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ARTICLE OPEN

Forest tree growth is linked to mycorrhizal fungal composition
and function across Europe
Mark A. Anthony 1✉, Thomas W. Crowther1, Sietse van der Linde 2, Laura M. Suz3, Martin I. Bidartondo3,4, Filipa Cox5,
Marcus Schaub 6, Pasi Rautio7, Marco Ferretti6, Lars Vesterdal 8, Bruno De Vos9, Mike Dettwiler1, Nadine Eickenscheidt10,
Andreas Schmitz10,11, Henning Meesenburg 12, Henning Andreae13, Frank Jacob13, Hans-Peter Dietrich14, Peter Waldner6,
Arthur Gessler 1,6, Beat Frey 6, Oliver Schramm6, Pim van den Bulk15, Arjan Hensen15 and Colin Averill1

© The Author(s) 2021

Most trees form symbioses with ectomycorrhizal fungi (EMF) which influence access to growth-limiting soil resources. Mesocosm
experiments repeatedly show that EMF species differentially affect plant development, yet whether these effects ripple up to
influence the growth of entire forests remains unknown. Here we tested the effects of EMF composition and functional genes
relative to variation in well-known drivers of tree growth by combining paired molecular EMF surveys with high-resolution forest
inventory data across 15 European countries. We show that EMF composition was linked to a three-fold difference in tree growth
rate even when controlling for the primary abiotic drivers of tree growth. Fast tree growth was associated with EMF communities
harboring high inorganic but low organic nitrogen acquisition gene proportions and EMF which form contact versus medium-
distance fringe exploration types. These findings suggest that EMF composition is a strong bio-indicator of underlying drivers of
tree growth and/or that variation of forest EMF communities causes differences in tree growth. While it may be too early to assign
causality or directionality, our study is one of the first to link fine-scale variation within a key component of the forest microbiome
to ecosystem functioning at a continental scale.

The ISME Journal (2022) 16:1327–1336; https://doi.org/10.1038/s41396-021-01159-7

INTRODUCTION
For over a century, ecologists have strived to understand how
variation in soil microbial communities affects ecosystem
functioning [1–6]. Ectomycorrhizal fungi (EMF) are a key
component of the forest soil microbiome, forming symbioses
with ~60% of trees on Earth [7, 8]. These fungi aid in early tree
establishment and growth [9–15], provide access to otherwise
inaccessible soil nitrogen (N) [16], and protect tree seedlings
from pathogens [17, 18]. A long history of micro- and
mesocosm experiments has demonstrated that different EMF
species vary by orders of magnitude in their effects on seedling
development [9, 12, 13, 19–25], with potential implications for
the conservation and management of specific soil communities
to promote tree growth in actual forests [21, 26]. However, it
remains unclear whether differences in the composition of EMF
meaningfully affects the growth of mature trees and entire
forests.
Although it may seem intuitive that differences in EMF

composition would lead to variation in the functioning of

communities, this area has been intensively debated in the
literature [13, 22, 27–33]. It is widely recognized that EMF
communities display a considerable degree of functional redun-
dancy [34–36], and that overlapping traits at the aggregate
community level might overwhelm species-level differences
among communities. It is also possible that the effects of EMF
communities are too small to be detected relative to other
environmental drivers of tree growth or that any effect of EMF
composition is simply reflective of the environmental factors
which structure those fungal communities in the first place [37].
Exploring the effects of EMF composition relative to variation in
abiotic drivers of tree growth across broad environmental
gradients can help address these competing hypotheses and
determine if variation in EMF composition has meaningful
consequences for forest tree growth.
Until now, our capacity to isolate the effects of EMF composition

on tree growth relative to other in situ environmental variation
has been precluded by a lack of paired information on forest
productivity and EMF composition. Here, we assembled paired
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ectomycorrhizal community and tree growth data from >13,000
trees across long-term forest monitoring plots in Europe (Fig. 1a)
and matched this with molecular fungal taxonomic and functional
attributes. This allowed us to explicitly correlate EMF community
composition and genomic functional potentials with forest tree
growth and to simultaneously examine the influence of EMF
community attributes on tree growth while controlling for the
potential linear and non-linear effects of climate (mean annual
temperature and precipitation), N deposition, soil inorganic N
concentrations, and forest stand characteristics (broadleaf vs.
needleleaf, stand age, and tree density). Incorporating these
environmental predictors is especially important because it allows
us to statistically account for well-known drivers of tree growth
across the forest network where this work was conducted, notably
stand density and age, N deposition, and climate [38]. Previous
work has also demonstrated that these environmental variables
(plus geographic distance) collectively capture less than 40% of
the variation in EMF community composition [39]—which
indicates that the EMF and non-fungal predictors of tree growth
rate considered here can be disentangled. Lastly, we hierarchically
clustered EMF community composition and identified EMF species
and growth modalities indicative of communities in slow- versus
fast-growing forests.

MATERIALS AND METHODS
Data collection and processing
Forest inventory data. The International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests)
has been intensively monitoring several hundred permanent forested plots
across Europe since 1995 or later [40]. Each intensive Level II monitoring
plot is at least 0.25 ha, and most trees with at least 5 cm diameter at breast
height (DBH) are identifiable by a unique number used to make periodic
measurements [41]. DBH was measured using a caliper or measuring tape
approximately every five years, a commonly used interval for estimating
forest growth and yield. Tree species identity is reported for every
measured tree, and each plot was classified by the dominant tree species
(>50% abundance). We used data from plots dominated by Pinus sylvestris
(Scots pine), Fagus sylvatica (European beech), Picea abies (Norway spruce),
and Quercus robur and Q. petraea (pedunculate and sessile oak; hereafter:
mixed oak).
We used periodic DBH observations to calculate a diameter increment

growth rate for each tree. We removed dead trees, trees with DBH < 5 cm,
and trees which shrank over the growth period which were occasionally
included in the census. To investigate long-term drivers of tree growth and
avoid potential short-term abnormalities, we used the first and last
periodic growth measurement to calculate diameter growth increment.
The entire period covered was 1999–2017, the mean initial census year
was 2005, the mean final census year was 2008, and the mean growth
interval was 5.5 years. Although there is some variation in the annual
sampling of tree growth versus the fungal community at some sites,

