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Abstract

Global forests are increasingly threatened by altered climatic conditions and increased 

attacks by pests and pathogens. The complex ecological interactions among pathogens, 

microbial communities, tree host, and environment are important drivers of forest dynamics. 

Little is known about the ecology of forest pathology and related microbial communities in 

temperate forests of the southern hemisphere. In this study, we used next-generation 

sequencing to characterize sapwood-inhabiting fungal communities in North Patagonian 

Nothofagus forests and assessed patterns of diversity of taxa and ecological guilds across 

climatic, site and host variables (health condition and compartment) as a contribution to 

Nothofagus autecology. The diversity patterns inferred through the metabarcoding analysis 
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were similar to those obtained through culture-dependent approaches. However, we 

detected additional heterogeneity and greater richness with culture-free methods. Host 

species was the strongest driver of fungal community structure and composition, while the 

host health status was the weakest. The relative impact of site, season, plant compartment 

and health status were different for each tree species; these differences can be interpreted 

as a matter of water availability. For N. dombeyi, which is distributed across a wide range of 

climatic conditions, site was the strongest driver of community composition. Nothofagus 

pumilio’s microbiome varied more with season and temperature, a relevant factor for forest 

conservation in the present climate change scenario. Both species carry a number of 

potential fungal pathogens in their sapwood, whether they exhibit symptoms or not. Our 

results provide an insight into the diversity of fungi associated with the complex pathobiome 

of the dominant Nothofagus species in southern south America.

 Keywords: temperate forests, forest decline, wood endophyte, latent pathogens, 

environmental DNA, metabarcoding

Introduction

The forest ecosystems have been affected by the climate change during the second half of 

the last century, altering the growth of trees and peripheral forest death, the distribution of 

native species, the increase of invasive species populations and the emergence of new 

pathogens (Seppälä, 2009). The disturbance regime has also been modified, producing 

mortality on a regional scale, decay and severe attacks by biotic agents (Desprez-Loustau 

et al., 2006; Seppälä et al., 2009; Suarez et al., 2004). The Andean Patagonian forests are 

valuable global reserves of Temperate Forests that have seen little anthropogenic alteration 

(Arroyo et al., 1996). Ninety percent of their area is occupied by species of Nothofagus 

(Donoso Zegers, 1993), which possess great socio-economic and ecological values (Donoso 

Zegers, 2006).  Hereby, several studies have been conducted through the decades 

assessing its genetic diversity and ecology (Mathiasen & Premoli, 2010; McQueen, 1977). In 
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Northern Patagonia, Nothofagus dombeyi is the dominant species in the temperate-humid 

forests. Nothofagus pumilio is the dominant species in the high-altitude stands (Daniels & 

Veblen, 2004; Donoso Zegers, 1993). Both species are endemic and have non-overlapping 

altitudinal distribution. Fifty percent of their distribution areas are protected in natural 

reserves (World Heritage by UNESCO). Nevertheless, these forests are facing emerging 

threats related to climatic change that can be associated with pests and diseases along with 

other temperate forests worldwide (Fajardo et al., 2017; Kirkendall, 2011; Kitzberger et al., 

2000; Suarez et al., 2004). In both species, progressive death has been observed in a 

grouped spatial pattern that is especially severe in their northern distribution and in Los 

Alerces National Park in particular (LANP) (Izquierdo & de Errasti, 2014; Tarabini et al., 

2021). The phenomenon is characterized by the development of mortality patches up to 

hundreds of meters in diameter that grow radially through the years as new individuals 

become symptomatic first and eventually die (Izquierdo & de Errasti, 2014; Molina et al., 

2020). A number of potential fungal pathogens have been isolated from symptomatic trees 

but the etiology of these mortality spots has not been attributed to a primary fungal pathogen 

(de Errasti et al., 2015; Molina et al., 2020; Pildain et al., 2010). There is a background, 

accrued during the last decades of research, concerning the fungal diversity associated with 

these trees in taxonomic groups such as polypores, ectomycorrhizae, ophiostomatoid fungi, 

and other decay fungi (Barroetaveña et al., 2019; de Errasti et al., 2016; Pildain et al., 2010; 

Rajchenberg, 2006). 

Living trees in temperate forests have been demonstrated to be reservoirs of fungal diversity 

(Unterseher, 2011). It is known that these mycobiota play key roles in the fitness and 

functioning of the trees through complex dynamics (Baldrian, 2016) that fall along a 

continuum of mutualism, commensalism, and parasitism that can change through the same 

fungal organism’s lifetime (Robinson et al., 2004; Saikkonen et al., 1998). Plant-associated 

mycobiota were shown to also contribute to large-scale patterns of plant diversity in forest 

ecosystems (Wang et al., 2019). However, there is a huge gap in the understanding of living-
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wood-inhabiting fungal (LWIF) diversity, the drivers that modulate such communities, and the 

nature of the interactions they establish with plants (Suryanarayanan, 2020). 

In the last decades, novel high-throughput sequencing technologies (HTS) became frequent 

and accessible, leading to progress in plant mycobiomes investigations, especially through 

metabarcoding approaches. They are cost and time-efficient and have allowed increasing 

sensitivity and rate at which biomes can be assessed (Terhonen et al., 2019).. 

The advent of these methods has led to mycobiome research across a variety of plant 

compartments, geographical regions, and biomes. The majority of the efforts on describing 

the endophyte diversity has been developed for species under human impact and control, 

because of their economic value and/or the sampling advantages, while less attention has 

been given to wild and pristine ecosystems (Harrison & Griffin, 2020). As far as forest 

biomes are concerned, the endophyte studies have been focused mainly in tropical and 

subtropical wet forests, followed by temperate mixed forests. However, the studies on 

temperate forests have been mostly focused on foliar endophytes and in the Northern 

Hemisphere with a particular lack of studies in South America (Harrison & Griffin, 2020). The 

current background on tree endophyte diversity suggests the tropics as biodiversity hotspots 

(Arnold & Lutzoni, 2007; Unterseher, 2011). Within tree host species, plant compartment 

exhibits the strongest structuring effect on the endophyte community, compared with other 

variables such as site and season with the leaves harboring the highest diversity followed by 

the stems and roots woody tissues (Bahram et al., 2021; Küngas et al., 2020; Langer et al., 

2021) although this trend is not always observed (Qian et al., 2019). The majority of the 

studies to date have been conducted on foliar endophytes, with much less attention on roots 

and stems (Harrison & Griffin, 2020). In the same way, most of the studies have been 

conducted on a single host taxon, with a minority of works targeting multiple hosts although 

these last have proven that host identity is a strong predictor of endophytic assemblage 

variation at a landscape scale (Arnold & Lutzoni, 2007; Hoffman & Arnold, 2008). The effect 

of host identity on endophytic fungal assemblies can be due to host specialistic fungal 
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strategies (i.e., related to host tissue chemistry) and/or the effect of environmental gradients 

between host distributions (Arnold & Lutzoni, 2007; Harrison & Griffin, 2020; Kivlin et al., 

2019).

Recently, we described LWIF communities of N. dombeyi and N. pumilio in the context of 

grouped mortality with a culture-based approach (Molina et al., 2020). We described a rich 

and heterogeneous diversity, strongly driven by host variables such as holobiont identity, 

health condition, and plant compartment. We concluded that our results underestimated 

diversity of LWIF in Nothofagus trees and that such diversity was unable to be fully assessed 

through culture.

In this study, we aimed to assess how climatic, site and host variables structure the 

sapwood-inhabiting fungal communities of the North Patagonian Nothofagus forests vis à vis 

their health condition. We used HTS to characterize LWIF diversity across hosts, health 

conditions, plant compartments and seasons. We explored the taxonomic and functional 

structure of LWIF communities through a gradient of climatic, seasonal and site factors as a 

contribution to the autecology of Nothofagus species and to the understanding of how 

endophyte communities vary in space and time. We hypothesized that host identity and 

climatic factors act as the major drivers of Nothofagus fungal community structure due to 

their major effects on fungal dispersion and colonization (Vaz et al., 2014). We expected to 

find greater abundances of potentially pathogenic taxa in symptomatic than in asymptomatic 

trees based on previous findings in this system (Molina et al., 2020). 

Materials and methods

Study area and sampling procedure

The study was conducted in Los Alerces National Park in Argentinian Patagonia (42° 58’ 

27.075” S 71° 38’ 37.725” W), from November 2017 to May 2018. The sampling was 

performed seasonally at the beginning and the end of the growing season for each 
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Nothofagus species (referred to as austral spring and autumn, respectively). Three stands of 

N. pumilio and four of N. dombeyi were defined as sampling sites that all included areas with 

standing tree mortality (Fig. 1). Ten dominant trees were sampled in each site per sampling, 

per season: 5 symptomatic and 5 asymptomatic as defined in Molina et al., (2020). Trees in 

the first stage of decline were selected from the margins of the mortality patches, where 

radial growth of the patch is taking place as new individuals are affected. Symptomatic trees 

were defined as transparent crown, dry branches, chlorosis and defoliation in more than 

25% of the crown; asymptomatic trees were healthy-looking, with a crown cover of 75 to 

100% and were located at, at least, 80 m out from the mortality patch edge. Within each site, 

selected trees were of similar diameter at breast height (DBH). Each tree was sampled only 

once and a total of 140 trees were sampled during the study.  Wood cores of 5 mm diameter 

and 20 mm length were extracted from vascular tissue using an increment borer, after 

removing the bark with a knife. The borer and the knife were sterilized with 70% ethanol (v/v) 

and flaming between each sample. Wood samples were collected from primary roots and 

from the stem at breast height for each individual sampled. For the root sampling, primary 

roots were discovered by using a shovel and cores were extracted 0.5-1 m from the stem 

before digging. Sapwood samples of 1.5 cm length were recovered, put into sterile 2 mL 

Eppendorf tubes, and kept at -20 °C until processing 48 hours later maximum.

DNA extraction, library preparation, and Illumina sequencing

About 50 mg of wood was ground to powder for each sample by combining the immersion in 

liquid nitrogen and 3 minutes shaking in a mixer mill according to Doyle (1990) methodology, 

adapted by Dumolin et al., (1995). Total DNA was extracted using DNeasy Power Plant Pro 

Kit (QIAGEN, Hilden, Germany) following the manufacturer’s recommendations after 10 

minutes of incubation at 65 °C.

Internal Transcribed Spacer 1 (ITS1) library was prepared using the TrueSeq (two-step) dual 

indexing strategy. ITS1 amplification was performed by using the primers pair TS-ITS1-F (5’-
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ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGGTCATTTAGAGGAAGTAA-3’) and 

TS-ITS2-R (5’-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTGCGTTCTTCATCGATGC-3’) 

(Gardes & Bruns, 1993; White et al., 1990) and MyTaqTM Mix (Bioline, USA, Inc., Memphis) 

in a total volume of 25 μL per reaction with the next cycling conditions: 94 °C for 5 min, 32 

cycles of 94 °C for 45 sec, 50 °C for 45 sec, and 72 °C for 1 min, and a final extension at 72 

°C for 7 min. PCR products were purified using ExoSap-IT (USB Corporation, Cleveland, 

OH) following the manufacturer’s instructions. The purified PCR products were indexed by 

using sample-specific barcodes combinations of the TruSeq primers pairs i5-TS-DI-5xx 

(AATGATACGGCGACCACCGAGATCTACAC 8-nucleotide-barcode 

ACACTCTTTCCCTACACGAC) and i7-TS-DI-7xx (CAAGCAGAAGACGGCATACGAGAT 8-

nucleotide-barcode GTGACTGGAGTTCAGACGTG) (Integrated DNA Technologies, Inc., 

Coralville, IA) with the following cycling conditions: 95 °C for 3 min, 8 cycles of 95 °C for 30 

sec, 55 °C for 30 sec, and 72 °C for 30 sec, and a final extension at 72 °C for 5 min. PCR 

products were cleaned with ExoSAP-IT (Thermo Fisher Scientific) following manufacturer’s 

instructions. DNA was quantified by using a NanoDrop spectrophotometer (ThermoFisher, 

Waltham, MA). Negative controls from PCR and DNA extraction as well as non-biological 

synthetic mock communities (Palmer et al., 2018) were included as samples and also 

amplified, included in the final pools, and sequenced (Palmer et al., 2018). Samples were 

randomly grouped into two groups and pooled in approximately equimolar ratios. ITS1 

libraries were sequenced at the Purdue Genomics Core Facilities (Purdue University, West 

Lafayette, IN) with a MiSeq v2 Reagent kit of 500 cycles in the Illumina MiSeq platform (2 x 

250 bp) . 

