; maxlength  =  400), result-
ing in 4,760,162 quality-filtered sequences with an average read length of 272.4  ±  49.9 
(mean  ±  SD). The remaining sequences were grouped into 9144 operational taxonomic 
units (OTUs) at 97% sequence similarity using USEARCH v.8.0 (Edgar 2010), while 
simultaneously removing putative chimeric OTUs. We assigned sequences to taxonomic 
groups based on pairwise similarity searches against the curated UNITE fungal ITS 
sequence database containing identified fungal sequences with assignments to Species 
Hypothesis groups using dynamic assignment based on periodically updated, phylogeny-
based species delimitations (Kõljalg et al. 2013). After excluding OTUs with < 70% simi-
larity or < 150 bp pairwise alignment length to a fungal sequence, 7634 fungal OTUs were 
retained, comprising a total of 1,416,245 high-quality sequences with an average of 59,010 
reads per sample. Since all the OTUs in the Phallomycetidae (Geastrales, Gomphalles, 
Phallales and Hysterangiales) were identified as soil saprotrophs, and the majority repre-
sented by Geastrales, we decided to use the Phallomycetidae as a whole in the ecological 
analyses.

The trophic modes (pathotroph, saprotroph, symbiotroph), guilds (ectomycorrhizal, 
mycoparasite, plant pathogen, soil saprotroph, lignicolous saprotroph), and growth forms 
(agaricoid, boletoid, gasteroid, resupinate, hydnoid, clavarioid, etc.) were assigned to 
OTUs using FUNGuild (Nguyen et al. 2016). For OTUs that matched taxa with no infor-
mation available in FUNGuild, the trophic modes/guilds and growth forms were assigned 
individually by retrieving functional data from UNITE and NCBI databases of the match-
ing Species Hypotheses. Lepiota-like fungi that matched sequences from fungi cultivated 
in gardens of Neotropical leaf-cutting ants were separated from other saprotrophs in a new 
guild, because these ant symbionts represent a highly specialized functional group within 
saprotrophs.

Because the metabarcoding analyses was methodologically oriented to soil fungi, we 
excluded orders mostly dominated by wood-decay taxa (Auriculariales, Trechisporales, 
Hymenochaetales, Gloeophyllales, Polyporales, and Corticiales), that, by definition, are 
restricted to woody substrates (i.e. logs, tree trunks and branches of standing or fallen 
trees). Therefore, OTUs within the above mentioned orders obtained from our soil sam-
pling likely represent spores or mycelial fragments fallen from woody substrates, and likely 
comprises only a fraction of their naturally occurring communities in the Yungas.

https://doi.org/10.5061/dryad.8fn8j
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Statistical analyses

The observed number of OTUs (richness) and Chao 2 estimates (Chao et al. 2005) were 
calculated for each forest type using sample-based rarefaction in EstimateS 9.1.0 (Col-
well et al. 2012) with 100 randomizations, without resampling and without shuffling data 
among the 8 replicate plots per vegetation type. These indices were tested across all sites 
using analysis of variance (ANOVA), with means compared with Tukey’s HSD test. We 
also compared species turnover within and between elevational forest types calculated by 
pairwise comparisons of communities in the corresponding sampling sites. The beta diver-
sity measure was Sørensen similarity index that was calculated from presence–absence 
data.

Non-metric multidimensional scaling (NMDS) was applied with metaMDS() function of 
the ‘vegan’ package (Oksanen et al. 2012) in R 2.13.2 (R Development Core Team 2011). 
NMDS were performed on a presence/absence matrix of sites by OTUs. PerMANOVA 
analyses were conducted to determine if the fungal communities were influenced by the 
forest types, PF, MF, and MCF, with the function adonis() of the ‘vegan’ package with 999 
permutations and using Bray–Curtis dissimilarity as the measure of distance. Orthogonal 
rotation of the resulting NMDS solution was used to maximize correlation between eleva-
tion and the major axes. The possibility that significant effects were due to either differ-
ences of multivariate location (between group variability) or to dispersion (within group 
variability) rather than by the compositional change was discarded from PerMANOVA 
analyses with the betadisper() function of vegan. A secondary matrix of sites by environ-
mental variables, presence of Alnus and OTU richness values for genera, trophic modes/
guilds, and growth forms were included in the NMDS analyses. The significance of the 
vectors was determined with the envfit() function of the ‘vegan’ package with 999 permuta-
tions. We determined the indicator OTUs as an additional descriptor for the fungal com-
munity of each forest type with function indval() of the R package ‘labdsv’ (Dufrêne and 
Legendre 1997; Roberts 2013).

Results

Macrofungal diversity

Of the 7634 non-singleton fungal OTUs, 1254 were assigned to the Agaricales, Boletales, 
Russulales and Phallomycetidae. In total, OTUs belonging to 123 genera of Agaricomy-
cetes were detected along the elevational gradient (Table  1). The order Agaricales was 
the most diverse, accounting for 1076 OTUs (85.8%), followed by Phallomycetidae (146 
OTUs, 11.6%), Russulales (19 OTUs, 1.5%) and Boletales (13 OTUs, 1.03%). We found 
that the total observed OTU richness of terrestrial Agaricomycetes was significantly dif-
ferent among forest types (F = 177.8, p < 0.001) and decreased with elevation from 607 
(± 17.4), 569 (± 19.6) and 449 (± 15.2) for the PF, MF, and MCF vegetation types, respec-
tively. Total estimated OTU richness was substantially higher compared to the observed 
values for the Agaricales and Phallomycetidae along the whole gradient, and by a lesser 
degree for the Russulales and Boletales (Fig.  1). When considering individual fungal 
groups, the elevation patterns were somewhat different. In Agaricales, the observed and 
estimated OTUs richness differed significantly among forest types (F = 81.0, p < 0.001 
and F  =  102.5, p  <  0.001, respectively) with the MCF having the lowest observed and 
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Table 1  Per-sample OTU richness and read counts for terrestrial genera of Agaricomycetes detected in the 
three elevational forest types in the Andean Yungas forest of Argentina: piedmont (PF), montane (MF) and 
montane cloud forest (MCF)