Fig. 1 Correlations between the ectomycorrhizal fungal community and tree growth rate across Europe. Map showing the ICP Forests
level II study plots with functional tree groups (broadleaf and needleleaf ) and dominant tree species (>50% cover) separated by color (a).
Correlation between tree growth and fungal community composition represented using principle coordinates analysis axis 1 (PCoA1; b; see
functional tree group colors from panel a), fungal energy and nutrient metabolism genes (c), fungal organic N cycling genes (i.e. genes
encoding for enzymes that EMF produce to access organic N, including peroxidases, multicopper oxidases, peptidases, and proteases (d), and
the number of gene models identified in the fungal genome as an indicator of metabolic activity (e). Fungal energy and nutrient metabolism
genes (i.e. ATP production, inorganic N metabolism) are a predefined KEGG metabolic pathway (Pathway 1.2) while organic N cycling genes
were aggregated using PFAMs annotations. Gene proportions were calculated as the number of specific gene sequences relative to total gene
numbers assigned to operational taxonomic units (OTUs; 97% sequence similarity) weighted based on relative taxon abundance (community
weighted mean; CWM). Number of gene models was also calculated as a CWM trait value. Values show predicted tree growth while controlling
for the influence of other covariates in the full statistical model (see Materials and Methods). Linear lines, confidence intervals (95%), and R2

values are displayed, and asterisks indicate significance (p ≤ 0.0001).
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previous work has shown that year-to-year variation in fungal communities
is low at regional to continental scales [42, 43]. Allometric equations for
dominant tree species within our observed size and geographic range
were used to calculate aboveground biomass using equations from the
GlobeAllomeTree database [44]:

Pinus sylvestris12.91-2.8035*(DBH)+ 0.3535*(DBH)2

Fagus sylvatica0.19465*(DBH)2.418775

Picea abies0.4626*(DBH)2.133

Quercus robur & Q. petraea0.23095*(DBH)2.27265

The percentage of tree mass which is carbon versus other elements was
estimated using IPCC Good Practice Guidance for Land Use, Land-Use
Change and Forestry and assumed to be 50% [45].
We also downloaded metadata for each plot (where available) within the

ICP Forests database based on long-term in situ measurements using
harmonized methods for N deposition (similar to ref. [46]), soil pH, and soil
inorganic N concentrations (ammonium and nitrate). Because N deposition
measurements were incomplete across the study plots, we used N
deposition data from 2010–2015 from the European Monitoring and
Evaluation Program (EMEP) at a 1-km spatial resolution, which was tightly
correlated with the ICP Forest N deposition measurements (R2= 0.5, p <
0.0001; similar to ref. [38]). Soil solution measurements for inorganic N were
made on soil water fractions collected weekly, bi-weekly, or monthly except
at sites where water for collection was too scarce and/or where snow and
ice prevented winter sampling. Soil pH was measured in CaCl2 using
potentiometry. We calculated inorganic N and soil pH values obtained
between 2010–2017 at a 0–25 cm depth. This falls within the same time-
frame and soil depth as the EMF community sampling. Detailed description
of analytical methods may be found in the ICP forest manual [47]. We also
downloaded and used information on the average stand age class of each
plot. Lastly, we downloaded 1-km spatial resolution mean annual
temperature (MAT) and precipitation (MAP) data from WorldClim2 [48].

Fungal ITS data analysis. Full length ITS DNA sequences obtained from
ectomycorrhizae by [39] were used for the EMF community analysis.
Complete information on the sampling is described in the original publication
and in ref. [49]. In short, ectomycorrhizae were characterized for 137 ICP Forest
level II sites between 2006–2008 and 2013–2015. At each site, four soil cores
(25 cm deep, 2 cm diameter) were collected from underneath 24 tree-to-tree
transects and sampled for 288 ectomycorrhizae per plot. A total of 87 plots
had paired EMF community and forest inventory data and 71 plots had
complete data for all variables included in the full statistical models.
After downloading the DNA sequence data from DRYAD, a fastq file was

produced using Phred scores from the qual file using the Unipro UGENE
software [50], and sequences were trimmed at a Phred score threshold of <20
and sequences <100 bp were removed using the Sequence quality trimmer
function in UGENE. Of the 35,989 sequences, we retained 32,219 after quality
control. We then used the usearch_global function in usearch (v11) [51] to
match sequences at a 97% sequence similarity threshold against the full
UNITE+ INSD database (2018-11-18) [52].
Using the fungal genomic portal, MycoCosm [53], we assigned ITS

sequences genomic traits related to the functioning of ectomycorrhizae.
Similar methods have been developed for phylogenetic inference using
prokaryote 16S surveys [54, 55] but were modified for ITS analysis in this study
since the ITS region is less suitable for phylogenetic analyses across all fungi.
We used the MycoCosm All-Fungi Species Tree (downloaded from [56] to
determine whether there was phylogenetic signal to the genomics traits of
interest, including numbers of enzyme nomenclature (EC) related protein
sequences (hereafter: gene numbers) based on functions in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and protein family (PFAM)
groups related N cycling (i.e., N permeases and ammonium sensing genes),
proteolysis (i.e., peptidases, proteases), decomposition of N-bearing com-
pounds (i.e., oxidases and multicopper oxidases), and fungal cell wall
biosynthesis (i.e., chitin and glucan biosynthesis). We also summed peptidase,
protease, and decomposition of N bearing compounds to study total organic
N cycling genes given the overall importance of ectomycorrhizal organic N
acquisition in forest ecosystems [16]. Many KEGG functions are directly
relevant to the exchanges occurring between host plants and EMF, including
energy and nutrient, nitrogen and amino acid, and carbohydrate metabolism
and various anabolic and catabolic pathways. We also considered the total
number of gene models per genome as a proxy for metabolic activity [57] and
specifically how microorganisms grow and metabolize carbon.
The phylogenetic tree was pruned to only include species from genera in

our dataset which restricted the analysis to species from 101 fungal genera.

We tested for phylogenetic signal of gene numbers using the phylosig
function in the phytools package [58] using 10,000 simulations and after
setting method= “K” and method= “lambda” to calculate Bloomberg’s K and
Pagel’s lambda, respectively (see Table S1). After screening for phylogenetic
signal, we first assigned functional genes to direct species matches,
accounting for 50% of the matched OTUs, and then to species and genera
without direct reference genome matches when there was significant
phylogenetic signal. Where there was phylogenetic signal, but not a direct
species match, we assigned the average genus-level gene number from all
species within a genus in MycoCosm to an OTU. OTUs were not included in
this analysis if they were not assigned a genus-level taxonomy. See Fig. S1 for
a decision tree outlining this approach. To account for differences in genome
size which could lead to spurious correlations, we standardized for genome
size by calculating the proportion of genes representative of each function
relative to genome size using the total number of genes, an approach similar
to ref. [56]. Proportional gene numbers were then weighted based on relative
abundance in the OTU table to calculate community weighted mean (CWM)
trait values. Trait values were weighted based on relative abundance using the
base weighted.mean R function. Of the 101 genera identified in the dataset,
54 KEGG and 47 PFAM assignments were made; of the 1022 OTUs in the
dataset, 512 KEGG and 455 PFAM assignments were made, and of the total
sequences, 46% were assigned KEGG and 25% PFAM annotations. Half (258)
of the assigned OTUs were exact reference species matches.
It is important to address that inferring potential microbiome functions

from DNA metabarcoding studies is very common [55, 59–62] but has been
debated in the literature [63]. Criticism has focused on 16S analyses inferring
functional profiles from environmental samples when there is poor overlap
between observed taxa and those with reference genomes [63]. Yet in our
study, we largely avoided this issue by focusing on root-associated EMF—50%
of the species and genera identified in our dataset have a direct species or
genus-level match to reference genomes in MycoCosm (see above). This
method is also uniquely informative. We could not use metagenomics since
high bacterial ribosomal copy numbers largely prevents fungal analyses [64],
and alternative DNA-based methods are laborious and cost-prohibitive [65].
Thus, cautiously assigning functional potentials to EMF on a study-by-study
basis using reference genomes may be a viable technique as long as there is
high overlap between observed and reference taxa in MycoCosm.