Bioinformatic analysis

The resulting amplicon data set was analyzed and processed using the Amplicon toolkit 

(AMPtk) (v1.2.4; Palmer et al., 2018) which has been shown to perform better for fungal ITS 

amplicon analysis (Anslan et al., 2018; Nilsson et al., 2019). The pipeline first trimmed short 
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reads (Palmer et al., 2018), next, trimmed primer sequences from reads; then, merged the 

paired-end reads by using USEARCH (v9.2.64; Edgar, 2010) and performed the quality 

filtering of the assembled reads using expected error trimming (Edgar & Flyvbjerg, 2015).

The DADA2 pipeline (v1.6.0; Callahan et al., 2016) was performed in order to build amplicon 

sequence variants (ASVs) tables. The threshold was set at 97% identity. Additionally, cross-

contamination error was corrected by recognizing the sequences of the SynMock community 

and their frequencies on the set and calculating, then, the tag-switching index (Palmer et al., 

2018). Also, the LULU algorithm was ran (v0.1.0; Frøslev et al., 2017) as a post-clustering 

curation. 

A “hybrid” approach was used to assign ASV taxonomy in the AMPtk platform against the 

UNITE database (Abarenkov et al., 2010). This approach combines classification from global 

alignment, with classification from the learning machine approach UTAX (RC Edgar, 

http://drive5.com/usearch/manual9.2/cmd_utax.html) and the SINTAX approach (Edgar, 

2016). This method performs the taxonomy assignment by using the three approaches and 

then chooses the best taxonomy from the three by prioritizing the global alignment result (the 

top hit) if the threshold is higher than 97% or the higher confidence score from the other 

approaches. If there’s a conflict between the taxonomies from the different methods, the 

algorithm chooses the last common ancestor taxonomy (Palmer et al., 2018).

Finally, manual curation of the three pipeline outputs was performed by following Brown et 

al. (2015) recommendations. Non-fungal and kingdom-undefined ASVs, as well as ASVs 

represented by less than 10 reads, were removed from the set. 

A set of common ASVs was defined, consisting of those present in at least 6 samples, which 

represents 2.5% of the samples. The taxonomy of common ASVs was manually reviewed 

and curated, and the ecological guild was assigned. Each ASV sequence was queried to the 

GenBank database (https://blast.ncbi.nlm.nih.gov/ accessed on November 2021) by using 

the BLASTn algorithm (Altschul et al., 1997). Identity from 90 to 98% was considered as a 
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genus-level match, identity above 98% was considered as a species-level match. When 

there was a conflict among the taxonomies of the multiple sequences queried, the last 

common ancestor was assigned.

Site and environmental variables

For each sampling site, site variables were registered at stem level in the field: exposition, 

elevation and slope and mean and median DBH calculated from 40 aleatory trees at each 

site (Table 1). Data from climatic variables was obtained from Terra Climate – Monthly 

database accessed on March 2022 through Climate Engine App (http://climateengine.org) 

(Huntington et al., 2017). Mean values of maximum and minimum temperatures and values 

of precipitation, climate water deficit, wind speed and soil moisture were collected for each 

site annually by taking average conditions during the two previous years to the study and at 

each season by taking average conditions during the three-month period before sampling 

date. Also, Trabucco & Zomer aridity index (2019) was considered at site level. 

Statistical analyses

After manual curation, the ASV table was binarized to presence/absence tables. 

Downstream community analyses were performed with both abundance and presence-

absence data. This decision relies on that reads’ abundance ability to represent biological 

abundance from fungal HTS has been discussed (De Filippis et al., 2017; Palmer et al., 

2018) and that ASV tables were corrected from tag-switching error which allows the 

confidence on presence-absence data. The effect of the host, plant compartment, site, 

health condition, and season over LWIF richness was evaluated at the sample level and 

each level of these variables by using the Kruskal-Wallis rank-sum test (Kruskal & Wallis, 

1952) and Pearson’s Chi-square test (Pearson, 1900), respectively (“kruskal.test” and 

“chisq.test” functions in the stats R package v4.1.2; R Core Team, 2021). Differences in 

community composition and structure between variables’ levels were tested by performing 

perMANOVA (Anderson, 2017) with the “adonis” function in the vegan package (v2.5.7; 
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Oksanen et al., 2020). For the abundance-based ASV tables, perMANOVA was performed 

on Bray-Curtis dissimilarity matrices (Bray & Curtis, 1957) (“distance” function with “bray” as 

method argument in package vegan) of Hellinger-transformed matrices (Legendre & 

Gallagher, 2001) ( “decostand” function with “hellinger” as method argument in package 

vegan). For the binary ASV tables, perMANOVA was performed on Raup-Crick metric 

matrices (Raup & Crick, 1979) build by using the “raupcrick” function in the vegan package. 

The assumption of multivariate homogeneity of dispersions was checked for each 

perMANOVA test by using the “betadisper” and the “permutest” functions in the vegan 

package (Anderson, 2006). The similarity patterns of wood samples’ communities across 

host species, sites, plant compartments and seasons were explored with correspondence 

analysis (CA) (Hill, 1974) by using the “ordinate” function with “cca” as the method argument 

and plotting with the “plot_ordination” function in the phyloseq package (v1.38.0; McMurdie & 

Holmes, 2013).

Venn diagrams were drawn with eulerr package (v6.1.1; Larsson, 2020) to identify shared 

and unique ASVs for each variables’ level. Species-site group associations were performed 

in order to detect indicator species, meaning those restricted to one or a few habitat types 

(Cáceres & Legendre, 2009). Indicator species analyses were performed for each of the 

variables assessed for the common ASVs dataset by using the “multipatt” function in the 

indicspecies package (v1.7.9; Cáceres & Legendre, 2009), in order to detect the species 

significantly associated to each variables’ level. 

The variance of climatic and stem variables for each site was summarized by principal 

component analysis (PCA) (Hotelling, 1933; Rao, 1961) by using the “PCA” function from the 

FactoMineR package (v2.4; Lê et al., 2008) and plotted by the “fviz_pca_biplot” function from 

the factoextra package (v1.0.7; Kassambara & Mundt, 2020). All variables were 

standardized to unit variance (O’Connor, 1988) by using the “decostand” function with the 

“standardize” method in the vegan package. The collinearity assumption between variables 
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was checked by using the “corrplot” function in the corrplot package (v0.92; Wei & Simko, 

2021).

The variation of community structure along with climatic and stand factors was analyzed with 

canonical correspondence analysis (CCA) (Ter Braak, 1986) by using the “cca” function from 

package vegan on the Hellinger transformed ASVs abundances matrices. Stand and climatic 

variables were standardized as described above. The assumption of unimodality was 

checked with dip test (Hartigan & Hartigan, 1985) by using the “dip.test” function from the 

diptest package (v0.76.0; Maechler, 2021). The presence/absence community data set was 

not unimodal; thus, community structure variation along with climatic and stand factors was 

analyzed with distance-based redundancy analysis (db-RDA) (Anderson, 2006; Legendre & 

Anderson, 1999) on the Raup-Crick distance matrices by using the “capscale” function from 

vegan package.

The statistical analyses were run separately for the set of the total manually curated ASVs 

and for the common ASVs. The PCR run and the Illumina lane were included in the 

statistical analyses to avoid methodological biases on results interpretations.

Data analyses and graphics were performed in RStudio (v4.1.2; http://www.rstudio.com/) 

with the mentioned packages plus biomformat (v1.22.0; McMurdie & Paulson, 2021) and 

ggplot2 (v3.3.5; Wickham et al., 2016). 

Results

General features of the high throughput sequencing experiment

The sequencing experiment had a mean depth of 133,855 reads per sample (paired-end raw 

reads) and a total depth of 38 million raw reads. The rarefaction curve approximated an 

asymptote when manually curated data was considered (not shown) indicating satisfactory 

sampling. 
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A total of 5,726 ASVs were obtained from 280 Nothofagus wood samples from which 359 

(6%) were identified at the species level, 635 (11%) at the genus level, 280 (5%) at the 

family level, 447 (8%) at the order level, 318 (6%) at class level, 1663 (29%) at the phylum 

level and 2024 (35%) at the kingdom level. Richness per sample (unimodal distribution, 

mean=50.59, median=43) showed significant differences between host, site, and season 

(Table 2). 

Differences in fungal assemblage across host and environmental variables for the entire 

data set

The total richness detected in the spring sampling was higher than in the autumn (4383 

versus 3577). Total richness also varied between Nothofagus species and between sites 

(Table 2); N. dombeyi showed higher total richness than N. pumilio. The total richness of 

common ASVs remains significantly different between Nothofagus species and between 

season sampling for N. pumilio (Table 2), with spring showing higher wood fungal richness 

than in autumn.

The multivariate analysis of fungal community composition and structure indicated greater 

differences are due to the Nothofagus species (host). Nevertheless, the plant compartment 

the sampling season and the health condition also affected the community structure when 

the whole set of data was analyzed (Table 2, Suppl. Figure 1). Correspondence Analysis 

allows the representation of such hierarchical effects (Fig. 2). Samples from each 

Nothofagus species were ordinated into separated groups whose 95% confidence ellipse did 

not overlap. Nothofagus pumilio community structure showed a greater association with 

season and plant compartment when it was assessed separately. On the other hand, site 

Alerce River differed greatly in community structure for N. dombeyi (Fig. 2, Suppl. Figure 1). 

The health condition showed marginal differences. 

Sapwood fungal communities of N. dombeyi and N. pumilio are strongly structured across 

stand and climatic variables (Fig. 4). Total ASV community structure of both species 
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separated in the db-RDA analysis according to climatic and stand variables, such as slope 

and elevation, and temperature and water availability, respectively (Fig. 4). Also, N. pumilio 

fungal communities were more variable within sites than N. dombeyi fungal communities. 

Such variability within N. pumilio sites is seasonal. It is structured along with the water 

availability gradient between spring and autumn (Fig. 4).

Site conditions of both Nothofagus species differed strongly. Nothofagus pumilio sites were 

less variable in climatic and stand features than N. dombeyi sites (Fig. 3). Both species’ sites 

are separated in the PCA according to elevation gradient, DBH, slope, temperature and 

variables related with water availability. Nothofagus pumilio sites had a higher water deficit 

than N. dombeyi. The last had two dimensions that differentiated sites: water availability and 

stand DBH parameters. Alerce River differed strongly from other sites in water availability 

due to the higher values of annual precipitation; Lake Kruger and Alto el Petiso Mt. had 

higher DBH and temperatures due to the eastern exposition of their slopes (Table 1). 

Differences between Nothofagus dombeyi and N. pumilio fungal diversity 

Both communities are dominated by Ascomycota (70% and 64% occurrence in N. dombeyi 

and N. pumilio respectively) but N. pumilio exhibits a greater proportion of Basidiomycota 

(28% against 25%) due to higher abundance of the Orders Agaricales and Tremellales in N. 

pumilio than in N. dombeyi (Fig. 5). Nothofagus pumilio exhibits a greater proportion of other 

less common phyla such as Mortierellomycota and Mucoromycota (2% each against 1% in 

N. dombeyi) due to the high abundance of the Orders Umbelopsidales and Mortierellales, 

respectively, differentially located in their roots (Fig. 5).

When only common ASVs are considered, it is possible to identify a set of 79 ASVs that 

occurred exclusively in N. dombeyi and a set of 37 ASVs that occurred exclusively in N. 

pumilio (Fig. 6). Furthermore, indicator species analysis found 98 common ASVs 

significantly associated with N. dombeyi and 50 common ASVs associated with N. pumilio 

(Suppl. Table 1). 
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The functional structure differed between the two Nothofagus (Table 2). Nothofagus pumilio 

had a larger proportion of unassigned taxa and taxa with saprophytic strategies than N. 

dombeyi, which, in turn, was characterized by a larger proportion of taxa registered as 

endophytes and potential plant pathogens (Fig. 5). 

On this basis, further statistical analyses were performed separately for fungal community 

data from N. dombeyi and N. pumilio in order to assess the other variables of interest more 

accurately.

Beta diversity patterns in N. dombeyi 

Site was the strongest driver in the structure of N. dombeyi fungal communities (Table 2) 

although season and plant compartment were significant as well (Fig. 2, Suppl. Fig 1).