OTUs ± SD Reads ± SD

PF MF MCF PF MF MCF

Agaricus sp. 1.88 ± 2.11 1.88 ± 1.98 1 ± 1.13 26.63 ± 52.45 18.38 ± 31.74 5.13 ± 5.38
Agrocybe sp. 0 0.13 ± 0.14 0 0 0.38 ± 1.06 0
Alnicola sp. 0 1.25 ± 0.28 1.25 ± 1.41 0 1 ± 2.83 3228 ± 4332
Alpova sp. 0 0.13 ± 0.02 0.50 ± 0.56 0 0 13.63 ± 19
Amanita sp. 0 0.13 ± 0.02 0 0 0 60.63 ± 171
Amyloathelia 

sp.
0 0 0.13 ± 0.14 0 0 1.5 ± 4.24

Aphanoba-
sidium sp.

0.13 ± 0.14 0.13 ± 0.14 0 0.25 ± 0.71 1.5 ± 4.24 0

Aphroditeola 
sp.

0 0.13 ± 0.14 0.13 ± 0.14 0 5.63 ± 15.91 28.75 ± 81.32

Arachnion sp. 0.50 ± 0.56 0.63 ± 0.70 0 3.75 ± 9.04 604 ± 1986 0
Armillaria sp. 0 0.25 ± 0.28 0 0 1.63 ± 3.85 0
Arrhenia sp. 0.13 ± 0.14 0.13 ± 0.14 0.13 ± 0.14 1 ± 2.83 1 ± 2.83 0.25 ± 0.71
Arthromyces 

sp.
0 0.13 ± 0.14 0 0 0.75 ± 2.12 0

Asterostroma 
sp.

0 0.25 ± 0.16 0 0 0.25 ± 0.71 0.25 ± 0.71

Bolbitius sp. 0 0 0.13 ± 0.14 0 0 0.38 ± 1.06
Boletinellus 

sp.
0 0.13 ± 0.14 0 0 1.75 ± 4.95 0

Bovista sp. 0 1 ± 0.88 0.75 ± 0.84 0 35.50 ± 86.88 40.38 ± 93.23
Calocybe sp. 0 0.25 ± 0.28 0 0 0.75 ± 2.12 0
Calvatia sp. 1.50 ± 1.69 1.13 ± 1.27 0.13 ± 0.14 19.88 ± 17.80 33.50 ± 74.45 0.25 ± 0.71
Calyptella sp. 0 0 0.13 ± 0.14 0 0 0.5 ± 1.41
Chlorophyl-

lum sp.
0.88 ± 0.98 0.13 ± 0.14 0 2105 ± 5935 0.38 ± 1.06 0

Clavaria sp. 0.50 ± 0.06 1.88 ± 1.61 1.63 ± 1.83 0 58.63 ± 98.11 11.63 ± 14.30
Clavariadel-

phus sp.
0.13 ± 0.14 0 0 1.88 ± 5.30 0 0

Clavulinopsis 
sp.

1.13 ± 0.89 1.38 ± 1.30 1.75 ± 1.97 11.38 ± 17.07 34 ± 54.81 48.38 ± 93.32

Clitocybe sp. 0.63 ± 0.70 0.13 ± 0.14 0 2.25 ± 4.50 2.88 ± 8.13 0
Clitopilopsis 

sp.
0.25 ± 0.16 0.25 ± 0.16 0.13 ± 0.14 0.38 ± 1.06 0.63 ± 1.19 0.5 ± 0.93

Clitopilus sp. 6.63 ± 7.20 4.25 ± 4.53 1.75 ± 1.97 156 ± 139 209 ± 287 68.38 ± 126
Collybia sp. 0 0 0.13 ± 0.14 0 0 10.63 ± 30.05
Conocybe sp. 2.38 ± 2.55 3.63 ± 3.45 2.63 ± 2.95 10.50 ± 10.20 95.13 ± 96.41 89.63 ± 107
Coprinellus 

sp.
1.75 ± 1.97 2 ± 2.13 1.13 1.27 ± 16.13 ± 10.96 18.63 ± 41.85 8.5 ± 10.27

Coprinopsis 
sp.

2.88 ± 2.86 3.25 ± 3.03 1.88 ± 2.11 38.38 ± 20.14 33.50 ± 51.50 43.75 ± 69.09

Coprinus sp. 0.38 ± 0.42 0.38 ± 0.42 0.13 ± 0.14 3 ± 3.93 3.50 ± 6.50 0.38 ± 1.06
Cortinarius 

sp.
0.25 ± 0.28 1 ± 0.50 1.38 ± 1.55 6.13 ± 13.16 2.75 ± 5.75 1459 ± 3657

Crepidotus sp. 2.00 ± 2.13 2.38 ± 2.42 1.13 ± 1.27 10 ± 8.93 9.88 ± 19.25 4.38 ± 4.07
Crinipellis sp. 0.38 ± 0.42 0 0 3.75 ± 9.82 0 0
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Table 1  (continued)

OTUs ± SD Reads ± SD

PF MF MCF PF MF MCF

Cristinia sp. 0.25 ± 0.28 0.13 ± 0.14 0 2.25 ± 5.60 0.25 ± 0.71 0
Cuphophyllus 

sp.
0 0.13 ± 0.14 0 0 1.88 ± 5.30 0

Cystoderma 
sp.

0 0 0.13 ± 0.14 0 0 0.25 ± 0.71

Cystolepiota 
sp.