Data analysis
Fungal community analyses. All statistical analyses were conducted in R
(v3.6.1) [66], and significance was set to p ≤ 0.05. We calculated beta
diversity, fungal richness (# of OTUs), community diversity (Shannon
index), and CWM functional gene values. First, we randomly rarified the
dataset to the lowest number of observations (115 DNA sequences per
plot) using the rrarefy function in the vegan package [67]. This is a robust
sequencing depth for EMF Sanger sequencing [68–70], and has previously
been shown to correspond well with high-throughput EMF DNA
sequencing techniques [71, 72]. We then calculated relative OTU
abundances, produced a Bray–Curtis dissimilarity matrix using the vegdist
function (vegan), and represented EMF composition using principal
coordinates analysis (PCoA) via the pcoa function in the ape package
[73]. Fungal richness and diversity (Shannon index) were calculated using
the specnumber and diversity functions in vegan, respectively. The
relationship between fungal community composition, fungal functional
potentials inferred using CWM gene numbers, and tree growth was
assessed using distance-based redundancy analysis (db-RDA).
Using the OTU-based Bray–Curtis dissimilarity matrix (computed for all

137 sites), we performed hierarchical clustering using the base hclust
function in R. The optimal number of clusters was evaluated using the
elbow method [74]. We then used analysis of means and the ANOM
function in the ANOM package [75] to identify clusters from sites with
greater and lower tree growth rates than the overall mean. This resulted in
a fairly balanced number of sites between slow and fast growth
communities in the needle- (nslow= 14 vs. nfast= 12) and broadleaf
(nslow= 14 vs. nfast= 19) sites, respectively. EMF cluster was then used as a
discriminatory factor for indicator species analysis performed using the
multipatt function in the indicspecies package [76].

Tree growth models using generalized additive models. Generalized
additive models (GAMs) were used to predict tree growth (kg C yr−1)
rates at the plot level using the gam function in the mgcv package [77]. We
used statistically independent fixed effects (r2 < 0.5) including tree
density, forest stand age class, a binary categorical factor for needleleaf
and broadleaf tree types, MAT, MAP, N deposition, soil pH, and inorganic
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N concentrations (soil ammonium+ nitrate concentrations). We fit smoothing
functions using penalized regression splines to reduce over-fitting to
predictors with non-linear correlations to tree-growth, including stand age
and stand density (Fig. S2). Spline fits were assessed using the plot.gam
function, and smoothness selection optimization and basis dimensions were
determined using the gam.check function. We used restricted maximum
likelihood methods for smoothing parameter estimation. Separate models
were created for each fungal parameter without smoothing functions. Models
were inspected for normal distribution of the residuals, residual versus fitted
plots, and issues of multicollinearity among predictors based on variance
inflation factors. Growth was natural log transformed to satisfy the assumption
of homoscedasticity.
We also estimated plot level tree growth (Mg C ha−1 y−1) rates as opposed

to individual tree growth rates (kg C y−1) to explore differences at the stand
level between forests classified as part of the slow- versus fast-tree growth
associated EMF community types. Since periodic DBH measurements are not
made on every tree in the plots (i.e., only a subset of trees in level II ICP Forest
plots are measured for growth) we could not simply compute the sum
biomass C gain of all trees. We therefore randomly sampled with replacement
trees which are periodically measured until reaching the in situ stem density
of each plot 1000 times. From this distribution, we summed the biomass-C
gain across all trees. Following the same procedure as above, we then
modeled plot level tree growth using fungal community composition as a
predictor variable. Significant differences between sites classified as part of
the slow- versus fast-tree growth associated EMF community types were
evaluated using heteroscedastic t-tests.
For visualization, we calculated model partial residuals with respect to the

fungal predictor [78], and then added the effect of all other predictors at their
mean values, so that data could be interpreted on their original scale.
Mathematically, this can be expressed as:

y i ¼ f ðx i ^1Þ þ f ðx� ^ð2n � nÞÞ þ ε

Where y i is the vector of partial residuals on the original scale of the data,
x i ^ 1 is the vector of observed values with which partial residuals are
calculated relative to, x � ^ð2n � nÞ are the remaining model covariates at
their mean values, and ε is the vector of fitted model residuals. f ðxÞ represents
the fitted functional forms of how each independent variable affects the
dependent variable output by the generalized additive model.

RESULTS
Trends in tree growth rate and co-variable quality and
independence
Correlations between non-fungal environmental predictor variables
and tree growth rate were consistent with expectations based on
previous studies from the ICP Forest network. Mean annual
temperature (r= 0.39, p< 0.0001), stand density (r=−0.38, p<
0.0001), and N deposition (r= 0.27, p< 0.01; see Fig. S2) were most
tightly correlated with tree growth. These were also the top three
predictors of tree growth rate in a recent study conducted across
~300 ICP level II plots [38]. Tree growth rate also varied non-linearly
with stand age class, an expected pattern in boreal and temperate
forests [79] and across the ICP Forest network [38]. Inorganic N
concentrations and soil pH were both positively correlated with tree
growth rate, but this was not significant. Consistent with previous
studies [39], environmental predictor variables were not highly
correlated with the fungal community, and their individual effects
were distinguishable, as indicated by low variance inflation factors in
the full statistical models [80] (1.3-2.6; Table S2). Expected patterns
between tree growth rate and non-fungal environmental predictor
variables and sufficient independence among non-fungal predictors
and the fungal community supports the idea that we can address
our main research objectives to explore the relative effects of EMF
community variation on tree growth rates.

Fungal community and functional gene linkages to tree
growth rate
Multiple features of the EMF community were linked to tree
growth rates and were statistically independent of other environ-
mental drivers of tree growth. Tree growth was strongly correlated
with fungal community composition (represented as PCoA axis 1;