The site

The effect of site on community structure depended on season; in autumn site effect was 

stronger than in spring (CCA, goodness of fit R2= 74.5% and pvalue= 0.001 versus R2= 

59.5%, pvalue= 0.001, respectively) and this was also observed for the functional structure 

(CCA, R2=17% and pvalue=0.002 in autumn versus R2= 12% and pvalue=0.006 in spring). 

Alto el Petiso Mt. and Alerce River had higher richness than other sites but Alerce River 

differed in community structure and composition at the order level (Table 2, Fig. 5). When 

only common ASVs were considered, Alerce River was the site with the highest number of 

exclusive ASVs (25) and indicator species (30), followed by Alto el Petiso Mt. (19 and 16, 

respectively), the two sites with the highest total richness, as mentioned above (Fig. 6. Supp. 

Table 1). Lake Menendez site was characterized by thirteen exclusive common ASVs and 

four indicator species. Lake Krugger site had the lowest richness (Table 2), a set of six 

indicator species (Suppl. Table 1), and the smallest set of exclusive common ASVs (Fig. 6). 

The functional structure of N. dombeyi communities showed significant differences between 

sites (Table 2) which can be explained by a greater proportion of xylophilous taxa in the 
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Alerce River site compared to other sites and, together with the Alto el Petiso site, a higher 

proportion of unassigned ASVs (Fig. 5). 

The plant compartment

Fungal richness in N. dombeyi stems was higher than that found in roots but this difference 

did not prevail when common ASVs were assessed (Table 2). The difference in the 

community structure was observed at both ASV (Suppl. Fig. 1) and order levels (p=0.002, 

R2=0.025, F=3.368, perMANOVA, Fig. 5). Nothofagus dombeyi stem communities had 28 

exclusive ASVs and 11 indicator species, whereas root communities had 44 and 6, 

respectively (Fig. 6, Suppl. Table 1). Functional structures differed significantly between 

stems and roots assemblages (Table 2). Stems exhibited a greater proportion of 

endophytes, while communities from roots contained more dark septate endophytes, taxa 

with saprophyte strategies, and mycorrhizal taxa (Fig. 5). The effect of the plant 

compartment in the functional structure differed according to season; in autumn, the effect of 

plant compartment was stronger than in spring (CCA, goodness of fit R2= 16.5% and 

pvalue= 0.001 versus R2= 12.6%, pvalue= 0.001, respectively).

The season

The total richness found in spring was higher than that found in autumn (Table 2). 

Community structure differed significantly between seasons and this was also true when 

assessing at the order level (p=0.002, R2=0.025, F=3.368, perMANOVA, Fig. 5) although 

the functional structure of the assemblages in autumn and spring did not show significant 

differences. When the set of common ASVs was assessed, richness differences between 

seasons were not significant (Table 2). The fungal community of spring could be 

characterized by a set of 54 exclusive common ASVs and 7 indicator species whereas the 

autumn community was characterized by 21 common ASVs and 17 indicator species (Fig. 6, 

Suppl. Table 1).
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The health condition

Decayed N. dombeyi trees had higher richness than healthy ones whereas community 

structure did not differ significantly (Table 2, Suppl. Fig.1). Decayed N. dombeyi communities 

are characterized by a set of 42 exclusive ASVs when the common taxa set was considered 

and 3 indicator species, whereas healthy  trees communities could be characterized by a set 

of 14 exclusive ASVs (Fig. 6, Suppl. Table 1).

Beta diversity patterns in N. pumilioAlthough as in N. dombeyi the site is the stronger driver 

in N. pumilio fungal communities’ differentiation (Table 2), the plant compartment and the 

season were important driver variables as well (Fig. 2. Suppl. Fig. 1). The health condition of 

the tree was found to be significant in fungal community structure when rare ASVs were 

included in the analysis (Table 2).

The site

El Riscoso Mt. had the highest total richness and largest set of exclusive common ASVs 

(Table 2, Fig. 6). Nine indicator species were found associated with this site, among which 

there was a wood-rotting species of Aotearoamyces (Suppl. Table 1). Alto el Petiso Mt. had 

high richness as well and a large set of exclusive ASVs (Table 2, Fig. 6). Seven indicator 

species were found associated with this site (Suppl. Table 1). El Dedal Mt. had the lowest 

total richness with a set of 15 exclusive common ASVs (Table 2, Fig. 6). Seven ASVs were 

found associated with it, which are mainly taxa with saprophytic strategies and the 

mycorrhizal Austropaxillus macnabii (Suppl. Table 1).

The plant compartment

Roots exhibited greater fungal richness than stems (Table 2) although the number of 

exclusive common ASVs that described the two communities were similar (Fig. 6, Suppl. 

Table 1). Functional structure differed significantly between stems and roots (Table 2). Roots 

were dominated by saprophytic taxa and exhibited a greater proportion of xylophilous taxa. 
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Stems had a larger proportion of unassigned taxa, potentially pathogenic taxa, and 

endophytes (Fig. 5). In autumn, the effect of the plant compartment on the guild community 

structure (CCA, goodness of fit R2= 16.5%, pvalue= 0.001) is higher than in spring (CCA, 

goodness of fit R2= 12.5%, pvalue= 0.001). Wood rotting fungus, plant pathogens and 

endophytes were found to be associated with stems in autumn. In spring, stems were 

inhabited by fungi with unknown or unassignable guilds (Fig. 7. B and C).

The season

The total richness in spring was significantly higher than that in autumn (Table 2). In spring 

the N. pumilio community could be characterized by 64 exclusives common ASVs and six 

indicator species, whereas autumn communities had 27 common ASVs and ten indicator 

species (Fig. 6, Suppl. Table 1). The functional structure differed significantly between 

autumn and spring (Table 2, Fig. 7.A). Assemblages from samples collected in autumn 

exhibited a greater proportion of ASVs with unassigned ecological guilds. In autumn greater 

proportions of endophytes, wood-rotting fungi, and potential plant pathogens were detected 

in association with stems (Fig. 5, Fig. 7.B). On the other hand, spring assemblages were 

dominated by taxa with saprophytic strategies in a wide sense and dark septate endophytes, 

which are associated with roots (Fig. 5, Fig. 7.A and C). 

The health condition

Richer assemblages were found in healthy trees compared to decayed ones in N. pumilio 

(Table 2). The number of exclusive common ASVs for decayed and healthy-looking N. 

pumilio were similar, 30 and 33 respectively (Fig. 6, Suppl. Table 1). Two ASVs were found 

associated with symptomatic trees, the mycorrhizal Austropaxillus macnabbii, and a 

Penicillium species. Four ASVs were found associated with asymptomatic trees, such as the 

saprophytic Helotium sp. and Pseudoeurotium sp. The effect of health condition on guild 

community structure differed according to season; in autumn, health condition effect was 
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significant (Fig. 7.B. CCA, goodness of fit R2= 7.4%, pvalue= 0.03) whereas in spring it was 

not (Fig. 7.B. CCA, goodness of fit R2= 1.4%, pvalue= 0.4).

Discussion

There is a growing understanding that eukaryotes are assemblages of organisms rather than 

autonomous entities. They function as consortiums composed by the host and its associated 

microbiota, developing complex biomolecular networks (Bordenstein & Theis, 2015). 

Holobiont is the term that conceptualizes these findings which are transforming the way that 

life is comprehended and studied (Blaser, 2014). In this sense, the research frameworks are 

being challenged in terms of accounting for these constituent associations in plant biology 

and ecology models (Wingfield et al., 2017).

In this study, we aim to present the reader information focused on Nothofagus grouped 

mortality LWIF communities and predisposition drivers of their diversity. Nothofagus decline 

is an emerging complex disease not yet fully understood. This is not a recent phenomenon, 

it has been reported by previous studies and reports and variously attributed to insects, 

fungi, earthquake and climate change (de Errasti, 2015; Fajardo et al., 2017; Izquierdo & de 

Errasti, 2014; Kirkendall, 2011; Suarez et al., 2004). Historically, where no major 

disturbances were obvious, the research is commonly focus on the insects and diseases 

directly associated with dying trees and urged research into these causes of decline. The 

idea that tree health condition shapes microbial diversity from a balanced, ‘healthy’ 

microbiome into a pathobiome was observed for example in olive knot disease (Gomes 

et al., 2019). Here we demonstrated that this factor was significantly related to N. pumilio but 

not for N. dombeyi. The host species identity is the stronger driver of LWIF communities than 

site or time.

In this study, we describe the LWIF communities of the two major Nothofagus species from 

the North Andean Patagonian Forests, complementing culture-based findings with results 

from culture-free approaches. Our previous studies from culture prospection found a great 
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variability of fungi across tre individuals, and a huge richness of rare fungal taxa (Molina 

et al., 2020). Also, they estimated a great and hidden diversity of LWI fungi, unable to be 

detected by culture approaches. This study goes further by detecting additional variables 

driving the community structure, by ranking their impacts at different scales, and by 

explaining the patterns at a functional level. Such patterns were robust, on the other hand, 

because they were consistent when both including and excluding the rare taxa. The 

community structure of LWIF is the result of the combined effect of biotic and abiotic 

variables acting at site and individual level (Schröter et al., 2019); the relative effects of the 

variables tested were different for each Nothofagus species. 

The sequence depth of the HTS experiment was higher than that of similar wood fungal 

endophytes studies (Küngas et al., 2020; Migliorini et al., 2021; Onufrak et al., 2020). 

Sequence depth is the more important variable in HTS experimental design that aims to 

assess beta diversity (Smith & Peay, 2014). However, high sequencing depth increases the 

potential for cross-contamination and errors during sequencing (Baldrian et al., 2021). In this 

study, we combine a high sequence depth with an approach to correct cross-contamination 

errors by using a synthetic mock community. 

The taxonomy assignment lacked mycological accuracy for the system under study: up to 

35% of total manually curated ASVs could not go further than the Kingdom Fungi 

determination. In general, sequence-based identification depends on informative sequence 

databases (Costello et al., 2013). In particular, bioinformatic methods for taxonomy 

assignment, and especially the learning machine approaches, are sensitive to the 

incompleteness of the reference databases because the algorithms perform better when 

there are multiple representatives for each group (Gdanetz et al., 2017). There is a current 

lack of knowledge about fungal diversity in certain environments and about entire fungal 

lineages that keep the public databases incomplete (Halwachs et al., 2017). This is a 

common issue in metabarcoding studies from diverse environments (Kirker et al., 2017; 

Purahong et al., 2019), especially when plant endophyte mycobiota are being assessed 
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(James et al., 2020) because next-generation sequencing technologies permit the discovery 

of hidden diversity. Nothofagus pumilio communities had the greatest relative abundance of 

unassignable taxa, indicating the understudied nature of its LWIF communities. For N. 

dombeyi, the highest relative abundances of unassignable taxa were found in the richer 

sites. 

Previous culture-based study in the same sites showed that differences in wood fungal 

community composition across health conditions in both Nothofagus species could be 

explained by species turnover towards more potential pathogens in symptomatic trees, 

especially in N. dombeyi (Molina et al., 2020). Although we have observed marginal 

community differences in structure between symptomatic and asymptomatic trees, this study 

found that both Nothofagus species harbor latent potentially pathogenic fungal taxa as 

wood-inhabiting mycobiota which can be there whether the tree exhibits symptoms or not. 

The next question is whether differential detection through both approaches mirrors fungal 

growth development (and, thus, differential impacts on plant-fitness) or accounts for 

limitations in the detection capacities of the culture-based and culture-independent 

approaches. In other words, fungal inoculum can be there and does not trigger any decay 

because of other factors acting at the individual level as health promoters (i.e., cohabiting 

mycobiota, plant genetics, host defense mechanisms). Nevertheless, many of these 

potentially pathogenic species pointed out by culture prospection were taxa difficult to detect 

in HTS approaches targeting partial ITS regions, such as species from the order 

Ophiostomatales and the Hymenochaetaceae family (Ceballos-Escalera et al., 2022; Skelton 

et al., 2019). 

Host identity is the major driver for LWIF communities’ composition and structure. Both N. 

dombeyi and N. pumilio account for very dissimilar non-overlapping fungal assemblages. 