1.88 ± 2.11 0.38 ± 0.42 0 41 ± 76.49 4.38 ± 10.85 0

Delicatula sp. 0 0 0.25 ± 0.28 0 0 2.16 ± 4.61
Dendrophora 

sp.
0.25 ± 0.28 0.25 ± 0.28 0 1.38 ± 2.88 0.63 ± 1.19 0

Dentipellis sp. 0.13 ± 0.14 0.25 ± 0.28 0 2.13 ± 6.01 0.50 ± 0.93 0
Echinoderma 

sp.
0.88 ± 0.98 0.25 ± 0.28 0 18.63 ± 47.13 1.75 ± 4.95 0

Entoloma sp. 6.13 ± 5.02 8.25 ± 7.53 9.13 ± 10.27 103 ± 208 115 ± 136 89.13 ± 70.80
Flagelloscy-

pha sp.
0.63 ± 0.58 0.38 ± 0.30 0.25 ± 0.28 8.38 ± 14.20 4.13 ± 10.15 3.13 ± 5.59

Galerella sp. 0.13 ± 0.14 0.13 ± 0.14 0.13 ± 0.14 0.38 ± 1.06 0.25 ± 0.71 0.25 ± 0.71
Galerina sp. 0 0.38 ± 0.17 0.38 ± 0.42 0.25 ± 0.71 0.25 ± 0.71 2.88 ± 4.82
Geastrum sp. 13.63 ± 15.20 8.50 ± 8.81 3.38 ± 3.80 992 ± 1407 256 ± 297 180 ± 297
Gymnopilus 

sp.
0.50 ± 0.56 0.38 ± 0.30 0.13 ± 0.14 55.50 ± 156 0.50 ± 0.93 0.50 ± 0.93

Gymnopus sp. 0.38 ± 0.42 0.13 ± 0.14 0.13 ± 0.14 763 ± 2157 0.25 ± 0.71 3.5 ± 9.90
Hebeloma sp. 0.13 ± 0.14 0.13 ± 0.14 0 4.88 ± 13.79 0.25 ± 0.71 0
Hemimycena 

sp.
0.25 ± 0.28 0.25 ± 0.28 0 1.38 ± 3.16 3.50 ± 6.57 0

Henningsomy-
ces sp.

0 0.13 ± 0.02 1 ± 1.13 0 0 21.25 ± 46.85

Hericium sp. 0.13 ± 0.14 0 0 0.25 ± 0.71 0 0
Holocotylon 

sp.
0.63 ± 0.58 0.63 ± 0.58 0.75 ± 0.84 4.88 ± 7.68 19.50 ± 51.95 20.88 ± 25.34

Hydnocris-
tella sp.

0.25 ± 0.16 0 0 5 ± 14.14 1.13 ± 3.18 0

Hydnomeru-
lius sp.

0.13 ± 0.14 0 0 2 ± 5.66 0 0

Hygrocybe sp. 0.25 ± 0.03 0.75 ± 0.84 0.25 ± 0.28 0 62.38 ± 164 1 ± 2
Hygrophorop-

sis sp.
0.13 ± 0.14 0.13 ± 0.14 0 0.25 ± 0.71 0.38 ± 1.06 0

Hygrophorus 
sp.

0.38 ± 0.42 0 0 6.13 ± 13.86 0 0

Hypholoma 
sp.

0.25 ± 0.16 0.38 ± 0.30 0.25 ± 0.28 0.25 ± 0.71 3 ± 5.58 2 ± 4

Infundibuli-
cybe sp.

0.13 ± 0.14 0 0 14.75 ± 41.72 0 0

Inocybe sp. 0.38 ± 0.42 1 ± 0.50 1.38 ± 1.55 1.38 ± 2.45 4 ± 10 540 ± 1194
Laccaria sp. 0.50 ± 0.44 0.13 ± 0.14 0 2.63 ± 5.21 1.5 ± 3.51 0
Lacrymaria 

sp.
0.50 ± 0.44 0.38 ± 0.42 0.13 ± 0.14 5.25 ± 7.50 2.50 ± 3.51 0.88 ± 2.47

Lactarius sp. 0 0.25 ± 0.03 0.75 ± 0.84 0 0 223 ± 306
Lentaria sp. 0 0 0.13 ± 0.14 0 0 0.25 ± 0.71
Lepiota sp. 9.38 ± 10.55 2.75 ± 2.84 1 ± 1.13 493 ± 889 38.63 ± 37.77 11.13 ± 16.78
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Table 1  (continued)

OTUs ± SD Reads ± SD

PF MF MCF PF MF MCF

Lepista sp. 0 0.25 ± 0.16 0.13 ± 0.14 0 0.25 ± 0.71 183 ± 515
Leucoagari-

cus sp.
10.75 ± 11.97 3.63 ± 3.45 3.13 ± 3.52 502 ± 796 456 ± 1260 43.50 ± 94.45

Leucocopri-
nus sp.

0 0 0.13 ± 0.14 0 0 0.25 ± 0.71

Leucogyro-
phana sp.

0.13 ± 0.14 0 0.13 ± 0.14 0.25 ± 0.7 0 1.13 ± 3.18

Leucopaxillus 
sp.

0.25 ± 0.28 0 0 0.75 ± 1.49 0 0

Limacella sp. 0.13 ± 0.14 0 0 1.75 ± 4.95 0 0
Lindtneria sp. 0.25 ± 0.28 0 0 0.50 ± 1.41 0 0
Lycoperdon 

sp.
1.88 ± 1.98 1.13 ± 1.14 1 ± 1.13 26.38 ± 23.34 50.75 ± 66.61 27.50 ± 29.56

Macrolepiota 
sp.

0.75 ± 0.84 0.25 ± 0.28 0.50 ± 0.56 9.50 ± 11.25 1.63 ± 3.02 1.25 ± 2.12

Marasmius 
sp.