Fig. 1b), and explained more variation than mean annual
temperature and precipitation, N deposition, soil inorganic N
concentrations, and soil pH (see variance partitioning results in
Fig. S3). The total model explained 54% of the variation in tree
growth rate. The same model, but without the fungal community
predictor, captured 37% of the variation. Similar fungal composi-
tion effects were also observed when tree species were examined
individually (Fig. S4). Conversely, fungal richness (p= 0.89) and
diversity (Shannon index; p= 0.57) were not significantly corre-
lated with tree growth (Table S3). These results suggest that EMF
alpha diversity is not strongly linked to tree growth while variation
in EMF community composition (beta diversity) is a top predictor
of tree growth rate across Europe.
To examine which functional features of the fungal community

were associated with changes in tree growth rates, we evaluated
functional genes related to nitrogen acquisition, soil organic
matter decomposition, and fungal growth as community-
weighted functional gene proportions. Among all gene groups,
fungal energy and nutrient metabolism gene proportions were
the strongest predictors of tree growth (Fig. 1c). These metabolic
pathways reflect genomic investments in releasing chemical
energy, including ATP production (e.g., oxidative phosphorylation,
dissimilatory sulfate reduction) and inorganic N metabolism (i.e., N
reduction, oxidation, transport). Conversely, the relative abun-
dance of organic N cycling genes, including peptidases, proteases,
multicopper oxidases, and peroxidases was negatively correlated
with tree growth rate (Fig. 1d). No genes related to fungal growth
were significantly correlated with tree growth rate (e.g., glycan
biosynthesis, p= 0.11; glucan biosynthesis, p= 0.67; chitin bio-
synthesis, p= 0.11; Table S3), but the number of gene models per
genome was negatively correlated with tree growth (Fig. 1e).
These results show that fungal communities with fewer genes in
their genome and which are energetically more active and
inorganic N specialized are linked to fast tree growth.
To better understand differences in functional capacities

between fungal communities linked to slow- vs. fast-tree growth,
we examined differences in functional gene composition among
EMF community types using distance-based redundancy analysis.
Consistent with our full statistical growth models, fast-tree growth
associated EMF communities harbored higher proportions of
energy and nutrient metabolism genes, lower proportions of
organic nitrogen cycling and N permease genes, and had fewer
gene numbers in their genomes (Fig. 2). While these differences
were observed in both broad- and needleleaf dominant forests,
needleleaf inhabiting EMF communities had lower proportions of
energy and nutrient metabolism genes, higher proportions of
organic N cycling genes, and a greater total number of gene
models compared to broadleaf forests.
Next, we identified fungal taxa that were indicative of the

hierarchically clustered slow- and fast-tree growth associated EMF
community groupings (Fig. 3). Forty operational taxonomic units
(OTUs) were significant indicator species of the slow- (11 OTUs)
and fast-tree growth (29 OTUs) associated EMF communities
(Table S4). Russula ochroleuca was the only indicator species of fast
tree growth in both the broad- and needleleaf dominant stands.
Other taxa were strictly indicators of needle vs. broadleaf forests.
For example, two Cenococcum OTUs, including C. geophilum were
indicators of fast needleleaf tree growth, while a distinctive
Cenococcum OTU was indicative of fast broadleaf tree growth. A
suite of less-common Piloderma OTUs, including P. fallax and P.
byssinum, were indicators of fast-tree growth in the needleleaf
stands but not the broadleaf stands. Fungal OTUs identified at the
family-level included indicators of both slow- and fast-tree growth.
At the stand versus individual tree level, we compared growth

rates between all forests classified as part of the slow- or fast-tree
growth associated EMF community groupings after controlling for
the environment and other covariates. Stand-level tree growth
rate was 2.3 and 5.9 Mg C ha−1 yr−1 in the slow- versus fast-tree
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growth associated broadleaf EMF community forests, respectively,
and it was 1.1 and 3.0 Mg C ha−1 yr−1 in the slow- versus fast-
growth associated needleleaf EMF community forests, respectively
(Fig. 4). This approximate tripling of tree growth rates among
forests with particular ‘fast-tree growth’ communities is equivalent
to the variation in tree growth driven by other large-scale
environmental predictors in this analysis, including mean annual
temperature and precipitation.

DISCUSSION
The importance of EMF in forest ecosystems is of long-standing
interest [3, 4, 81], but more recently, focus has shifted towards
understanding the implications of fine-scale EMF community
variation for ecosystem function [5, 33, 82]. A central forest
function affected by EMF is tree growth, but the effects of
ectomycorrhizal community variation on tree growth in actual
forests have not been well studied, until now, due to an absence
of paired molecular mycorrhizal and high resolution forest
inventory data. Here, we show that, along with climate, soil, and
stand characteristics, the composition of soil EMF communities is a
prominent predictor of forest growth across the European
continent. These findings bring clarity to the debate around
whether microbial species level differences impact microbial
functions. A common argument against species level effects is
that fungal communities are characterized by high levels of
functional redundancy [34–36]. However, we show that composi-
tional and functional differences at the aggregate community
level overwhelm species trait overlap and are linked to a three-
fold difference in tree growth rate (Fig. 1b). While our results are
based on observational analyses and it is not yet possible to assign
causality or directionality to the correlations identified here (i.e., is

tree growth correlated with variation in EMF communities and/or
is EMF community variation driven by tree growth?), our study is
the first to link fine-scale EMF community variation to ecosystem
functioning at a continental scale.

Ectomycorrhizal composition is linked to tree growth rate via
N cycling potentials and genome characteristics indicative of
mycorrhizal exploration types
Tree growth rate was strongly correlated with variation in fungal
community composition. While tree growth was positively
correlated with fungal richness and diversity (alpha diversity),
these effects were not significant. This lends support to the idea
that EMF identity, and to a lesser extent alpha diversity, are drivers
of tree nutrition and growth [23, 24, 83–85]. Why EMF richness was
not correlated with tree growth may be due, in part, to high EMF
richness levels. Diversity-function relationships saturate when tree
richness is high [86], and EMF richness vastly exceeds that of
plants. Further and because there is mixed evidence for negative
[87] and positive [88–90] EMF alpha diversity effects on tree
seedling development, EMF alpha diversity effects are likely
context dependent (i.e., in low diversity EMF systems) and
localized [83]. Conversely, EMF composition effects may be
widespread throughout actual forests and are predictable at large
spatial scales. This idea has been insinuated for decades based on
experimental pairings between tree seedlings and EMF from
diverse clades and functional groups [9, 12, 19–21, 23, 24], but
until now, it has not been tested across actual forests with large
variation in tree growth rates nor has it been studied in the
context of variation in fungal functional genes. We specifically find
that variation in fungal composition is linked to contrasting
nutrient acquisition strategies and that slow tree growth is
associated with EMF communities harboring high organic N
cycling gene proportions. Our findings hold significant implica-
tions for fungal conservation (i.e., monitoring of taxa which
promote forest tree growth) and responses to global changes (i.e.,
if climate change selects for different EMF functional groups) that
could ripple up to affect forest productivity.
By analyzing the functional potential of EMF communities, we

also identified two contrasting functional axes correlated with tree
growth related to inorganic vs. organic N acquisition. Ectomycor-
rhizal fungi have varying capacities to take up inorganic [88, 91]
and organic [92] N sources. Here, we found a positive effect of
fungal energy and nutrient metabolism genes, including inorganic
N metabolism gene proportions, on tree growth rate. Since EMF
largely function to provide host plants with N [16], this finding is
consistent with fundamental mycorrhizal theory. However, we also
found a negative effect of organic N cycling genes on tree growth
rate, including oxidative enzymes, peptidases, and proteases. This
effect was strongly driven by proportions of multicopper oxidases
which were most negatively correlated with tree growth (p <
0.0001; Table S3). These enzymes depolymerize soil organic
matter, one of the major rate limiting steps in making N
bioavailable [93]. These enzymes are also energetically expensive
microbial investments [94–96]. The net cost to plants imposed by
EMF may be high when partnered primarily with organic N
specialized communities if they require high host plant carbon
allocation [97, 98]. Of course, organic N specialized communities
may be selected for by low inorganic N availability [96]. However,
the proportion of organic N cycling genes in our study was weakly
and significantly positively correlated with inorganic N availability
(Fig. S5). This suggests that communities with higher organic N
acquisition potential are not responding to inorganic N limitations
and might even make it more available. Importantly, gene
numbers and their associated processes are not always correlated
[99], highlighting the importance of these values as potential
genomic functions. Our functional gene analysis also has draw-
backs due to reliance on databases. Assignments were not
possible if OTUs did not have a species or genus-level taxonomic