The effect of the host in LWIF communities has been reported as strong, low, and even non-

significant in different studies (Bahram et al., 2021; Küngas et al., 2020; Rim et al., 2021; 

U’Ren et al., 2019, respectively), suggesting that the complexity of plant endobiome and the 
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roles of host, biota, and environment need to be achieved for each case at a medium spatial 

scale. This study coincides with previous findings for Nothofagus in New Zealand native 

forests that have found the greatest dissimilarities between the hosts and have linked 

similarity hierarchy to phylogenetic distances between the three Nothofagus species 

assessed (Johnston et al., 2012, 2017). The divergence of N. dombeyi and N. pumilio LWIF 

communities has been discussed as a reflection of nonadjacent altitudinal distributions in 

Northern Patagonia, water availability, and stand age (Molina et al., 2020) although it is, 

indeed, an interesting question whether co-occurrence or phylogenetic distances of the tree 

species inhabiting Northern Patagonian Forests are relevant drivers of its LWIF 

communities. More studies in further tree species, and in pure and mixed stands, are 

needed to assess such questions.

As found previously, LWIF communities in both Nothofagus are composed of a majority of 

Ascomycota taxa but with an important presence of Basidiomycota, whose taxa exhibits 

greater relative abundances in N. pumilio. Further, this species exhibited a higher relative 

abundance of Mucoromycota and Mortierellomycota than in N. dombeyi. Taxa from these 

phyla were known as soil inhabitants but recently were discovered as root and stem 

endophytes suggesting their capacity for systemic plant colonization from soil (Rim et al., 

2021; Vélez et al., 2020). Overall, there is an abundance of taxa with xylophilous and 

saprophytic strategies in Nothofagus LWIF communities. The dominance of LWIF 

communities by these guilds has been explained as strategic for further dominating the late 

decomposing succession of fallen wood (Song et al., 2017; Viotti et al., 2021). Nothofagus 

pumilio exhibits greater relative abundances of wood-rotting fungi and taxa with saprophytic 

strategies than N. dombeyi, whereas the latter exhibits greater relative abundances of taxa 

registered as endophytes, entomopathogens, foliar fungi, and plant pathogens. 

In N. dombeyi, site had a major impact on community structure at both taxonomic and 

functional levels compared to other variables tested. This mirrors the greater heterogeneity 

of climatic and edaphic conditions in which the species is distributed compared to N. pumilio. 
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Geographic location structures endophyte communities due to dispersal limitations and 

because strong gradients of climatic factors affect the viability of fungal inocula (Hubbell, 

2001; Schulz & Boyle, 2005; Vaz et al., 2014). We have found a gradient of fungal richness 

that can be accounted for by water availability across N. dombeyi sites. It has been 

demonstrated that endophytic frequency increases with precipitation in vascular plants 

(Arnold & Herre, 2003; Carroll, 1995; Singh et al., 2017) and that environmental factors that 

shape plant communities also drive diversity of fungal endophytes of trees (Oita et al., 2021; 

U’Ren et al., 2012; Zimmerman & Vitousek, 2012). Alerce River was the richest across N. 

dombeyi sites, had the highest abundances of rare taxa, the most numerous groups of 

exclusive taxa, high relative abundance of xylophilous taxa (such as Polyporales and 

Agaricales orders) and low relative abundance of mycorrhizal taxa. Alerce River is a mixed 

stand with Fitzroya cupressoides. It is located at the bottom of a fluvial valley that floods 

several months per year. These features, combined with a high annual precipitation, provide 

this site with greater water availability than the others. Hereby, it can be placed as a 

Valdivian rainforest biome because of the increased plant diversity in both species and 

structure (Orellana Ibáñez et al., 2018). Furthermore, the relative abundances of several 

fungal functional guilds can vary according to the pure or mixed nature of the stand due to 

density dependence of conspecific hosts in such a way, for example, that higher plant 

richness accounts for lower ectomycorrhizal and higher pathogen or saprophytic 

abundances (P. Wang et al., 2019).

In N. pumilio stands, site affects community structure and composition, although its relative 

impact was lower than in N. dombeyi compared to other variables considered and was 

related to DBH due to site differences in stand age. Mount El Riscoso was the site with the 

highest LWIF richness, due to the greatest abundance of wood-rotting fungi and xylophilous 

taxa. It was the oldest stand among N. pumilio sites. Wood-rotting fungi are positively 

associated with tree age in several species (Berry & Lombard, 1978; Lesica et al., 1985). 

The greatest effects upon community structure at taxa and guild levels in N. pumilio were 
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season and plant compartment. Studied stands of N. pumilio are distributed up to the 

timberline, at about 1300 meters above sea level. The climatic conditions for this extreme 

altitudinal distribution led to late and short growing seasons. The spring sampling represents 

the start of the growing season and provides a picture of the effect of colder periods, which 

are also the wettest. Conversely, at the end of the growing season, we can observe the 

effect of the warmer and dryer period following a delayed pattern such as in soils (Kunkel 

et al., 2016; Voříšková et al., 2014). In spring, we found higher taxonomic richness and 

higher relative abundances of taxa with saprophytic strategies, lichens, and dark septate 

endophytes than in autumn, especially in roots. On the other hand, autumn accounted for 

lower taxonomic richness but higher relative abundances of wood-rotting fungi, plant-

pathogens, and other endophytes, mainly located in stems. Similar patterns, according to 

seasonality, have been observed for root-associated mycobiota of native coniferous forests 

in China (H. H. Wang et al., 2021). They reflect the higher competitiveness of Basidiomycota 

taxa at warmer temperatures than that of Ascomycota, and, additionally, the best adaptability 

of Ascomycota species facing colder temperatures. That is why we can observe an 

increment of richness and rare taxa richness during the cold season. Ascomycota taxa 

increment their infection rate at higher humidity conditions and lower temperatures as 

observed in many tree species and organs (Banerjee, 2011; Rhoden et al., 2012; Tedersoo 

et al., 2010; Vaz et al., 2014). Also, Basidiomycota shows low stress-tolerance exposed to 

functional sapwood (Chapela & Boddy, 1988; Giordano et al., 2009); hereby, the decrease in 

water content in living tissues during the dry season might weaken plant defense against 

infection allowing the development of decay fungi, as proposed by the latent infection model 

(Boddy & Rayner, 1983). Indeed, it was during the dryer period when the fungal functional 

structures between symptomatic and asymptomatic trees of N. pumilio became significant. 

This demonstrates the higher predisposition of affected individuals to colonization by wood-

rotting fungi when water availability decreases in extreme environments.
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Similarly, a stronger differentiation of LWIF communities was observed across plant 

compartments in N. pumilio than in N. dombeyi, where the roots harbored the richest 

assemblages with more saprophytic taxa and the stems with the lowest richness and high 

wood-rotting and pathogen abundances. This is contrary to the trend observed in other tree 

species that exhibited higher endophyte richness in stems and which has been explained as 

the result of longer periods of exposure to fungal inoculum in aerial plant compartments than 

in belowground ones (Harrison & Griffin, 2020). In N. pumilio the compartmentalization of 

fungal assemblages interacts with seasonality; the root acts as a diversity reservoir of fungal 

diversity because belowground the seasonality is attenuated (Bahram et al., 2021). Plus, the 

roots might be inducing factors that promote the recruitment of fungal colonization, as 

suggested before for temperate and tropical tree species (Qian et al., 2019; Schröter et al., 

2019). Hence, N. pumilio’s holobiome features a higher susceptibility to seasonality and 

temperature changes, compared to N. dombeyi’, which distributes in less extreme 

environments. The important effects of climatic and seasonal factors on functional and 

taxonomic diversity of the microbiome has implications for forest conservation in a climate 

change scenario. 

Conclusions

Both Nothofagus species studied carry a wide diversity of potential fungal pathogens on their 

sapwood, both on trees showing visible symptoms and those that appear healthy. The tree 

health condition did not show a strong effect on the sapwood mycobiome. The most 

important driver of the wood endophyte community structure is the host identity. The relative 

impact of tree health condition and compartimentalization, togheter with climatic and site 

variables are different for each tree species, however those impacts can be interpreted as a 

matter of water availability. In N. dombeyi, the main driver of wood endophytic communities 

is the site, mirroring the water availability gradient along which the species is distributed. 

Conversely, for N. pumilio, the major drivers of the wood fungal community structure are 

season and plant compartment. The warmer periods, which are also the driers, result in a 
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greater abundance of wood-degrading fungi, which are more efficient at colonizing water-

stressed plant tissues. During cooler periods, the roots act as reservoirs of diversity for taxa 

with other types of trophic strategies. In this scenario, Nothofagus grouped mortality 

evidenced as a decline phenomenon, in which we have a synergy between climatic and 

biotic variables.

The Patagonian Forest holobiome has not been extensively studied and is poorly 

represented in the reference databases. It is imperative to continue and deepen study of this 

biome in order to increase the explanatory power of culture-independent technologies. The 

results of our study of the Nothofagus mycobiome through HTS approaches provide an 

insight into the diversity of microorganisms associated with southern temperate forests.

Acknowledgments

We thank Verónica El Mujtar for her advice in laboratory work and Jorge Ronny Díaz-

Valderrama for his assistance during bioinformatic analysis. We acknowledge Camilo H. 

Rotela, Martín Izquierdo, Cristina Agüero and Gabriel Bauer from the Conservation 

Department of Los Alerces National Park for their invaluable contribution to institutional 

management. We also thank the rangers Darío Barroso, Mauro Piñero, Marcelo Guisasola, 

Alejandro Mior and Gustavo Paramosz for their support and invaluable experience in the 

field. We thank Maximiliano Rugolo, Juan Monges and Darío Arquero who kindly helped in 

the field. We thank Geoffrey Williams for the language revision.

Funding: This work was supported by the ANPCyT 2018/3234 (to MR), CONICET 

11220200101167CO (to MBP).

Author contributions

M.P.A.C., M.B.P., and L.M. designed the research. M.B.P., A.dE. and L.M. performed the 

research. M.C.A., M.B.P., and M.R. contributed reagents/tools. L.M., M.B.P., M.R. and B.V. 

analyzed the data. L.M. wrote the paper.

Page 25 of 46 Molecular Ecology



Data availability statement

Raw sequence reads are deposited in the Short Read Archive of the National Center for 

Biotechnology Information (BioProject ID: PRJNA785007).

Sanger DNA sequences from culture are available on GenBank (accessions MT076081-

MT07685).

Benefit-Sharing Statement

Benefits Generated: The project counts with the research permissions from the National 

Park Administration and the National Ministry of Environment and Sustainable Development 

according to Argentinian laws for the compliance of the Nagoya Protocol. The main results 

were communicated to the Los Alerces National Park Administration and rangers during 

workshops carried out in December 2019 and 2021.

References

Abarenkov, K., Henrik Nilsson, R., Larsson, K., Alexander, I. J., Eberhardt, U., Erland, S., 
Høiland, K., Kjøller, R., Larsson, E., Pennanen, T., Sen, R., Taylor, A. F. S., Tedersoo, L., 
Ursing, B. M., Vrålstad, T., Liimatainen, K., Peintner, U., & Kõljalg, U. (2010). The UNITE 
database for molecular identification of fungi – recent updates and future perspectives. New 
Phytologist, 186(2), 281–285. https://doi.org/10.1111/j.1469-8137.2009.03160.x

Altschul, S., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., & Lipman, D. J. 
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database search 
programs. Nucleic Acids Research, 25(17), 3389–3402. 
https://doi.org/10.1093/nar/25.17.3389

Anderson, M. J. (2006). Distance-Based Tests for Homogeneity of Multivariate Dispersions. 
Biometrics, 62(1), 245–253. https://doi.org/10.1111/j.1541-0420.2005.00440.x

Anderson, M. J. (2017). Permutational Multivariate Analysis of Variance ( PERMANOVA ). 
En Wiley StatsRef: Statistics Reference Online (pp. 1–15). Wiley. 
https://doi.org/10.1002/9781118445112.stat07841

Anslan, S., Nilsson, R. H., Wurzbacher, C., Baldrian, P., Tedersoo, L., & Bahram, M. (2018). 
Great differences in performance and outcome of high-throughput sequencing data analysis 
platforms for fungal metabarcoding. MycoKeys, 39, 29–40. 
https://doi.org/10.3897/mycokeys.39.28109

Arnold, A. E., & Herre, E. A. (2003). Canopy cover and leaf age affect colonization by 
tropical fungal endophytes: Ecological pattern and process in Theobroma cacao 
(Malvaceae). Mycologia, 95(3), 388–398. https://doi.org/10.1080/15572536.2004.11833083

Page 26 of 46Molecular Ecology



Arnold, A. E., Henk, D. A., Eells, R. L., Lutzoni, F., & Vilgalys, R. (2007). Diversity and 
phylogenetic affinities of foliar fungal endophytes in loblolly pine inferred by culturing and 
environmental PCR. Mycologia, 99(2), 185–206. 
https://doi.org/10.1080/15572536.2007.11832578

Arnold, A. E., & Lutzoni, F. (2007). Diversity and host range of foliar fungal endophytes: Are 
tropical leaves biodiversity hotspots? Ecology, 88(3), 541–549. https://doi.org/10.1890/05-
1459

Arroyo, M. T. K., Cavieres, L., Peñaloza, A., Riveros, M., & Faggi, A. M. (1996). Relaciones 
fitogeográficas y patrones regionales de riqueza de especies en la flora del bosque lluvioso 
templado de Sudamérica. Ecología de los bosques nativos de Chile, 71–99.