0.75 ± 0.84 0.63 ± 0.70 0.38 ± 0.42 334 ± 945 41.75 ± 95.99 25 ± 70

Melanoleuca 
sp.

0.25 ± 0.28 0 0 0.75 ± 1.49 0 0

Melanophyl-
lum sp.

0.50 ± 0.56 0.25 ± 0.28 0 5.88 ± 9.19 6.13 ± 15.77 0

Micropsal-
liota sp.

0.75 ± 0.84 0.38 ± 0.42 0 17 ± 21.88 441 ± 1243 0

Morganella 
sp.

0.25 ± 0.16 0.38 ± 0.30 0.13 ± 0.14 0.38 ± 1.06 0.88 ± 1.25 0.88 ± 1.81

Mycena sp. 4.25 ± 4.66 4.88 ± 4.86 4.63 ± 5.20 1629 ± 3651 509 ± 1347 346 ± 363
Mycenastrum 

sp.
0.63 ± 0.58 0.13 ± 0.14 0.13 ± 0.14 4.13 ± 10.88 4.25 ± 11.23 0.25 ± 0.71

Mycenella sp. 0.75 ± 0.84 0.75 ± 0.84 0.25 ± 0.28 13.88 ± 33.84 8.38 ± 12.92 1.63 ± 3.11
Mythicomyces 

sp.
0.25 ± 0.28 0 0 1.13 ± 2.47 0 0

Nematoctonus 
sp.

0.25 ± 0.16 0 0.50 ± 0.56 0.25 ± 0.71 0.38 ± 1.06 3.38 ± 5.97

Neopaxillus 
sp.

2.75 ± 2.84 2.38 ± 2.55 0.5 ± 0.56 405 ± 626 231 ± 360 22.25 ± 45.06

Omphalina 
sp.

0 0 0.13 ± 0.14 0 0 0.50 ± 1.41

Panellus sp. 0 0 0.13 ± 0.14 0 0 0.25 ± 0.71
Parasola sp. 0 0.25 ± 0.28 0 0 2.50 ± 6.30 0
Pellidiscus sp. 0.13 ± 0.14 0 0 0.25 ± 0.71 0 0
Peniophora 

sp.
0 0.13 ± 0.14 0 0 0.50 ± 1.41 0

Phaeocla-
vulina sp.

0.13 ± 0.14 0 0 0.25 ± 0.71 0 0

Phaeocollybia 
sp.

0 0.13 ± 0.14 0.25 ± 0.28 0 0.75 ± 2.12 0.63 ± 1.19

Phallus sp. 1.88 ± 2.11 0.38 ± 0.42 0 72.38 ± 10 5.25 ± 14.85 0
Pholiota sp. 0.63 ± 0.45 1.25 ± 1.03 1.13 ± 1.27 12.25 ± 27.16 41.25 ± 79.09 52.38 ± 93.27
Pholiotina sp. 0 0.38 ± 0.42 0.25 ± 0.28 0 10 ± 28 0.75 ± 1.49
Pleurotus sp. 0.13 ± 0.14 0 0 0.25 ± 0.71 0 0
Pluteus sp. 3.50 ± 3.81 2.38 ± 2.55 1.63 ± 1.83 39.13 ± 45.46 14.75 ± 13.99 9.63 ± 4.78
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estimated richness. While the PF and MF had similar observed richness, estimated rich-
ness of Agaricales was highest in the MF (Fig.  1). The Boletales showed a very differ-
ent distribution pattern, both observed and estimated OTUs richness values were signifi-
cantly lower in the MF than in the PF and MCF (observed: F = 22.6, p < 0.001; estimated: 
F = 10.4, p = 0.001). In Phallomycetidae, observed OTUs richness was also significantly 
different among elevational forest types (F = 275.4, p < 0.001), strongly decreasing with 
elevation. However, this trend was less marked in the estimated richness values (F = 5.7, 
p = 0.01), only the MCF showed significantly lower richness than the MF and PF (Fig. 1). 
The observed OTU richness of Russulales was not significantly different among forest 

Table 1  (continued)

OTUs ± SD Reads ± SD

PF MF MCF PF MF MCF

Podaxis sp. 0 0 0 0.25 ± 0.71 0 0
Porotheleum 

sp.
0.13 ± 0.14 0.25 ± 0.28 0.25 ± 0.28 3.13 ± 8.06 0.63 ± 1.19 11.63 ± 31.69

Protubera sp. 0 0 0.13 ± 0.14 0 0 0.38 ± 1.06
Psathyrella 

sp.
0.63 ± 0.58 1.88 ± 1.73 1.38 ± 1.55 1.75 ± 3.45 12 ± 18 7.25 ± 6.23

Pseudom-
phalina sp.

0.13 ± 0.14 0 0 0.38 ± 1.06 0 0

Psilocybe sp. 0.13 ± 0.14 1.25 ± 1.16 0.38 ± 0.42 1 ± 2.83 478 ± 1348 21.63 ± 37.57
Pterula sp. 1.25 ± 1.41 0.75 ± 0.72 0.25 ± 0.28 521 ± 1457 3.63 ± 5.29 8.63 ± 23.21
Ramariasp. 0.88 ± 0.98 0.38 ± 0.30 0.13 ± 0.14 778 ± 1817 5.50 ± 13.30 149 ± 420
Ramariop-

sissp.
0.13 ± 0.02 0.25 ± 0.28 0.88 ± 0.98 0 19.63 ± 44.24 10.50 ± 22.21

Resupinatus 
sp.