Fig. 2 Fungal composition depicting community types and
genomic functional gene potentials associated with tree growth
rate. Distance-based redundancy analysis (RDA) performed using
fungal relative abundances converted to Bray–Curtis dissimilarities
and fungal functional gene community weighted mean proportions
and tree growth rate as explanatory variables. Note the configura-
tion of fungal communities associated with fast tree growth
corresponds with higher proportions of energy and nutrient
metabolism, amino acid metabolism (AA), carbohydrate metabolism,
and to a lesser extent, inorganic N metabolism genes, glucan
biosynthesis (Glucan), and glycan biosynthesis (Glycan) genes.
Fungal communities associated with slow tree growth correspond
with organic N cycling (peptidases, proteases, multicopper oxidases,
peroxidases), N permease gene proportions, and number of gene
models in the genome (No. of genes).
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assignment in the UNITE database (41% of the OTUs lacked a genus/
species assignment) nor if species or genera were absent from
MycoCosm (50% of the OTUs were absent). Even though we could
not create a complete functional representation of the community,
we were still able to observe strong N cycling gene correlations with
tree growth, albeit only for part of the EMF community.
In addition to variation in N acquisition potentials, fungi exhibit

variable size and complexity to their genomes with implications for
overall metabolic function. We found a negative correlation between
tree growth rate and the number of gene models per genome. To
explore this further, we linked EMF species found in our dataset to
their exploration types using the Fungal Traits database (v1.2; see
Table S5 for a summary of the exploration type assignments) [100].
Medium- and long-distance soil exploration fungi harbor higher
numbers of gene models compared to contact and short-distance
coarse types (Fig. 5a). Medium and long exploration types may
require more C from their host plants [101], a C cost that could
constrain tree growth [98]. The relative abundance of medium-
distance fringe EMF, the group with the largest number of gene
models and which produce the most extensively fanning hyphae
and rhizomorphs [102], was negatively correlated with tree growth
rate (Fig. 5b), particularly in needleleaf stands where they were at

higher relative abundance than broadleaf stands. Conversely, the
relative abundance of contact type EMF, which produce the least
emanating hyphae, was positively correlated with tree growth rate
(R2= 0.11, p= 0.005) and this effect was the same between forest
types (Fig. S6). Thus, proportions of different EMF soil exploration
types in communities may be an underlying mechanism to explain
variation in tree growth as they have also been linked to a tipping
point in tree mineral nutrition in the same forests [103]. How this may
apply to older forests with different proportions of EMF exploration
types remains uncertain. EMF which produce high amounts of
emanating hyphae may peak at intermediate forest ages [104],
including in our analysis at 90 years old (Fig. S7) and may shift
towards greater organic N usage with stand age [105]. It thus
remains premature to assign causality among tree growth rates, EMF
community gene numbers, and exploration types or to disentangle
the directionality of these correlations across time, but this is an
exciting new area of molecular mycorrhizal research with implica-
tions for forest tree growth.

Fungal taxa associated with slow- and fast-growing forests
A number of the commonly observed slow- and fast-tree growth
associated indicator species have well-described N metabolism

Fig. 3 Fungal taxonomic indicator species representative of the slow- and fast-tree growth associated EMF community clusters in
needleleaf (Scots pine and Norway spruce) and broadleaf (European beech and mixed oak) forests. The relative abundance of significant
fungal indicator taxa identified to the highest taxonomic level and organized for visual purposes by rank abundance. Each species-level taxon
is annotated with a reference species hypothesis identifiable by the internal transcribed spacer region DNA sequence aligned at ≥97%
sequence similarity to references in the UNITE database. Bars show the mean relative abundance of taxa across all plots where taxa occurred,
and error bars show the standard error.
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strategies which could affect tree growth. Notably, Russula ochro-
leuca, the most common indicator of fast broad- and needleleaf tree
growth, is known to forms symbioses with both tree types [39] and
has been previously classified as nitrophilic, being at increased
relative abundance where N deposition levels are high [97]. This
fungus takes amino acids up more slowly than other common
European EMF and may primarily use inorganic N [92], which is
energetically favorable compared to organic N [94, 106] and could
promote tree growth. Other indicators were linked to tree growth
rates consistent with previously described effects. For example, the
fast-tree growth associated taxon in needleleaf forests, Cenoccocum
geophilum, has been experimentally shown to boost Pinus tabulae-
formis growth [107], in addition to numerous other tree species as it a
host-generalist [9, 108], and it provides a range of benefits to host
plants under stressful conditions [11, 109]. Piloderma species were
also indicators of fast-tree growth in the needleleaf stands, and
Piloderma has been shown to positively correlate with Scots pine
gross primary productivity in Finland [110]. For some taxa, host
specificity may explain ‘slow-growth’ designations. For example,
Lactarius quietus was indicative of slow needleleaf tree growth,
potentially because it is a broadleaf specialist [39]. Observations that
a number of indicator species identified here are associated with tree
growth rates consistent with previous studies lends further support
to our findings.
Despite our results being consistent with decades of mesocosm

studies and multiple different angles of mycorrhizal theory on N
cycling and C demand by different soil exploration types, we
cannot discern whether observed fungal effects drive and/or
respond to variation in tree growth rates—a limitation of any large
scale observational study. The fungal effects observed in this study
likely emerge as the result of a combination of positive and
negative feedbacks and additional environmental attributes. It is
additionally possible that the fungal effects we observed
represent environmental factors not considered in our study—

i.e., our fungal effects are ‘merely’ powerful bio-indicators of
unknown, underlying drivers of tree growth. However, by
including the most important drivers of tree growth rate across
the ICP Forests network in our full statistical models, including N
deposition, climate, and stand characteristics (sensu [38]), we can
at least confirm that these fungal effects capture unique variation
in tree growth above and beyond the most widely recognized
environmental drivers of tree growth. While EMF fungal commu-
nities are also affected by many of the environmental factors
considered here, climate, N deposition, soil properties, host plant
characteristics, and geography only capture 37% of the variation
in EMF community composition in this dataset [39] and even less
variation in other studies [111]. This, in addition to low variance
inflation factors in our statistical models, indicates that observed
fungal effects are not simply reflections of the main environmental
drivers of tree growth across the ICP Forests network. Never-
theless, future experimental work that manipulates actual forest
EMF communities will be essential to validate and tease apart the
directionality of our findings.