Bahram, M., Küngas, K., Pent, M., Põlme, S., Gohar, D., & Põldmaa, K. (2021). Vertical 
stratification of microbial communities in woody plants. Phytobiomes Journal, 1–32. 
https://doi.org/10.1094/PBIOMES-06-21-0038-R

Baldrian, P. (2016). Forest microbiome: diversity, complexity and dynamics. FEMS 
Microbiology Reviews, 41(2), fuw040. https://doi.org/10.1093/femsre/fuw040

Baldrian, P., Větrovský, T., Lepinay, C., & Kohout, P. (2021). High-throughput sequencing 
view on the magnitude of global fungal diversity. Fungal Diversity, 0123456789. 
https://doi.org/10.1007/s13225-021-00472-y

Banerjee, D. (2011). Endophytic fungal diversity in tropical and subtropical plants. Research 
Journal of Microbiology, 6(1), 54–62. https://doi.org/10.3923/jm.2011.54.62

Barroetaveña, C., Salomón, M. E. S., & Bassani, V. (2019). Rescuing the ectomycorrhizal 
biodiversity associated with South American Nothofagaceae forest, from the 19th century 
naturalists up to molecular biogeography. Forestry: An International Journal of Forest 
Research, 92(5), 500–511. https://doi.org/10.1093/forestry/cpz047

Berry, F. H., & Lombard, F. F. (1978). Basidiomycetes Associated with Decay of Living Oak 
Trees. Forest service research paper, NE-413, 11.

Blaser, M. J. (2014). The microbiome revolution. Journal of Clinical Investigation, 124(10), 
4162–4165. https://doi.org/10.1172/JCI78366

Boddy, L., & Rayner, A. D. M. (1983). Origins of decay in living deciduous trees: the role of 
moisture content and a re‐appraisal of the expanded concept of tree decay. New Phytologist, 
94(4), 623–641.

Bordenstein, S. R., & Theis, K. R. (2015). Host Biology in Light of the Microbiome: Ten 
Principles of Holobionts and Hologenomes. PLOS Biology, 13(8), e1002226. 
https://doi.org/10.1371/journal.pbio.1002226

Bray, J. R., & Curtis, J. T. (1957). An Ordination of the Upland Forest Communities of 
Southern Wisconsin. Ecological Monographs, 27(4), 325–349. 
https://doi.org/10.2307/1942268

Brown, S. P., Veach, A. M., Rigdon-Huss, A. R., Grond, K., Lickteig, S. K., Lothamer, K., 
Oliver, A. K., & Jumpponen, A. (2015). Scraping the bottom of the barrel: are rare high 
throughput sequences artifacts? Fungal Ecology, 13, 221–225. 
https://doi.org/10.1016/j.funeco.2014.08.006

Page 27 of 46 Molecular Ecology

https://doi.org/10.1890/05-1459
https://doi.org/10.1890/05-1459


Cáceres, M. De, & Legendre, P. (2009). Associations between species and groups of sites: 
indices and statistical inference. Ecology, 90(12), 3566–3574. https://doi.org/10.1890/08-
1823.1

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. 
P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nature 
Methods, 13(7), 581–583. https://doi.org/10.1038/nmeth.3869

Carroll, G. (1995). Forest endophytes: pattern and process. Canadian Journal of Botany, 
73(S1), 1316–1324. https://doi.org/10.1139/b95-393

Ceballos-Escalera, A., Richards, J., Arias, M. B., Inward, D. J. G., & Vogler, A. P. (2022). 
Metabarcoding of insect-associated fungal communities: a comparison of internal 
transcribed spacer (ITS) and large-subunit (LSU) rRNA markers. MycoKeys, 88, 1–33. 
https://doi.org/10.3897/mycokeys.88.77106

Chapela, I. H., & Boddy, L. (1988). Fungal colonization of attached beech branches. I. Early 
stages of development of fungal communities. New Phytologist, 110(1), 39–45. 
https://doi.org/10.1111/j.1469-8137.1988.tb00235.x

Costello, M. J., May, R. M., & Stork, N. E. (2013). Can We Name Earth’s Species Before 
They Go Extinct? Science, 339(6118), 413–416. https://doi.org/10.1126/science.1230318

Daniels, L. D., & Veblen, T. T. (2004). Spatiotemporal influences of climate on altitudinal 
treeline in northern Patagonia. Ecology, 85(5), 1284–1296. https://doi.org/10.1890/03-0092

de Errasti, A., de Beer, Z. W., Coetzee, M. P. A., Roux, J., Rajchenberg, M., & Wingfield, M. 
J. (2016). Three new species of Ophiostomatales from Nothofagus in Patagonia. 
Mycological Progress, 15(2), 17. https://doi.org/10.1007/s11557-016-1158-z

de Errasti, A. (2015). Disturbios en el bosque de Nothofagus del Parque Nacional Los 
Alerces : variabilidad climática , plagas y patógenos. Administración de Parques Nacionales 
Tecnical Report.

de Errasti, A., de Beer, Z. W., Rajchenberg, M., Coetzee, M. P. A., Wingfield, M. J., & Roux, 
J. (2015). Huntiella decorticans sp. nov. (Ceratocystidaceae) associated with dying 
Nothofagus in Patagonia. Mycologia, 107(3), 512–521. https://doi.org/10.3852/14-175

De Filippis, F., Laiola, M., Blaiotta, G., & Ercolini, D. (2017). Different Amplicon Targets for 
Sequencing-Based Studies of Fungal Diversity. Applied and Environmental Microbiology, 
83(17), 1–9. https://doi.org/10.1128/AEM.00905-17

Desprez-Loustau, M.-L., Marçais, B., Nageleisen, L. M., Piou, D., & Vannini, A. (2006). 
Interactive effects of drought and pathogens in forest trees. Annals of Forest Science, 63(6), 
597–612. https://doi.org/10.1051/forest:2006040

Donoso Zegers, C. (1993). Estructura, variación y dinámica de bosques templados de Chile 
y Argentina. Ecología Forestal. Editorial Universitaria, Santiago, Chile.

Donoso Zegers, C. (2006). Las especies arbóreas de los bosques templados de Chile y 
Argentina: autoecología. Marisa Cuneo, ediciones.

Doyle, J. J., & Doyle, J. L. (1990). Isolation of plant DNA from fresh tissue. Focus, 12, 13–
15.

Page 28 of 46Molecular Ecology

https://doi.org/10.1007/s11557-016-1158-z
https://doi.org/10.1128/AEM.00905-17


Dumolin, S., Demesure, B., & Petit, R. J. (1995). Inheritance of chloroplast and mitochondrial 
genomes in pedunculate oak investigated with an efficient PCR method. Theoretical and 
Applied Genetics, 91(8), 1253–1256. https://doi.org/10.1007/BF00220937

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics, 26(19), 2460–2461. https://doi.org/10.1093/bioinformatics/btq461

Edgar, R. C. (2016). SINTAX: a simple non-Bayesian taxonomy classifier for 16S and ITS 
sequences. bioRxiv, 074161. https://doi.org/https://doi.org/10.1101/074161

Edgar, R. C., & Flyvbjerg, H. (2015). Error filtering, pair assembly and error correction for 
next-generation sequencing reads. Bioinformatics, 31(21), 3476–3482. 
https://doi.org/10.1093/bioinformatics/btv401

Fajardo, S. N., Valenzuela, S., Dos Santos, A. F., González, M. P., & Sanfuentes, E. A. 
(2017). Phytophthora pseudosyringae associated with the mortality of Nothofagus obliqua in 
a pure stand in central-southern Chile. Forest Pathology, 47(6), e12361. 
https://doi.org/10.1111/efp.12361

Frøslev, T. G., Kjøller, R., Bruun, H. H., Ejrnæs, R., Brunbjerg, A. K., Pietroni, C., & Hansen, 
A. J. (2017). Algorithm for post-clustering curation of DNA amplicon data yields reliable 
biodiversity estimates. Nature Communications, 8(1), 1188. https://doi.org/10.1038/s41467-
017-01312-x

Gardes, M., & Bruns, T. D. (1993). ITS primers with enhanced specificity for basidiomycetes 
- application to the identification of mycorrhizae and rusts. Molecular Ecology, 2(2), 113–118. 
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x

Gdanetz, K., Benucci, G. M. N., Vande Pol, N., & Bonito, G. (2017). CONSTAX: a tool for 
improved taxonomic resolution of environmental fungal ITS sequences. BMC Bioinformatics, 
18(1), 538. https://doi.org/10.1186/s12859-017-1952-x

Giordano, L., Gonthier, P., Varese, G. C., Miserere, L., & Nicolotti, G. (2009). Mycobiota 
inhabiting sapwood of healthy and declining Scots pine (Pinus sylvestris L.) trees in the Alps. 
Fungal Diversity, 38, 69–83.

Gomes, T., Pereira, J. A., Lino-Neto, T., Bennett, A. E., & Baptista, P. (2019). Bacterial 
disease induced changes in fungal communities of olive tree twigs depend on host 
genotype. Scientific Reports, 9(1), 5882. https://doi.org/10.1038/s41598-019-42391-8

Halwachs, B., Madhusudhan, N., Krause, R., Nilsson, R. H., Moissl-Eichinger, C., 
Högenauer, C., Thallinger, G. G., & Gorkiewicz, G. (2017). Critical Issues in Mycobiota 
Analysis. Frontiers in Microbiology, 8(FEB), 1–12. https://doi.org/10.3389/fmicb.2017.00180

Harrison, J. G., & Griffin, E. A. (2020). The diversity and distribution of endophytes across 
biomes, plant phylogeny and host tissues: how far have we come and where do we go from 
here? Environmental Microbiology, 22(6), 2107–2123. https://doi.org/10.1111/1462-
2920.14968

Hartigan, J. A., & Hartigan, P. M. (1985). The dip test of unimodality. Annals of Statistics, 
13(1), 70–84. https://www.jstor.org/stable/2241144

Hill, M. O. (1974). Correspondence Analysis: A Neglected Multivariate Method. Applied 
Statistics, 23(3), 340. https://doi.org/10.2307/2347127

Page 29 of 46 Molecular Ecology

https://doi.org/10.2307/2347127


Hoffman, M. T., & Arnold, A. E. (2008). Geographic locality and host identity shape fungal 
endophyte communities in cupressaceous trees. Mycological Research, 112(3), 331–344. 
https://doi.org/10.1016/j.mycres.2007.10.014

Hotelling, H. (1933). Analysis of a complex of statistical variables into principal components. 
Journal of Educational Psychology, 24(6), 417–441. https://doi.org/10.1037/h0071325

Hubbell, S. P. (2001). The unified neutral theory of biodiversity and biogeography (MPB-32). 
En The Unified Neutral Theory of Biodiversity and Biogeography (MPB-32) (p. 392). 
Princeton University Press.

Huntington, J. L., Hegewisch, K. C., Daudert, B., Morton, C. G., Abatzoglou, J. T., McEvoy, 
D. J., & Erickson, T. (2017). Climate Engine: Cloud Computing and Visualization of Climate 
and Remote Sensing Data for Advanced Natural Resource Monitoring and Process 
Understanding. Bulletin of the American Meteorological Society, 98(11), 2397–2410. 
https://doi.org/10.1175/BAMS-D-15-00324.1

Izquierdo, M., & de Errasti, A. (2014). Principales problemas sanitarios de árboles, arbustos 
y líquenes en el Parque Nacional Los Alerces. Informe Técnico. (pp. 1–31). Administración 
de Parques Nacionales, Ministerio de Turismo.