0 0.13 ± 0.14 0 0 0.25 ± 0.71 0

Ripartites sp. 0 0.13 ± 0.14 0 0 0.50 ± 1.41 0
Russula sp. 0 0.25 ± 0.03 0.25 ± 0.28 0 0 44.25 ± 114
Serpula sp. 0.13 ± 0.14 0 0 0.25 ± 0.71 0 0
Simocybe sp. 0 0 0.13 ± 0.14 0 0 1.50 ± 4.24
Stephanos-

pora sp.
0.13 ± 0.02 0 0 0 0.88 ± 2.47 0

Stropharia sp. 0 0.25 ± 0.28 0.38 ± 0.42 0 0.88 ± 2.47 7.63 ± 19.97
Tephrocybe 

sp.
0 0 0.13 ± 0.14 0 0 0.25 ± 0.71

Tricholoma 
sp.

0.25 ± 0.16 0.75 ± 0.84 0 0.25 ± 0.71 27.38 ± 47.96 0

Tricholo-
sporum sp.

0.25 ± 0.28 0.13 ± 0.14 0 12.50 ± 35.36 0.75 ± 2.12 0

Tubaria sp. 0.63 ± 0.58 0 0.38 ± 2.50 ± 3.78 1.88 ± 5.30 13.25 ± 31.51
Tulostoma sp. 0.38 ± 0.42 0.38 ± 0.42 0 1.25 ± 2.12 0.75 ± 1.49 0
Typhula sp. 0 0.13 ± 0.14 0.50 ± 0.56 0 0.25 ± 0.71 9.63 ± 16.36
Unidentified 22.63 ± 23.08 24.13 ± 23.89 17.38 ± 19.55 893 ± 842 661 ± 698 1838 ± 1758
Verrucospora 

sp.
0.13 ± 0.14 0.13 ± 0.14 0.13 ± 0.14 0.25 ± 0.71 0.38 ± 1.06 0.75 ± 2.12

Volvariella sp. 0.13 ± 0.14 0 0 0.25 ± 0.71 0 0

Numbers represent the mean of 8 replicates  ±  the standard deviation (SD). In bold are indicated 
“reads ± SD” (> 100), for most abundant genera
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types (F = 2.5, p = 0.105), while the estimated richness was highest in the MF (F = 7.3, 
p = 0.004).

Beta diversity measures indicated that sampled fungal communities within the eleva-
tional zones were most similar to one another in the MCF, suggesting lower community 
turnover at high elevations than in the mid elevation (Sørensen: F = 7.8, p < 0.001). Mean-
while, the similarity of fungal communities within PF were intermediate and was not sig-
nificantly different from either of the two other elevational forest types (Table 2). Pairwise 

Fig. 1  Observed and estimated (Chao 2) OTUs richness in Agaricales, Boletales, Phallomycetidae and 
Russulales for the three elevational forest types in the Andean Yungas forest of Argentina with standard 
deviation. Different letters above bars represent significant differences (p ≤  0.05) in the observed (lower 
case) and estimated (upper case) values in pairwise comparisons between forest types. PF Piedmont forest, 
MF Montane forest, MCF Montane cloud forest
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comparisons among the forest types showed that similarity in fungal communities com-
position was highest between PF and MF sites, followed by similarity values between the 
MCF and MF (Sørensen: F = 17.5, p < 0.001; Table 2).

OTU richness in each particular genus was highly variable throughout the sampling 
sites and forests types as well (Table  1). In terms of OTU richness, the lower elevation 
zone (PF) was characterized by the dominance of saprotrophic genera, such as Chloro-
phyllum, Entoloma, Geastrum, Gymnopus, Lepiota, Leucoagaricus, Marasmius, Neopaxil-
lus, Pterula and Ramaria. Similarly, in the MF the dominant genera were the saprotrophs 
Arachnion, Entoloma, Geastrum, Leucoagaricus, Micropsalliota, Mycena, Neopaxillus and 
Psilocybe. On the other hand, in the MCF, the most dominant were the ectomycorrhizal 
taxa Alnicola, Cortinarius, Inocybe, and saprotrophic Geastrum, Lepista, Ramaria and 
Mycena, the later was dominant in all three forest types, but particularly abundant in the 
PF (Table 1).

Community composition and functional roles along the elevational gradient

The NMDS analysis returned a two-dimensional ordination with a final stress of 0.127 and 
indicated that the studied Agaricomycetes communities were strongly structured accord-
ing to elevational forest type (Fig. 2). The PerMANOVA analyses indicated that the com-
position of Agaricomycetes OTUs was significantly different among forest types (pseudo-
F = 2.29,  r2 = 0.18, p = 0.001).

In the NMDS ordination plots, the vectors of elevation, N, organic matter and the pres-
ence of Alnus correlated positively, while pH and P correlated negatively with elevation 
(Fig.  2a, Table  S1). OTU richness in twelve genera correlated significantly with fungal 
community composition along the elevational gradient (Fig. 2b, Table S1). Of these, Alni-
cola, Alpova, and Lactarius showed an increasing richness with elevation, while richness 
in Lacrymaria and Clitopilus were negatively correlated with elevation (Fig. 2b, Table S1). 
Of the trophic modes, the symbiotroph taxa were significantly correlated with forest types 
(Table S1). Among them, ECM OTUs showed a greater richness in the MCF than in the 
other forest types (Fig.  2c). Likewise, when considering the basidiomata growth mor-
phology, the clavarioid type vector (marginally correlated with NMDS axis 1), was posi-
tively associated with the MCF sites (Fig. 2d, Table S1). A significant negative correlation 
between the secotiod type and axis 2 of the NMDS was observed (Table S1).