Fig. 4 Annual aboveground forest tree growth aggregated at the
stand level comparing forests classified as part of the slow- and
fast-tree growth associated ectomycorrhizal fungal community
types in needleleaf (Scots pine and Norway spruce) and broadleaf
(European beech and mixed oak) forests. Values show predicted
tree growth rates at sites classified as part of the slow vs. fast tree
growth associated EMF communities while controlling for the
influence of other covariates. Significantly different values were
evaluated using heteroscedastic t-tests. Different lowercase letters
indicate significant differences (p ≤ 0.05).

Fig. 5 The relationship between ectomycorrhizal fungal explora-
tion type, number of gene models, and tree growth rate. Number
of gene models was summarized by ectomycorrhizal exploration
types based on species and genera identified in this study (a).
Examples of genera with particular exploration types in the study
are included in parentheses. Significant differences were tested
using heteroscedastic t-tests to account for unequal sample
numbers and differences are indicated using different lower-case
letters (p ≤ 0.05). No comparisons were made against the mat-
forming type as there were too few species with sequenced
genomes identified in our study. The correlation between tree
growth rate and the relative abundance of medium-distance fringe
type EMF (b). Values show predicted tree growth while controlling
for the influence of other covariates in the full statistical model.
Linear lines, confidence intervals (95%), and R2 values are displayed
(***= p ≤ 0.0001). Note that this correlation was significant for both
broad- (R2= 0.18, p= 0.03) and needleleaf (R2= 0.66, p < 0.0001)
forests when examined individually.
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Stand-level tree growth rates are tripled in association with
fast-growth communities
Our results suggest that EMF community differences strongly
impact mature tree growth, and that this could have important
impacts on forest carbon storage. To test this, we aggregated
individual tree-level growth data to the plot level and compared
all forests classified as part of the slow- or fast-tree growth
associated EMF community groups after controlling for the
environment and other covariates. Fungal communities associated
with fast tree growth were linked to an approximate tripling in
tree growth (Fig. 4). While these differences are large, and at the
high ranges for these trees [112], they do not consider how tree
growth rates may covary with tree mortality rates, belowground
productivity, or soil carbon cycling. We emphasize that for these
reasons, observed differences in tree-growth do not necessarily
translate to changes in ecosystem-scale carbon storage. Never-
theless, tree growth rate is a fundamental component of the forest
carbon cycle, and our study is the first to describe how fine-scale
variation within a key group of the forest microbiome may control
forest productivity at a vast spatial extent.
In conclusion, forests are one of the largest terrestrial C sinks.

Understanding the mechanisms underpinning the strength of this
forest C sink is critical for projecting land C storage under current
and future climate scenarios. Here, we show that, along with
climate, soil, and stand characteristics, the composition of EMF
communities may be a prominent factor governing forest tree
growth across the European continent. This is consistent with
decades of micro- and mesocosm studies suggesting that EMF
community composition regulates the development of individual
tree seedlings. Our study highlights a division where fast growing
forests harbor inorganic N specialized communities with high
proportions of contact type ectomycorrhizae while slow growing
forests are enriched in organic N EMF specialists dominated by
medium-distance fringe soil exploration types. These continental
patterns provide initial insights into integrating mycorrhizal fungal
traits (i.e., N cycling genes studied here) into plant-growth models,
such as FUN [113], and the potential for managing forest soil EMF
communities to regulate forest tree growth rate, analogous to
large scale epidemiological work which links variation in human
gut microbial community composition to human health [114, 115].
Specifically, the conservation of fungi which regulate tree growth
rates and the development of fungal inoculations targeted to
specific forest functions (i.e., tree growth rates and/or nutrient
cycling) are among two emergent opportunities for managing
forests to promote forest C storage under a changing climate.

DATA AND CODE AVAILABILITY
All data used to analyze the fungal community is available from the original authors
via DRYAD (https://datadryad.org/) with, https://doi.org/10.5061/dryad.cr70qc8.
Access to the forest inventory and environmental data sets is available via the ICP
Forests network upon request (http://icp-forests.net/page/data-requests). Restrictions
apply to the availability of these data without a formal data request, though may be
made available for the purposes of replicating this analysis. R scripts for working up
the raw data and analysis are available at https://gitlab.ethz.ch/manthony/icp-forest-
growth-and-ecm-fungi.

REFERENCES
1. Vittadini C. Monographia lycoperdineorum. Augustae Taurinorum, Torino, 1842.
2. Frank B. On the nutrition of certain trees by underground fungi based on root

symbiosis. Plant Biol. 1885;3:128–45.
3. Gadgil RL, Gadgil P. Mycorrhiza and litter decomposition. Nature

1971;233:133–133.
4. Harley J. Problems of mycotrophy. London: Academic Press; 1975.
5. Clemmensen KE, Finlay RD, Dahlberg A, Stenlid J, Wardle DA, Lindahl BD. Car-

bon sequestration is related to mycorrhizal fungal community shifts during
long‐term succession in boreal forests. N. Phytol. 2015;205:1525–36.

6. Crowther TW, Van den Hoogen J, Wan J, Mayes MA, Keiser A, Mo L, et al. The
global soil community and its influence on biogeochemistry. Science 2019;365:
eaav0550.

7. Bueno CG, Moora M, Gerz M, Davison J, Öpik M, Pärtel M, et al. Plant mycorrhizal
status, but not type, shifts with latitude and elevation in Europe. Glob Ecol
Biogeo. 2017;26:690–9.

8. Steidinger BS, Crowther TW, Liang J, Nuland MEV, Werner GDA, Reich PB, et al.
Climatic controls of decomposition drive the global biogeography of forest-tree
symbioses. Nature 2019;569:404–8.

9. Dixon RK, Garrett HE, Cox GS, Marx DH, Sander IL. Inoculation of three Quercus
species with eleven isolates of ectomycorrhizal fungi. I. inoculation success and
seedling growth relationships. Science. 1984;30:364–72.

10. Sim M-Y, Eom A-H. Effects of ectomycorrhizal fungi on growth of seedlings of
Pinus densiflora. Mycobiology 2006;34:191–5.

11. Dickie IA. Host preference, niches and fungal diversity. N. Phytol.
2007;174:230–3.

12. Alberton O, Kuyper TW, Gorissen A. Competition for nitrogen between Pinus
sylvestris and ectomycorrhizal fungi generates potential for negative feedback
under elevated CO2. Plant Soil. 2007;296:159–72.

13. Karst J, Marczak L, Jones MD, Turkington R. The mutualism–parasitism con-
tinuum in ectomycorrhizas: a quantitative assessment using meta-analysis.
Ecology 2008;89:1032–42.

14. Dalong M, Luhe W, Guoting Y, Liqiang M, Chun L. Growth response of Pinus
densiflora seedlings inoculated with three indigenous ectomycorrhizal fungi in
combination. Braz J Microbiol. 2011;42:1197–203.