James, T. Y., Stajich, J. E., Hittinger, C. T., & Rokas, A. (2020). Toward a Fully Resolved 
Fungal Tree of Life. Annual Review of Microbiology, 74(1), 291–313. 
https://doi.org/10.1146/annurev-micro-022020-051835

Johnston, P. R., Johansen, R. B., Williams, A. F. R., Paula Wikie, J., & Park, D. (2012). 
Patterns of fungal diversity in New Zealand Nothofagus forests. Fungal Biology, 116(3), 
401–412. https://doi.org/10.1016/j.funbio.2011.12.010

Johnston, P. R., Park, D., & Smissen, R. D. (2017). Comparing diversity of fungi from living 
leaves using culturing and high-throughput environmental sequencing. Mycologia, 109(4), 1–
12. https://doi.org/10.1080/00275514.2017.1384712

Kassambara, A., & Mundt, F. (2020). Factoextra: Extract and Visualize the Results of 
Multivariate Data Analyses (1.0.7). https://cran.r-project.org/package=factoextra

Kirkendall, L. R. (2011). Native ambrosia beetles (Gnathotrupes spp.) and Southern Beech 
Decline in Chile. IUFRO WP, 7.

Kirker, G. T., Bishell, A. B., Jusino, M. A., Palmer, J. M., Hickey, W. J., & Lindner, D. L. 
(2017). Amplicon-Based Sequencing of Soil Fungi from Wood Preservative Test Sites. 
Frontiers in Microbiology, 8(OCT). https://doi.org/10.3389/fmicb.2017.01997

Kitzberger, T., Steinaker, D. F., & Veblen, T. T. (2000). Effects of climatic variability on 
facilitation of tree establishment in Northern Patagonia. Ecology, 81(7), 1914–1924.

Kivlin, S. N., Kazenel, M. R., Lynn, J. S., Lee Taylor, D., & Rudgers, J. A. (2019). Plant 
Identity Influences Foliar Fungal Symbionts More Than Elevation in the Colorado Rocky 
Mountains. Microbial Ecology, 78(3), 688–698. https://doi.org/10.1007/s00248-019-01336-4

Kruskal, W. H., & Wallis, W. A. (1952). Use of Ranks in One-Criterion Variance Analysis. 
Journal of the American Statistical Association, 47(260), 583–621. 
https://doi.org/10.1080/01621459.1952.10483441

Küngas, K., Bahram, M., & Põldmaa, K. (2020). Host tree organ is the primary driver of 

Page 30 of 46Molecular Ecology



endophytic fungal community structure in a hemiboreal forest. FEMS Microbiology Ecology, 
96(2), 1–10. https://doi.org/10.1093/femsec/fiz199

Kunkel, V., Wells, T., & Hancock, G. R. (2016). Soil temperature dynamics at the catchment 
scale. Geoderma, 273, 32–44. https://doi.org/10.1016/j.geoderma.2016.03.011

Langer, G. J., Bußkamp, J., Terhonen, E., & Blumenstein, K. (2021). Fungi inhabiting woody 
tree tissues. In F. O. Asiegbu & A. Kovalchuk (Eds.), Forest Microbiology (pp. 175–205). 
Elsevier, Academic Press. https://doi.org/10.1016/B978-0-12-822542-4.00012-7

Larsson, J. (2021). eulerr: Area-proportional euler and venn diagrams with ellipses (6.1.1.). 
https://cran.r-project.org/package=eulerr

Lê, S., Josse, J., & Husson, F. (2008). FactoMineR : An R Package for Multivariate Analysis. 
Journal of Statistical Software, 25(1), 253–258. https://doi.org/10.18637/jss.v025.i01

Legendre, P., & Anderson, M. J. (1999). Distance-Based Redundancy Analysis: Testing 
Multispecies Responses in Multifactorial Ecological Experiments. Ecological Monographs, 
69(4), 512. https://doi.org/https://doi.org/10.1890/0012-
9615(1999)069[0001:DBRATM]2.0.CO;2

Legendre, P., & Gallagher, E. D. (2001). Ecologically meaningful transformations for 
ordination of species data. Oecologia, 129(2), 271–280. 
https://doi.org/10.1007/s004420100716

Lesica, P., Atthowe, H. ., & Dugan, F. . (2003). Incidence of Perenniporia fraxinophila and its 
effects on green ash (Fraxinus pennsylvanica) woodlands in eastern Montana, USA. Forest 
Ecology and Management, 182(1–3), 153–159. https://doi.org/10.1016/S0378-
1127(03)00011-2

Maechler, M. (2021). Diptest: Hartigan’s dip test Statistic for unimodality - corrected (0.76-0).

Mathiasen, P., & Premoli, A. C. (2010). Out in the cold: Genetic variation of Nothofagus 
pumilio (Nothofagaceae) provides evidence for latitudinally distinct evolutionary histories in 
austral South America. Molecular Ecology, 19(2), 371–385. https://doi.org/10.1111/j.1365-
294X.2009.04456.x

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible Interactive 
Analysis and Graphics of Microbiome Census Data. PLoS ONE, 8(4), e61217. 
https://doi.org/10.1371/journal.pone.0061217

McMurdie, P. J., & Paulson, J. N. (2021). biomformat: an interface package for the BIOM file 
format (1.22.0). https://github.com/joey711/biomformat/http://biom-format.org/

McQueen, H. J. (1977). The production and utility of recovered dislocation substructures. 
Metallurgical Transactions A, 8(6), 807–824. https://doi.org/10.1007/BF02661562

Migliorini, D., Messal, M., Santini, A., Ramos, A. P., Talhinhas, P., Wingfield, M. J., & 
Burgess, T. (2021). Metabarcoding reveals southern hemisphere fungal endophytes within 
wood of cultivated Proteaceae in Portugal. European Journal of Plant Pathology, 160(1), 
173–184. https://doi.org/10.1007/s10658-021-02233-8

Molina, L., Rajchenberg, M., de Errasti, A., Aime, M. C., & Pildain, M. B. (2020). Sapwood-
inhabiting mycobiota and Nothofagus tree mortality in Patagonia: Diversity patterns 
according to tree species, plant compartment and health condition. Forest Ecology and 

Page 31 of 46 Molecular Ecology



Management, 462(February), 117997. https://doi.org/10.1016/j.foreco.2020.117997

Nilsson, R. H., Anslan, S., Bahram, M., Wurzbacher, C., Baldrian, P., & Tedersoo, L. (2019). 
Mycobiome diversity: high-throughput sequencing and identification of fungi. Nature Reviews 
Microbiology, 17(2), 95–109. https://doi.org/10.1038/s41579-018-0116-y

O’Connor, R. J. (1988). Multivariate analysis of ecological communities. Trends in Ecology & 
Evolution, 3(5), 121. https://doi.org/https://doi.org/10.1016/0169-5347(88)90124-3

Oita, S., Ibáñez, A., Lutzoni, F., Miadlikowska, J., Geml, J., Lewis, L. A., Hom, E. F. Y., 
Carbone, I., U’Ren, J. M., & Arnold, A. E. (2021). Climate and seasonality drive the richness 
and composition of tropical fungal endophytes at a landscape scale. Communications 
Biology, 4(1), 313. https://doi.org/10.1038/s42003-021-01826-7

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P. 
R., O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H., Szoecs, E., & Wagner, H. 
(2020). vegan: Community Ecology Package (2.5.7). https://cran.r-
project.org/package=vegan

Onufrak, A. J., Williams, G. M., Klingeman, W. E., Cregger, M. A., Klingeman, D. M., 
DeBruyn, J. M., Ginzel, M. D., & Hadziabdic, D. (2020). Regional differences in the structure 
of Juglans nigra phytobiome reflect geographical differences in thousand cankers disease 
severity. Phytobiomes Journal, 4(4), 388–404. https://doi.org/10.1094/PBIOMES-05-20-
0044-R

Orellana Ibáñez, I. A., Príncipe, R., Acheritobehere, L., Mohr Bell, D., & Molina, L. (2018). La 
vegetación del Parque Nacional Los Alerces. In I. A. Orellana Ibáñez & M. M. Novella (Eds.), 
Parque Nacional Los Alerces: un acercamiento a conocer su diversidad (pp. 93–200). 
Secretaría de Ciencia, Tecnología e Innovación Productiva de la Provincia de Chubut.

Palmer, J. M., Jusino, M. A., Banik, M. T., & Lindner, D. L. (2018). Non-biological synthetic 
spike-in controls and the AMPtk software pipeline improve mycobiome data. PeerJ, 6(5), 
e4925. https://doi.org/10.7717/peerj.4925

Pearson, K. (1900). X. On the criterion that a given system of deviations from the probable in 
the case of a correlated system of variables is such that it can be reasonably supposed to 
have arisen from random sampling. The London, Edinburgh, and Dublin Philosophical 
Magazine and Journal of Science, 50(302), 157–175. 
https://doi.org/10.1080/14786440009463897

Pildain, M. B., Coetzee, M. P. A., Wingfield, B. D., Wingfield, M. J., & Rajchenberg, M. 
(2010). Taxonomy of Armillaria in the Patagonian forests of Argentina. Mycologia, 102(2), 
392–403. https://doi.org/10.3852/09-105

Purahong, W., Mapook, A., Wu, Y.-T., & Chen, C.-T. (2019). Characterization of the 
Castanopsis carlesii Deadwood Mycobiome by Pacbio Sequencing of the Full-Length Fungal 
Nuclear Ribosomal Internal Transcribed Spacer (ITS). Frontiers in Microbiology, 10(MAY), 
1–14. https://doi.org/10.3389/fmicb.2019.00983

Qian, X., Li, H., Wang, Y., Wu, B., Wu, M., Chen, L., Li, X., Zhang, Y., Wang, X., Shi, M., 
Zheng, Y., Guo, L., & Zhang, D. (2019). Leaf and Root Endospheres Harbor Lower Fungal 
Diversity and Less Complex Fungal Co-occurrence Patterns Than Rhizosphere. Frontiers in 
Microbiology, 10(MAY), 1–15. https://doi.org/10.3389/fmicb.2019.01015

R Core Team. (2021). R: A language and environment for statistical computing. R 

Page 32 of 46Molecular Ecology



Foundation for Statistical Computing. https://www.r-project.org/

Rajchenberg, M. (2006). Los políporos (Basidiomycetes) de los bosques Andino 
Patagónicos de Argentina. Schweizerbart’sche Verlagsbuchhandlung.

Rao, C. R. (1961). The Use and Interpretation of Principal Component Analysis in Applied 
Research. The Indian Journal of Statistics, Series A, 26(4), 329–358.

Raup, D. M., & Crick, R. E. (1979). Measurement of faunal similarity in paleontology. Journal 
of Paleontology, 53(5), 1213–1227. https://doi.org/https://www.jstor.org/stable/1304099

Rhoden, S. A., Garcia, A., Rubin Filho, C. J., Azevedo, J. L., & Pamphile, J. A. (2012). 
Phylogenetic diversity of endophytic leaf fungus isolates from the medicinal tree Trichilia 
elegans (Meliaceae). Genetics and molecular research : GMR, 11(3), 2513–2522. 
https://doi.org/10.4238/2012.June.15.8

Rim, S. O., Roy, M., Jeon, J., Montecillo, J. A. V., Park, S.-C., & Bae, H. (2021). Diversity 
and Communities of Fungal Endophytes from Four Pinus Species in Korea. Forests, 12(3), 
302. https://doi.org/10.3390/f12030302

Robinson, R. M., Morrison, D. J., & Jensen, G. D. (2004). Necrophylactic periderm formation 
in the roots of western larch and Douglas-fir trees infected with Armillaria ostoyae. II. The 
response to the pathogen. Forest Pathology, 34(2), 119–129. https://doi.org/10.1111/j.1439-
0329.2004.00354.x

Saikkonen, K., Faeth, S. H., Helander, M., & Sullivan, T. J. (1998). FUNGAL 
ENDOPHYTES: A Continuum of Interactions with Host Plants. Annual Review of Ecology 
and Systematics, 29(1), 319–343. https://doi.org/10.1146/annurev.ecolsys.29.1.319

Schröter, K., Wemheuer, B., Pena, R., Schöning, I., Ehbrecht, M., Schall, P., Ammer, C., 
Daniel, R., & Polle, A. (2019). Assembly processes of trophic guilds in the root mycobiome of 
temperate forests. Molecular Ecology, 28(2), 348–364. https://doi.org/10.1111/mec.14887

Schulz, B., & Boyle, C. (2005). The endophytic continuum. Mycological Research, 109(6), 
661–686. https://doi.org/10.1017/S095375620500273X

Seppälä, R. (2009). A global assessment on adaptation of forests to climate change. 
Scandinavian Journal of Forest Research, 24(6), 469–472. 
https://doi.org/10.1080/02827580903378626

Seppälä, R., Buck, A., & Katila, P. (2009). Adaptation of Forests and People to Climate 
Change: A Global Assessment Report. Prepared by the Global Forest Expert Panel on 
Adaptation of Forests to Climate Change. In IUFRO World Series Vol. 22 (Vol. 22).