Indicator OTU analyses revealed 31 OTUs as significant indicators of forest type 
(p < 0.05, Table S2). Of these, 19 were related to MCF, 1 with MF and 11 with PF. Most 

Table 2  Beta diversity measures 
within and between forest types 
in the Andean Yungas forest of 
Argentina, i.e. piedmont (PF), 
montane (MF) and montane 
cloud forest (MCF), calculated 
by pairwise comparisons 
of communities in the 
corresponding sampling sites

Numbers represent the mean of 8 replicates ± the standard deviation. 
Different letters beside the numbers represent significant differences 
(p ≤ 0.05) within (lower case) and between (upper case) forest types in 
pairwise comparisons

Forest type Sørensen

MCF 0.2082 ± 0.0685a
MF 0.1343 ± 0.0702b
PF 0.1788 ± 0.0731ab
MCF versus MF 0.1187 ± 0.0709A
MCF versus PF 0.0740 ± 0.0441B
MF versus PF 0.1321 ± 0.0565A
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indicators OTUs for MCF forest type belonged to ECM symbiotrophs such as Alnicola 
sphagneti, Cortinarius sp., Inocybe jacobi, Lactarius sp. and Lactarius rufus, five sap-
rotrophs: Mycena aff. pura, Henningsomyces candidus, Clavaria sp., Conocybe albo-
radicans, Clavulinopsis sp. and Entoloma rhidopolium. The nutritional mode of the latter 
species is not clearly defined, and considered in the literature either ECM or saprotroph 
(Tedersoo et al. 2010). Most indicator species were of the agaricoid type with the exception 
of clavarioid Clavaria and Clavulinopsis. For the MF forest, only one OTU was selected as 
an indicator, but remained as an unidentified Agaricales.

Indicator species (OTUs) of PF forest type were all saprotrophs (Fig.  3), and corre-
sponded to Clitopilus sp., Coprinopsis cinerea, Phallus sp., Geastrum sp., G. quadrifidium, 
Lepiota sp., Chlorophyllum agaricoides, Macrolepiota sp., and Coprinellus aureogranu-
latus. Most indicator species belonged to the agaricoid type and few to the gasteroid type.

Discussion

Macrofungal diversity

The analyzed Agaricomycetes groups were unevenly distributed across the elevational for-
est types in the Argentinian Yungas. The decreasing richness with elevation showed the 
effect of the forest type variation along the gradient, and estimation of species richness by 

Fig. 2  Non-metric multidimensional scaling (NMDS) ordination based on community composition of 
terrestrial Agaricomycetes in the three elevational forest types in the Andean Yungas forest of Argentina. 
Ordination plots correspond to a environmental variables, b fungal genera, c trophic modes/guilds, and d 
fruit body morphology types. Due the high number of vectors, in (a, b) only variables with a significance 
level of p ≤ 0.06 are shown. For further details see Table S1
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Fig. 3  Proportional richness of 
nutritional modes/guilds defined 
for the Andean Yungas forest 
of Argentina Agaricomycetes 
fungal communities for the three 
elevational forest types
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Chao 2 indicated overlapping values depending on the fungal group and elevational forest 
type considered. Agaricales and Russulales showed an observed richness mostly uniform 
for the three forest types. However, the estimated richness was significantly higher in the 
MF type, suggesting that additional sampling effort in the intermediate forest type may 
reveal more species at this elevation. This higher estimated richness in Agaricales and Rus-
sulales in the MF is in agreement with the mid-elevation peak in tree diversity recorded 
in the Yungas (Morales et al. 1995), and the pattern is partially consistent with previous 
estimates of macrofungal richness based on sporocarps along an elevational gradient in 
Mexico (Gómez-Hernández and Williams-Linera 2011). On the other hand, most taxa in 
Phallomycetidae and Boletales appear to prefer habitats at lower elevation, and at both 
extremes, respectively. Again, the comparison of observed and estimated richness suggests 
that further sampling is necessary, particularly in the lower vegetation types. Our findings 
are in agreement with Rahbek (1995), who compared data from numerous studies carried 
out in elevational gradients and concluded that various groups of organisms are influenced 
differently by biological and environmental factors. Most of the studies indicated a mid-
elevation peak in the number of species in disagreement with the widely acknowledged 
general pattern of decline in species richness with elevation.

The above-mentioned differences in elevational trends of alpha diversity measures 
among taxonomic groups suggest that they might be differentially affected by several fac-
tors such as resource abundance, host and habitat diversity (Lodge and Cantrell 1995a, b). 
The beta diversity measures indicated high community turnover among the elevational 
zones. The mid-elevation MF shared more OTUs with either the PF or the MCF zones 
(representing the extremes of the elevational gradient) than these latter shared between 
each other. In addition, the results suggest that MF fungal communities show higher affin-
ity to PF communities, which is in agreement with floristic data and the pronounced cli-
matic differences between the PF and the MCF (Brown et al. 2001; Morales et al. 1995). 
The high-elevation MCF are mostly dominated by cold-adapted taxa with Holartic and 
Gondwanan origin (i.e. Viburnum sp., Ilex sp., Juglans sp., Alnus sp., Podocarpus sp., Pru-
nus sp., among others), while the MF and PF mostly comprise Neotropical and Pantropical 
elements, such as Anacardiaceae, Bignoniaceae, Boraginaceae, Lauraceae, Leguminosae, 
Moraceae, Myrtaceae, Rhamnaceae, and Rubiaceae etc. (Brown et  al. 2001; Grau and 
Brown 2000; Malizia et al. 2012; Prado 2000).

As expected, the Agaricales was by far the most diverse group in our study, followed 
by Phallomycetidae, Boletales and Russulales. Despite the different methodological 
approaches and the overall number of taxa recorded, studies based on sporocarps sampling 
in many regions and in particular in tropical forests of South America have shown similar 
patterns in relation to the distribution and number of taxa within Agaricomycetes groups. 
Franco-Molano et al. (2010) in Colombia, accounted for a total of 813 species distributed 
within the Agaricales (679 spp.), Boletales (51 spp.), Cantharellales (23 spp.) and Russula-
les (60 spp.). Similarly, Agaricales was the most species rich taxonomic group in the Atlan-
tic rain forest fragments in Minas Gerais (Brazil) as well, with 109 species representing 39 
genera in 8 families (Rosa and Capelari 2009).