15. Bennett JA, Maherali H, Reinhart KO, Lekberg Y, Hart MM, Klironomos J. Plant-
soil feedbacks and mycorrhizal type influence temperate forest population
dynamics. Science 2017;355:181–4.

16. Read DJ, Perez‐Moreno J. Mycorrhizas and nutrient cycling in ecosystems – a
journey towards relevance? N. Phytol. 2003;157:475–92.

17. Buscot F, Weber G, Oberwinkler F. Interactions between Cylindrocarpon
destructans and ectomycorrhizas of Picea abies with Laccaria laccata and Pax-
illus involutes. Trees. 1992;6:83–90.

18. Morin C, Samson J, Dessureault M. Protection of black spruce seedlings against
Cylindrocladium root rot with ectomycorrhizal fungi. Can J Bot. 1999;77:169–74.

19. Abuzinadah RA, Read DJ. The role of proteins in the nitrogen nutrition of
ectomycorrhizal plants. N. Phytol. 1989;112:55–60.

20. Jongbloed RH, Clement JMAM, Borst-Pauwels GWFH. Kinetics of NH4+ and K+

uptake by ectomycorrhizal fungi. effect of NH4+ on K+ uptake. Phys Plant
1991;83:427–32.

21. Selosse M, Bouchard D, Martin F, Tacon F. Effect of Laccaria bicolor strains
inoculated on Douglas-fir (Pseudotsuga menziesii) several years after nursery
inoculation. Can J Res. 2000;30:360–71.

22. Hoeksema JD, Chaudhary VB, Gehring CA, Johnson NC, Karst J, Koide RT, et al. A
meta-analysis of context-dependency in plant response to inoculation with
mycorrhizal fungi. Ecol Let. 2010;13:394–407.

23. Kipfer T, Wohlgemuth T, Heijden MGA, van der, Ghazoul J, Egli S. Growth
response of drought-stressed Pinus sylvestris seedlings to single- and multi-
species inoculation with ectomycorrhizal Fungi. PLoS ONE. 2012;7:e35275.

24. Pena R, Polle A. Attributing functions to ectomycorrhizal fungal identities in
assemblages for nitrogen acquisition under stress. ISME J. 2014;8:321–30.

25. Mueller RC, Scudder CM, Whitham TG, Gehring CA. Legacy effects of tree
mortality mediated by ectomycorrhizal fungal communities. N. Phytol.
2019;224:155–65.

26. Policelli N, Horton TR, Hudon AT, Patterson TR, Bhatnagar JM. Back to roots: the
role of ectomycorrhizal fungi in boreal and temperate forest restoration. Front
Glob Change. 2020;3:97.

27. Bever JD, Schultz PA, Pringle A, Morton JB. Arbuscular mycorrhizal fungi: more
diverse than meets the eye, and the ecological tale of Why: the high diversity of
ecologically distinct species of arbuscular mycorrhizal fungi within a single
community has broad implications for plant ecology. BioScience
2001;51:923–31.

28. Delgado‐Baquerizo M, Giaramida L, Reich PB, Khachane AN, Hamonts K,
Edwards C, et al. Lack of functional redundancy in the relationship between
microbial diversity and ecosystem functioning. J Ecol. 2016;104:936–46.

29. Nelson MB, Martiny AC, Martiny JBH. Global biogeography of microbial
nitrogen-cycling traits in soil. PNAS 2016;113:8033–40.

30. Louca S, Parfrey LW, Doebeli M. Decoupling function and taxonomy in the
global ocean microbiome. Science 2016;353:1272–7.

31. Louca S, Jacques SMS, Pires APF, Leal JS, Srivastava DS, Parfrey LW, et al. High
taxonomic variability despite stable functional structure across microbial com-
munities. Nat Ecol Evol. 2016;1:1–12.

32. Louca S, Polz MF, Mazel F, Albright MBN, Huber JA, O’Connor MI, et al. Function
and functional redundancy in microbial systems. Nat Ecol Evol. 2018;2:936–43.

M.A. Anthony et al.

1334

The ISME Journal (2022) 16:1327 – 1336

https://datadryad.org/
https://doi.org/10.5061/dryad.cr70qc8
http://icp-forests.net/page/data-requests
https://gitlab.ethz.ch/manthony/icp-forest-growth-and-ecm-fungi
https://gitlab.ethz.ch/manthony/icp-forest-growth-and-ecm-fungi


33. Lindahl BD, Kyaschenko J, Varenius K, Clemmensen KE, Dahlberg A, Karltun E,
et al. A group of ectomycorrhizal fungi restricts organic matter accumulation in
boreal forest. Ecol Lett. 2021;24:1341–51.

34. Rineau F, Courty P-E. Secreted enzymatic activities of ectomycorrhizal fungi as a
case study of functional diversity and functional redundancy. Ann Sci.
2011;68:69–80.

35. Talbot JM, Bruns TD, Taylor JW, Smith DP, Branco S, Glassman SI, et al. Ende-
mism and functional convergence across the North American soil mycobiome.
PNAS 2014;111:6341–6.

36. Banerjee S, Kirkby CA, Schmutter D, Bissett A, Kirkegaard JA, Richardson AE.
Network analysis reveals functional redundancy and keystone taxa amongst
bacterial and fungal communities during organic matter decomposition in an
arable soil. Soil Bio Biochem. 2016;97:188–98.

37. Hall EK, Bernhardt ES, Bier RL, Bradford MA, Boot CM, Cotner JB, et al. Under-
standing how microbiomes influence the systems they inhabit. Nat Microbiol.
2018;3:977–82.

38. Etzold S, Ferretti M, Reinds GJ, Solberg S, Gessler A, Waldner P, et al. Nitrogen
deposition is the most important environmental driver of growth of pure, even-
aged and managed European forests. Ecol Man. 2020;458:117762.

39. Van der Linde S, Suz LM, Orme CDL, Cox F, Andreae H, Asi E, et al. Environment
and host as large-scale controls of ectomycorrhizal fungi. Nature
2018;558:243–8.

40. Ferretti M, Fischer R Forest Monitoring: Methods for Terrestrial Investigations in
Europe with an Overview of North America and Asia in Developments in
Environmental Science. vol. 12. Elsevier, Amsterdam, 2013. pp 2-507.

41. Dobbertin M, Neumann M Part V: Tree Growth. In: UNECE ICP Forests, Pro-
gramme Co- ordinating Centre (ed.): Manual on methods and criteria for har-
monized sampling, assessment, monitoring and analysis of the effects of air
pollution on forests. Thünen Institute of Forest Ecosystems. Eberswalde. 2016.
https://www.icp-forests.org/pdf/manual/2016/ICP_Manual_2016_01_part05.pdf.

42. Averill C, Cates LL, Dietze MC, Bhatnagar JM. Spatial vs. temporal controls over
soil fungal community similarity at continental and global scales. ISME J.
2019;13:2082–93.