Singh, D. K., Sharma, V. K., Kumar, J., Mishra, A., Verma, S. K., Sieber, T. N., & Kharwar, 
R. N. (2017). Diversity of endophytic mycobiota of tropical tree Tectona grandis Linn.f.: 
Spatiotemporal and tissue type effects. Scientific Reports, 7(1), 3745. 
https://doi.org/10.1038/s41598-017-03933-0

Skelton, J., Jusino, M. A., Carlson, P. S., Smith, K., Banik, M. T., Lindner, D. L., Palmer, J. 
M., & Hulcr, J. (2019). Relationships among wood-boring beetles, fungi, and the 
decomposition of forest biomass. Molecular Ecology, 28(22), 4971–4986. 
https://doi.org/10.1111/mec.15263

Smith, D. P., & Peay, K. G. (2014). Sequence Depth, Not PCR Replication, Improves 

Page 33 of 46 Molecular Ecology

https://doi.org/10.1080/02827580903378626


Ecological Inference from Next Generation DNA Sequencing. PLoS ONE, 9(2), e90234. 
https://doi.org/10.1371/journal.pone.0090234

Song, Z., Kennedy, P. G., Liew, F. J., & Schilling, J. S. (2017). Fungal endophytes as priority 
colonizers initiating wood decomposition. Functional Ecology, 31(2), 407–418. 
https://doi.org/10.1111/1365-2435.12735

Suarez, M. L., Ghermandi, L., & Kitzberger, T. (2004). Factors predisposing episodic 
drought-induced tree mortality in Nothofagus - site, climatic sensitivity and growth trends. 
Journal of Ecology, 92, 954–966.

Suryanarayanan, T. S. (2020). The need to study the holobiome for gainful uses of 
endophytes. Fungal Biology Reviews, 34(3), 144–150. 
https://doi.org/10.1016/j.fbr.2020.07.004

Tarabini, M., Gomez, F., Calderón, M. Á., & La Manna, L. (2021). Role of abiotic factors in 
Nothofagus pumilio forest mortality: The sensitivity of ecotones. Forest Ecology and 
Management, 494(February). https://doi.org/10.1016/j.foreco.2021.119316

Tedersoo, L., Nilsson, R. H., Abarenkov, K., Jairus, T., Sadam, A., Saar, I., Bahram, M., 
Bechem, E., Chuyong, G., & Koljalg, U. (2010). 454 Pyrosequencing and Sanger 
sequencing of tropical mycorrhizal fungi provide similar results but reveal substantial 
methodological biases. New Phytologist, 188, 291–301. https://doi.org/10.1111/j.1469-
8137.2010.03373.x

Ter Braak, C. J. F. (1986). Canonical Correspondence Analysis : A New Eigenvector 
Technique for Multivariate Direct Gradient Analysis. Ecology, 67(5), 1167–1179.

Terhonen, E., Blumenstein, K., Kovalchuk, A., & Asiegbu, F. O. (2019). Forest Tree 
Microbiomes and Associated Fungal Endophytes: Functional Roles and Impact on Forest 
Health. Forests, 10(1), 42. https://doi.org/10.3390/f10010042

Trabucco, A., & Zomer, R. (2019). Global Aridity Index and Potential Evapotranspiration 
(ET0) Climate Database v3. figshare. En CGIAR Consortium for Spatial Information (CGIAR-
CSI). https://doi.org/https://doi.org/10.6084/m9.figshare.7504448.v3

U’Ren, J. M., Lutzoni, F., Miadlikowska, J., Laetsch, A. D., & Arnold, A. E. (2012). Host and 
geographic structure of endophytic and endolichenic fungi at a continental scale. American 
Journal of Botany, 99(5), 898–914. https://doi.org/10.3732/ajb.1100459

U’Ren, J. M., Lutzoni, F., Miadlikowska, J., Zimmerman, N. B., Carbone, I., May, G., & 
Arnold, A. E. (2019). Host availability drives distributions of fungal endophytes in the 
imperilled boreal realm. Nature Ecology & Evolution, 3(10), 1430–1437. 
https://doi.org/10.1038/s41559-019-0975-2

Unterseher, M. (2011). Diversity of Fungal Endophytes in Temperate Forest Trees. In A. M. 
Pirttilä & A. C. Frank (Eds.), Endophytes of Forest Trees: Biology and Applications (Vol. 80, 
Número May, pp. 31–46). Springer Netherlands. https://doi.org/10.1007/978-94-007-1599-
8_2

Vaz, A. B. M., da Costa, A. G. F. C., Raad, L. V. V., & Góes-Neto, A. (2014). Fungal 
endophytes associated with three South American Myrtae (Myrtaceae) exhibit preferences in 
the colonization at leaf level. Fungal Biology, 118(3), 277–286. 
https://doi.org/10.1016/j.funbio.2013.11.010

Page 34 of 46Molecular Ecology



Vélez, M. L., Marfetán, J. A., Salgado Salomón, M. E., & Taccari, L. E. (2020). Mortierella 
species from declining Araucaria araucana trees in Patagonia, Argentina. Forest Pathology, 
50(3), e12591. https://doi.org/10.1111/efp.12591

Viotti, C., Bach, C., Maillard, F., Ziegler‐Devin, I., Mieszkin, S., & Buée, M. (2021). Sapwood 
and heartwood affect differentially bacterial and fungal community structure and 
successional dynamics during Quercus petraea decomposition. Environmental Microbiology, 
23(10), 6177–6193. https://doi.org/10.1111/1462-2920.15522

Voříšková, J., Brabcová, V., Cajthaml, T., & Baldrian, P. (2014). Seasonal dynamics of 
fungal communities in a temperate oak forest soil. New Phytologist, 201(1), 269–278. 
https://doi.org/10.1111/nph.12481

Wang, H. H., Chu, H. L., Dou, Q., Feng, H., Tang, M., Zhang, S. X., & Wang, C. Y. (2021). 
Seasonal Changes in Pinus tabuliformis Root-Associated Fungal Microbiota Drive N and P 
Cycling in Terrestrial Ecosystem. Frontiers in Microbiology, 11(January). 
https://doi.org/10.3389/fmicb.2020.526898

Wang, P., Chen, Y., Sun, Y., Tan, S., Zhang, S., Wang, Z., Zhou, J., Zhang, G., Shu, W., 
Luo, C., & Kuang, J. (2019). Distinct Biogeography of Different Fungal Guilds and Their 
Associations With Plant Species Richness in Forest Ecosystems. Frontiers in Ecology and 
Evolution, 7(JUN), 1–13. https://doi.org/10.3389/fevo.2019.00216

Wei, T., & Simko, V. (2021). R package “corrplot”: Visualization of a Correlation Matrix. In 
Version 0.92. https://github.com/taiyun/corrplot

White, T. J., Bruns, T., Lee, S., & Taylor, J. (1990). Amplification and direct sequencing of 
fungal ribosomal RNA genes for phylogenetics. In T. J. White, T. Bruns, S. J. W. T. Lee, J. 
Taylor, M. A. Innis, D. H. Gelfand, & J. J. Sninsky (Eds.), PCR protocols: a guide to methods 
and applications (pp. 315–322). Academic Press.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (3.3.3; Vol. 2, Número 1, 
pp. 1–189). Springer-Verlag. https://ggplot2.tidyverse.org

Wingfield, M. J., Slippers, B., Wingfield, B. D., & Barnes, I. (2017). The unified framework for 
biological invasions: a forest fungal pathogen perspective. Biological Invasions, 19(11), 
3201–3214. https://doi.org/10.1007/s10530-017-1450-0

Zagory, D., & Libby, W. J. (1985). Maturation-related resistance of Pinus radiata to western 
gall rust. Phytopathology, 75(12), 1443–1447.

Zimmerman, N. B., & Vitousek, P. M. (2012). Fungal endophyte communities reflect 
environmental structuring across a Hawaiian landscape. Proceedings of the National 
Academy of Sciences, 109(32), 13022–13027. https://doi.org/10.1073/pnas.1209872109

Page 35 of 46 Molecular Ecology



Figures and Tables Captions

Figure 1. A) Study area and sampling sites. N. dombeyi sites are circles, N. pumilio sites are 
triangles. MS: Alerce River. ME: Lake Menéndez. AC: N. dombeyi stand in Alto el Petiso Mt. 
K: Lake Kruger. AL: N. pumilio stand in Alto el Petiso Mt. Ri: El Riscoso Mt. D: El Dedal Mt. 
The geodetic geographic coordinate system used for the grid is WGS 84. B) Altitudinal 
distribution of both Nothofagus species. Decidous N. pumilio occupies altitudes up to the 
timberline. N. dombeyi is an evergreen species. Photo taken on April 2018. C) N. pumilio 
grouped standing mortality in El Dedal Mt. 

Figure 2. Correspondence Analysis (CA) plots illustrating the association between the 
variables tested -host, site, plant compartment, season, and health condition- and samples 
according to their community composition for the whole set of data (above), N. dombeyi data 
(middle) and N. pumilio data (below). AC: Mt. Alto El Petiso N. dombeyi; K: Lake Kruger; 
ME: Lake Menendez; MS Alerce River; AL: Mt Alto El Petiso N. pumilio; D Mt. El Dedal; Ri: 
Mt. El Riscoso. 

Figure 3. Principal components analysis (PCA) biplot illustrating correlations between stand 
and climatic variables in the first and second axes. The percentage of variance explained by 
the axis is showed in parentheses. Arrows are the variables analysed. Each point is a site 
and are shape-given according to Nothofagus species. Nd: N. dombeyi (triangle). Np: N. 
pumilio (circles). AC: N. dombeyi stand in Alto el Petiso Mt. K: Lake Kruger. ME: Lake 
Menéndez. MS: Alerce River. Ri: El Riscoso Mt. AL: N. pumilio stand in Alto el Petiso Mt. D: 
El Dedal Mt. DBH: diameter at breast height. ppt: precipitation. Max: maximum temperature. 
Min: minimum temperature. The variables’ definitions and units are detailed in Table 1. 

Figure 4. Distance-based redundancy analysis (db-RDA) of Raup-Crick distances showing 
community structure variations for the whole set of wood samples along with site and 
seasonal factors. Standard deviation ellipses are drawn for each site and for each site at 
each season. CAP1 and CAP2 axis explained 14.4% and 13.5% of the variance, 
respectively (CAP1 F=1.2110, p=0.001 y CAP2 F= 1.1410, p= 0.001, ANOVA). The climatic 
data are average condition values for each seasonal sampling season and was collected 
from Terra Climate – Monthly database (Abatzoglou et al. 2018) by using Climate Engine 
App (climateengine.com). Nd: N. dombeyi (triangle). Np: N. pumilio (circles). AC: N. dombeyi 
stand in Alto el Petiso Mt. K: Lake Kruger. ME: Lake Menéndez. MS: Alerce River. Ri: El 
Riscoso Mt. AL: N. pumilio stand in Alto el Petiso Mt. D: El Dedal Mt. ppt: precipitation. 

Figure 5. Relative abundances at Order level (above) and guild level (above). Comparison 
between hosts (a), and between variables’ levels for N. dombeyi (b) and N. pumilio (c) 
separated datasets. Nd: N. dombeyi. Np: N. pumilio. St: symptomatic. At: asymptomatic. F: 
stem. R: root. O: autumn. P: spring. AC: N. dombeyi site Alto el Petiso Mt. K: Lake Kruger. 
ME: Lake Menéndez. MS: Alerce River. AL: N. pumilio site Alto el Petiso Mt. D: site El Dedal 
Mt. Ri: site El Riscoso Mt.

Figure 6. Venn diagrams showing common ASVs that are shared and exclusive from each 
variable’s level. The whole set of samples (above) is analysed, as well as N. dombeyi (Nd) 
and N.pumilio (Np) datasets separately. Nd: N. dombeyi, Np: N. pumilio, ME: Lake 
Menendez, MS: Alerce River, K: Lake Krugger, AC: Mount Alto el Petiso N. dombeyi, Ri: 
Mount El Riscoso, D: Mount El Dedal, AL: Mount Alto el Petiso N. pumilio, St: symptomatic, 
At: asymptomatic, F: stem, R: root, O: autumn, P: spring.