Previous sporocarp samplings in the Yungas of Argentina have also provided important 
information on the fungal composition associated to this region. Niveiro (2012) compiled 
all described macrofungal taxa for the Yungas of Argentina, totaling 629 species. However, 
many of the taxonomic names are duplicated due to existence of wrongly assigned species 
or unresolved synonymy, causing an overestimation of the number of “described” species 
for the region. Niveiro (2012) recorded and studied 125 “Agaricales sl.” species in the Yun-
gas, and described 12 new to science within the genera Pouzarella, Inocybe, Clitocybula, 
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Mycena, Pluteus, Pholiota and Hemimycena (Niveiro 2012; Niveiro et al. 2012, 2014a, b). 
Based on richness estimators, Niveiro (2012) concluded that only 23–46% of the Agari-
cales were recorded, and that a high diversity of taxa remained to be studied. In our study, 
soil metabarcoding analyses provided 1254 OTUs for the considered Agaricomycetes 
group, then based on the number of described species for the Yungas of Argentina, we can 
predict that many more species are still undescribed.

Macrofungal communities and functional roles along the gradient

Based on our results, the composition of the macrofungal communities is strongly influ-
enced by the elevational gradient, more specifically by the presence of specific plant spe-
cies that act as symbiotic hosts of ECM taxa in the upper forest type, as well as the var-
iation in soil characteristics. Changes in tree composition and, as a consequence, in the 
quality and quantity of woody substrates for decomposer taxa may be affecting the fungal 
community composition along the elevational gradient (Meier et  al. 2010). As revealed 
by previous studies, the combination of biotic and abiotic factors affects the distribution 
of species and the structure of fungal communities. The compositional shifts are accom-
panied by varying responses of dominant fungal functional groups (Looby et  al. 2016), 
and determine their relationships to specific ecosystems (Braga-Neto et al. 2008; Gómez-
Hernández and Williams-Linera 2011; Lodge and Cantrell 1995a, b; López-Quintero et al. 
2012). Important factors influencing fungal communities in this study were primarily those 
at the habitat scale such as forest type and soil characteristics (i.e. concentration of N, P, 
pH and amount of organic matter). Similar factors correlated with fungal composition such 
as soil pH, N, P, C:N ratio and temperature have been previously described also for temper-
ate forests (Bahram et al. 2012; Coince et al. 2014).

The symbiotroph trophic guild (e.g., ECM) was significantly associated with the differ-
ent forest types. The composition of terrestrial Agaricomycetes was significantly different 
among forest types and beta diversity measures, NMDS ordinations, and the indicator spe-
cies analyses suggest that the best-defined vegetation belts and associated fungal communi-
ties are the high-elevation MCF and low-elevation PF. The mid-elevation MF constitutes a 
transition zone between MCF and PF. The data suggest that the distributional range of the 
predominant taxa at low- and high-elevations overlaps at the intermediate forest type, and 
this may contribute to the mid-elevation peak in Agaricales and Russulales.

As previously stated, macrofungal communities were correlated with soil organic mat-
ter and N content, which is likely influencing the various ECM and “tomentelloid” fungi 
adapted to the MCF, rich in soil C and N (Becerra et al. 2005a; Geml et al. 2014; Nouhra 
et al. 2015). This vegetation belt is also characterized by the low diversity of plant species, 
soil strongly influenced by the dominant ECM and nitrogen fixing Alnus acuminata, as 
well as by the wettest and coldest climate conditions.

In contrast, PF and MF harbor diverse communities of tropical and subtropical plants 
species restricted to frost-free habitats, without dominant ECM hosts (Brown et al. 2001; 
Geml et al. 2014). The turnover of decomposing organic matter occurs faster at higher tem-
peratures at lower elevations (Osono 2007; Rastin et al. 1990), given the wide variety of 
soil and litter decomposers, which are dominant at these two vegetation belts (Fig. 3) as 
supported by the indicator OTUs for this set of macrofungal groups. Moreover, mid- and 
low-elevation forest types have highly diverse floristic composition with a varied array of 
phenological and functional strategies (Brown et  al. 2001; Malizia et  al. 2012), provid-
ing a wide spectrum of suitable substrata for the saprotrophs. It has been observed that a 
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great diversity of lignified materials can affect the diversity of decomposer basidiomycete 
assemblages, and this effect is likely to be produced by the different capabilities of fungi 
to decompose, the synergistic decomposing activities among basidiomycete species, or the 
interactions of fungi with other microorganisms such as endophytes, mites, bacteria, etc. 
(Addison et al. 2003; Fujita 1989; Hintikka 1988; Iwabuchi et al. 1994; Osono 2007).