Figure 7. Guild community structure in Nothofagus pumilio. Canonical correspondence 
analysis (CCA) of the Hellinger’s transformed abundances of the common ASVs 
agglomerated at the ecological guild level. Each point is a wood sample. Arrows indicate the 
direction and the magnitude of each stand or climatic variable associated with guild 
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community structure. A) Guild community structure along seasonality; standard deviation 
ellipses are drawn for autumn (gray) and spring samples (pink). Total inertia proportion of 
the model 16%. B) Guild community structure across plant compartments in autumn. 
Standard deviation ellipses are drawn for stem (blue) and root samples (brown)Total inertia 
proportion of the model 13%. C) Guild community structure across plant compartment in 
spring; standard deviation ellipses are drawn. Total inertia proportion of the model 13%. ppt: 
precipitation. Max: maximum temperature. Min: Minimum temperature. DBH: diameter at 
breast height. F: stem. R: root. At: asymptomatic. St: symptomatic.

Table 1. Stand and climatic metadata for each site.

Table 2. Diversity structure of sapwood fungal assemblages in Nothofagus forests. Alpha 
and Beta diversity analysis for the abundance-based and presence-absence datasets 
(above). Constrained analyses of functional guilds including environmental and host 
variables (below).
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Alerce River Lake Menéndez Lake Kruger Alto el Petiso 
Mt. (Nd )

Alto el Petiso 
Mt. (Np )

El Riscoso Mt. El Dedal Mt.

coordinates -42,740618 -42,663181 -42,863615 -42,717178 -42,693054 -42,745421 -42,896524
-72,007092 -71,821488 -71,773073 -71,751453 -71,745784 -71,71048 -71,648931

elevation (m) 550 750 670 730 1350 1350 1330
average slope (%) 3 31 30 45 49 42 52

exposure E SO SSE SSE SO NO SSO
mean DBH (cm) 33 56 71 55 15 19 12

median DBH (cm) 27 51 70 56 15 17 12
* minimum temperature (°C) 1,2 -0,3333 0,6 1,8 -0,4667 1,0333 -0,7333
* maximum temperature (°C) 9,9333 8,8333 9,7667 11 8,9 10,4 8,6333

* precipitation (mm) 2902 2165 2234 2390 2073 2217 1812
* climate water deficit index (mm) 1,8667 4,0667 2,1 1,2 3,9667 1,8667 4,5

* soil moisture (mm) 122,1333 87,7667 86,3333 95,7 77,7333 87,0333 58,4
* wind speed (m/sec) 3,7167 4,3633 3,5733 2,8967 4,33 3,23 4,4733

** aridity index 1,65 1,19 1,17 1,12 1,02 0,99 0,84

Table 1. Stand and climatic metadata for each site.

Nd: Nothofagus dombeyi . Np: Nothofagus pumilio . DBH: diameter at breast height. 
* Terra Climate - Monthly database (Abatzoglou et al. 2018) for May 2016 / May 2018 period accessed from https//climateengine.com/ on March 2022

** Trabuco & Zomer (2019)

Temperature, climate water deficit , soil moisture and wind speed are the average values for the period, precipitation is the mean annual value (Huntinghton et al. 
2017)
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F.Model R2 F.Model R2 F.Model R2 F.Model R2 F.Model R2 F.Model R2
N. dombeyi 3920 247
N. pumilio 2637 205

Alto el Petiso Mt. 1461 169
Alerce River 1685 146
Lake Kruger 1025 136

Lake Menéndez 1080 137
Symptomatic 2634 233

Asymptomatic 2309 205
Stem 2567 203
Root 2301 219

Autumn 2244 193
Spring 2546 226

Alto el Petiso Mt. 1022 131
El Dedal Mt. 941 118

El Riscoso Mt. 1446 152
Symptomatic 1548 172

Asymptomatic 1706 175
Stem 1545 166
Root 1696 168

Autumn 1333 141
Spring 1837 178

autumn spring

F.Model F.Model F.Model F.Model

slope 1,1156 **
elevation 1,1564 ***

wind speed 1,0862 * 1,9191
climate water deficit 1,1037 ** 1,8741 * 1,6539 2,0414 *

Min 1,1009 ** 1,7003
Max 1,0405 1,7346
ppt 1,0451 * 4,1726 ***

soil moisture 1,1674 **
mean DBH 0,9760 1,6007

plant compartment 4,1985 *** 3,5320 *** 3,2009 **
health condition 1,7718 1,1273 0,8438

season *** 1,5411 0,0140 **

5,0132 0,0427 **
plant compartment **

1,4773 0,0134 0,090915,1977 0,0974 ** 2,9084** **

**0,0250 ** 10,2863 0,0735 **14,2965 0,0917 ** * 2,7987 6,0354 0,0514 ** 13,2830 0,1064

4,9613

4,8848 0,0313 ** 1,1733

0,0397 *0,0260 ** 12,7236

1,3214 0,0113 1,2377 0,00990,0105 2,8299 0,0202 *

** 14,8315

* 2,4852 0,0398

health condition * 1,1865 0,0108 **

6,5584 0,0937 ** 1,9155 0,0326** 2,0686 0,0369 **

0,0351 ** 11,8312 0,0829 **4,6783

N. pumilio 
dataset

site *** ** 1,4313 0,0260 ** 9,3061 0,1193

2,2356 0,0168 * 0,1617 0,00112,6110season 1,4417 0,0110

** 6,1338 0,0379 **0,0612 ** 1,8220 0,0138

0,0775 ** 0,0197 ** 9,4512 0,0584 **

** 13,3414

0,1765 0,0012

plant compartment *** 1,2797 0,0098 ** 11,7063

0,0062 0,6551 0,00491,0860 0,0082 1,0002N. dombeyi 
dataset

site *** *** 1,4760 0,0338 *

health condition *** 1,0659 0,0081 * 1,8504 0,0097

* 2,3158 0,0521 ** 2,9861 0,06272,6012 0,0590

**0,0264 ** 29,0010 0,1115 ** ***

0,2091 ** *** ** 8,4054 0,1557 **

6,2740

abundance P/A abundance

14,0850 0,0575 ** 14,3700 0,0586

K-WK-Wχ2 abundance P/A Richness χ2

43,5890 0,1554 ** *

K-W

Table 2. Diversity structure of sapwood fungal assemblages in Nothofagus  forests. Alpha and Beta diversity analysis for the abundance-based and presence-absence datasets (above). Constrained analyses of functional guilds 
including environmental and host variables (below).

CCA

N. pumilio datasetTotal ASVs

environmental 
variables

P/A: presence-absence dataset. χ2: Pearson's Chi-Square test significance for the total richness on each variable's level. K-W: Kruskal-Wallis sum rank test significance for the richness per sample. db-RDA: distance-based redundancy analysis. CCA: canonical constrained 
analysis. DBH: diameter at breast height.
*  significance at 0.01 level;  ** significance at 0.001 level; *** significance at 0.0001 level

CCAdb-RDA CCA

Total ASVs Common ASVs Functional Guilds
perMANOVA perMANOVA perMANOVA

P/A

*** * 2,4176 0,0101 **

Richness

Page 39 of 46 Molecular Ecology



 

Figure 1. A) Study area and sampling sites. N. dombeyi sites are circles, N. pumilio sites are triangles. MS: 
Alerce River. ME: Lake Menéndez. AC: N. dombeyi stand in Alto el Petiso Mt. K: Lake Kruger. AL: N. pumilio 
stand in Alto el Petiso Mt. Ri: El Riscoso Mt. D: El Dedal Mt. The geodetic geographic coordinate system used 
for the grid is WGS 84. B) Altitudinal distribution of both Nothofagus species. Decidous N. pumilio occupies 
altitudes up to the timberline. N. dombeyi is an evergreen species. Photo taken on April 2018. C) N. pumilio 

grouped standing mortality in El Dedal Mt. 
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Figure 2. Correspondence Analysis (CA) plots illustrating the association between the variables tested -host, 
site, plant compartment, season, and health condition- and samples according to their community 

composition for the whole set of data (above), N. dombeyi data (middle) and N. pumilio data (below). AC: 
Mt. Alto El Petiso N. dombeyi; K: Lake Kruger; ME: Lake Menendez; MS Alerce River; AL: Mt Alto El Petiso N. 

pumilio; D Mt. El Dedal; Ri: Mt. El Riscoso 
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Figure 3. Distance-based redundancy analysis (db-RDA) of Raup-Crick distances showing community 
structure variations for the whole set of wood samples along with site and seasonal factors. Standard 

deviation ellipses are drawn for each site and for each site at each season. CAP1 and CAP2 axis explained 
14.4% and 13.5% of the variance, respectively (CAP1 F=1.2110, p=0.001 y CAP2 F= 1.1410, p= 0.001, 

ANOVA). The climatic data are average condition values for each seasonal sampling season and was 
collected from Terra Climate – Monthly database (Abatzoglou et al. 2018) by using Climate Engine App 

(climateengine.com). Nd: N. dombeyi (triangle). Np: N. pumilio (circles). AC: N. dombeyi stand in Alto el 
Petiso Mt. K: Lake Kruger. ME: Lake Menéndez. MS: Alerce River. Ri: El Riscoso Mt. AL: N. pumilio stand in 

Alto el Petiso Mt. D: El Dedal Mt. ppt: precipitation. 
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Figure 4. Principal components analysis (PCA) biplot illustrating correlations between stand and climatic 
variables in the first and second axes. The percentage of variance explained by the axis is showed in 
parentheses. Arrows are the variables analysed. Each point is a site and are shape-given according to 

Nothofagus species. Nd: N. dombeyi (triangle). Np: N. pumilio (circles). AC: N. dombeyi stand in Alto el 
Petiso Mt. K: Lake Kruger. ME: Lake Menéndez. MS: Alerce River. Ri: El Riscoso Mt. AL: N. pumilio stand in 

Alto el Petiso Mt. D: El Dedal Mt. DBH: diameter at breast height. Ppt: precipitation. Max: maximum 
temperature. Min: minimum temperature. The variables’ definitions and units are detailed in Table 1. 
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Figure 5. Relative abundances at Order level (above) and guild level (above). Comparison between hosts 
(a), and between variables’ levels for N. dombeyi (b) and N. pumilio (c) separated datasets. Nd: N. 

dombeyi. Np: N. pumilio. St: symptomatic. At: asymptomatic. F: stem. R: root. O: autumn. P: spring. AC: 
N. dombeyi site Alto el Petiso Mt. K: Lake Kruger. ME: Lake Menéndez. MS: Alerce River. AL: N. pumilio site 

Alto el Petiso Mt. D: site El Dedal Mt. Ri: site El Riscoso Mt. 
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Figure 6. Venn diagrams showing common ASVs that are shared and exclusive from each variable’s level. 
The whole set of samples (above) is analysed, as well as N. dombeyi (Nd) and N.pumilio (Np) datasets 

separately. Nd: N. dombeyi, Np: N. pumilio, ME: Lake Menendez, MS: Alerce River, K: Lake Krugger, AC: 
Mount Alto el Petiso N. dombeyi, Ri: Mount El Riscoso, D: Mount El Dedal, AL: Mount Alto el Petiso N. 

pumilio, St: symptomatic, At: asymptomatic, F: stem, R: root, O: autumn, P: spring. 
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Figure 7. Guild community structure in Nothofagus pumilio. Canonical correspondence analysis (CCA) of the 
Hellinger’s transformed abundances of the common ASVs agglomerated at the ecological guild level. Each 
point is a wood sample. Arrows indicate the direction and the magnitude of each stand or climatic variable 

associated with guild community structure. A) Guild community structure along seasonality; standard 
deviation ellipses are drawn for autumn (gray) and spring samples (pink). Total inertia proportion of the 

model 16%. B) Guild community structure across plant compartments in autumn. Standard deviation 
ellipses are drawn for stem (blue) and root samples (brown)Total inertia proportion of the model 13%. C) 

Guild community structure across plant compartment in spring; standard deviation ellipses are drawn. Total 
inertia proportion of the model 13%. ppt: precipitation. Max: maximum temperature. Min: Minimum 
temperature. DBH: diameter at breast height. F: stem. R: root. At: asymptomatic. St: symptomatic. 
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