Within Agaricales, the litter decomposer taxa recovered for this study, such as Agari-
cus, Mycena, Lepiota and Clavaria have activity related to the lignin decomposition pro-
cess, i.e. bleaching activity; manganese peroxidases and laccase production; loss of lignin 
in leaves, etc. (Osono 2007). In addition, it is noteworthy the presence of numerous OTUs 
corresponding to species of Agaricaceae, Lepiotaceae and Clavariaceae that matched 
with > 95% sequence similarity to fungal saprotrophic taxa associated to diverse symbi-
otic leaf-cutting ants. OTUs identified as Agaricus and Leucoagaricus were abundant at the 
lower elevation forests types. Saprotrophic litter species belonging to Leucoagaricus, Leu-
cocoprinus and Pterula have been described in association with Neotropical leaf-cutting 
ants (Chapela et al. 1994; Dentinger et al. 2009; Mueller et al. 2001; North et al. 1997). Lit-
tle is known about the diversity of this group of fungi and their contribution to the cycling 
of nutrients in the lowland forests of the Yungas. In this sense, obtaining new data on func-
tional diversity will contribute to the understanding on how biodiversity affects the ecosys-
tem processes (Aguilar-Trigueros et al. 2015). Other abundant OTUs were recorded within 
Gymnopus, Pterula, and Psilocybe which are all well-known decomposers of organic mat-
ter, i.e., litter and wood inhabitants. Within Mycena, at least 22 species have been pre-
viously described morphologically from the region (Niveiro 2012). However, from our 
metabarcoding soil data, out of 68 OTUs accounting for Mycena, only few OTUs matched 
a previously described species with 94–99% similarity to M. pura; a similar pattern was 
shown by morphological species of Leucoagaricus, with 6 species previously recorded, in 
comparison with the 94 OTUs recovered from the analysis. However, none matched previ-
ously described taxa. These results highlight the need for additional studies to adequately 
characterize the macrofungal communities in each forest type, and also to provide much-
needed reference data for Neotropical fungi public DNA fungal sequence databases.

Indicator OTUs analyses exclusively selected saprotrophs taxa for the lower vegeta-
tion belts, PF and MF. Within the Boletales, estimated OTU richness showed higher val-
ues at both extremes of the gradient, partitioned by the ectomycorrhizal genera such as 
Alpova and resupinate saprotrophs (i.e. Leucogyrophana and Amylothelia) at higher eleva-
tions, and the saprotrophic resupinate and agaricoid taxa (i.e. Hydnomerulius, Serpula and 
Hygrophoropsis) in the low-elevation forests. Phallomycetidae, as previously mentioned, 
showed higher richness values at intermediate and lower elevations, mostly represented 
by numerous OTUs of saprotrophic taxa such as Geastrum, Ramaria and Phallus, with 
diverse basidioma growth morphology types. In the Russulales, the distribution of OTUs 
along the gradient is partitioned, displaying the symbiotrophic ectomycorrhizal taxa (i.e. 
Russula and Lactarius) in the MCF sites dominated by Alnus, and saprotrophic wood 
decomposer and plant pathogens at lower elevations. Some of the wood decomposers, such 
as the distinctly hydnoid Hericium, seems to have some substrate preference, usually grow-
ing on the central core of standing trees, and rarely producing fruit bodies when the inva-
sion zone is exposed in fallen trees (Hallenberg et  al. 2013). Plant pathogenic taxa such 
as Peniophora, and Cristinia have resupinate basidiomata. Some Peniophora species are 
considered pioneer species capable of invading living or recently dead wood and can be 
restricted to certain trees (Boddy and Rayner 1983; Oberwinkler 1994), while the ecology 
of Cristinia is poorly known.
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The secotioid growth morphology was negatively correlated with elevation, and repre-
sented by a Podaxis species that appear in one site of the PF at the south-eastern distribu-
tion of the Calilegua National Park, bordering the ecotone with Chaquean vegetation type. 
This ecotone area is dry and characterized by even higher temperatures, and pronounced 
differences among seasons. Podaxis as well as some gasteroid taxa are abundant in the 
forests of the Chaco phytogeographic region (Domínguez de Toledo 1989). Their richness 
and composition seem to be affected by a precipitation gradient decreasing from the north-
east to the southwest of northern Argentina (Hernandez Caffot 2013). The Phallomycetidae 
was mostly represented by the Geastraceae with 111 Geastrum OTUs that were abundant 
in all forest types, but most diverse in the PF forest type with several indicator OTUs. It is 
noteworthy that Geastrum spp. is one of the dominant genera of gasteroid taxa in the adja-
cent Chaco forests (Hernandez Caffot 2013).

Gómez-Hernández and Williams-Linera (2011) determined that the variation in the 
environmental factors along an elevation gradient differentially affected macrofungal 
functional groups in a tropical mountain ecosystem in Mexico. They found that models 
for alpha and beta diversity for all macromycetes and ectomycorrhizal communities dis-
played peaks in the mid-elevation section of the gradient, whereas saprotrophs, such as 
the xylophagous and litter fungi, displayed a peak in the lower and mid-elevation sections. 
This pattern seems to be partially concordant for the Yungas, although less pronounced, 
perhaps partly due to the lower number of vegetation belts along the elevational range. 
Studies in the Amazon basin, in which the elevational gradient was not an influencing vari-
able, have shown also a correlation between plant composition and fungal richness for bio-
trophic (pathogens and mycorrhizal fungi), but not for saprotrophic fungi, suggesting that 
the effect of vegetation on fungal communities is in part due to direct plant–fungal interac-
tions (Peay et al. 2013).

Conclusion

Our results described highly diverse macrofungal communities as well as groups previ-
ously not recorded for the Yungas, such as the Agaricales taxa associated with ants. In 
addition, this study provides further insights into previously described patterns of turnover 
of taxa between different forests habitats along elevational gradients, which is considered 
one of the dominant factors affecting their richness at landscape scales (Braga-Neto et al. 
2008; Nantel and Neumann 1992). The variation of environmental and microclimatic fac-
tors related to elevation is affecting species richness and the distribution of specific Agari-
comycetes taxa and functional groups in the Yungas. The saprotrophic nutritional mode is 
highly dominant along the gradient, being partially replaced by biotrophic (ECM) modes 
at higher elevations. Fungal communities in the MCF are most dissimilar when compared 
with communities at the PF and MF, which is consistent with the different biogeographic 
origins of these forests. Our study shows that the use of DNA metabarcoding sequences 
can provide a detailed first insight into the diversity and composition of macrofungal com-
munities of highly diverse tropical ecosystems, thus offering a baseline for a series of more 
in-depth mycological and ecological studies in these ecosystems.
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