43. Pellitier PT, Ibáñez I, Zak DR, Argiroff WA, Acharya K. Ectomycorrhizal access to
organic nitrogen mediates CO2 fertilization response in a dominant temperate
tree. Nat Commun. 2021;12:5403.

44. Henry M, Bombelli A, Trotta C, Alessandrini A, Birigazzi L, Sola G, et al. Glo-
bAllomeTree: international platform for tree allometric equations to support
volume, biomass and carbon assessment. iFor - Biogeo. 2013;6:326–30.

45. Penman J, Gytarsky M, Hiraishi T, Krug T, Kruger D, Pipatti R, et al. Good practice
guidance for land use, land-use change and forestry. Good practice guidance for
land use, land-use change and forestry. Institute for Global Environmental
Strategies (IGES) for the IPCC. 2003. https://www.ipcc-nggip.iges.or.jp/public/
gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf.

46. Waldner P. Detection of temporal trends in atmospheric deposition of inorganic
nitrogen and sulphate to forests in Europe. Atm Env. 2014;95:363–74.

47. Nieminen T, De Vos B, Cools N, König N, Fischer R, Lost S, et al. Part XI: Soil
Solution Collection and Analysis. In: UNECE ICP Forests Programme Co-
ordinating Centre (eds): Manual on methods and criteria for harmonized sam-
pling, assessment, monitoring and analysis of the effects of air pollution on
forests. Thünen Institute of Forest Ecosystems. Eberswalde. 2016. https://www.
icp-forests.org/pdf/manual/2016/ICP_Manual_2016_01_part11.pdf.

48. Fick SE, Hijmans RJ. WorldClim 2: new 1-km spatial resolution climate surfaces
for global land areas. Inter J Clim. 2017;37:4302–15.

49. Cox F, Barsoum N, Lilleskov EA, Bidartondo MI. Nitrogen availability is a primary
determinant of conifer mycorrhizas across complex environmental gradients.
Ecol Lett. 2010;13:1103–13.

50. Okonechnikov K, Golosova O, Fursov M. Unipro GENE: a unified bioinformatics
toolkit. Bioinf. 2012;28:1166–7.

51. Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinf.
2010;26:2460–1.

52. Abarenkov K, Nilsson RH, Larsson K-H, Alexander IJ, Eberhardt U, Erland S, et al.
The UNITE database for molecular identification of fungi – recent updates and
future perspectives. N. Phytol. 2010;186:281–5.

53. Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, et al. MycoCosm portal:
gearing up for 1000 fungal genomes. Nucleic Acids Res. 2014;42:D699–D704.

54. Douglas GM, Beiko RG, Langille MG Predicting the Functional Potential of the
Microbiome from Marker Genes Using PICRUSt (eds). Microbiome Analysis. Meth-
ods in Molecular Biology. Vol 1849. Humana Press, New York, 2018. pp 169–77.

55. Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, et al.
Predictive functional profiling of microbial communities using 16S rRNA marker
gene sequences. Nat biot. 2013;31:814–21.

56. Treseder KK, Lennon JT. Fungal traits that drive ecosystem dynamics on land.
Microbiol Mol Biol Rev. 2015;79:243–62.

57. Saifuddin M, Bhatnagar JM, Segrè D, Finzi AC. Microbial carbon use efficiency
predicted from genome-scale metabolic models. Nat Commun. 2019;10:3568.

58. Revell LJ, Revell MLJ Package ‘phytools’. 2020. https://github.com/liamrevell/
phytools.

59. Thompson LR, Sanders JG, McDonald D, Amir A, Ladau J, Locey KJ, et al. A
communal catalogue reveals Earth’s multiscale microbial diversity. Nature
2017;551:457–63.

60. Gibbons SM, Lekberg Y, Mummey DL, Sangwan N, Ramsey PW, Gilbert JA.
Invasive plants rapidly reshape soil properties in a grassland ecosystem.
mSystems 2017;2:e00178–16.

61. Pold G, Domeignoz-Horta LA, Morrison EW, Frey SD, Sistla SA, DeAngelis KM.
Carbon use efficiency and its temperature sensitivity covary in soil bacteria.
MBio 2020;11:e02293–19.

62. Stewart JD, Shakya KM, Bilinski T, Wilson JW, Ravi S, Choi CS. Variation of near
surface atmosphere microbial communities at an urban and a suburban site in
Philadelphia, PA, USA. Sci Tot Env. 2020;724:138353.

63. Sun S, Jones RB, Fodor AA. Inference-based accuracy of metagenome prediction
tools varies across sample types and functional categories. Microbiome
2020;8:46.

64. Fierer N, Leff JW, Adams BJ, Nielsen UN, Bates ST, Lauber CL, et al. Cross-biome
metagenomic analyses of soil microbial communities and their functional
attributes. PNAS 2012;109:21390–5.

65. Moore JAM, Anthony MA, Pec GJ, Trocha LK, Trzebny A, Geyer KM, et al. Fungal
community structure and function shifts with atmospheric nitrogen deposition.
Glob Chan Bio. 2021;27:1349–64.

66. Team RC R: A language and environment for statistical computing. 2013.
67. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara R, et al. Package

‘vegan’. 2013. https://github.com/vegandevs/vegan.
68. Morris MH, Pérez-Pérez MA, Smith ME, Bledsoe CS. Multiple species of ecto-

mycorrhizal fungi are frequently detected on individual oak root tips in a tro-
pical cloud forest. Mycorrhiza 2008;18:375–83.

69. Lindner DL, Banik MT. Effects of cloning and root-tip size on observations of
fungal ITS sequences from Picea glauca roots. Mycologia 2009;101:157–65.

70. Orlovich DA, Draffin SJ, Daly RA, Stephenson SL. Piracy in the high trees:
ectomycorrhizal fungi from an aerial ‘canopy soil’ microhabitat. Mycologia
2013;105:52–60.

71. Tedersoo L, Nilsson RH, Abarenkov K, Jairus T, Sadam A, Saar I, et al. 454 Pyr-
osequencing and Sanger sequencing of tropical mycorrhizal fungi provide similar
results but reveal substantial methodological biases. N Phytol. 2010;188:291–301.

72. Morrison EW, Frey SD, Sadowsky JJ, van Diepen LT, Thomas WK, Pringle A.
Chronic nitrogen additions fundamentally restructure the soil fungal commu-
nity in a temperate forest. Fungal Ecol. 2016;23:48–57.

73. Paradis E, Schliep K. ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R. Bioinf. 2019;35:526–8.

74. Madhulatha TS An overview on clustering methods. arXiv preprint. 2012;
arXiv:1205.1117

75. Pallmann P, Hothorn LA. Analysis of means: a generalized approach using R. J
Ap Stat 2016;43:1541–60.

76. De Caceres M, Jansen F, De Caceres MM Package ‘indicspecies’. 2016. https://
vegmod.github.io/software/indicspecies.

77. Wood S, Wood MS Package ‘mgcv’. 2015. https://cran.r-project.org/web/
packages/mgcv/mgcv.pdf.

78. Larsen WA, McCleary SJ. The use of partial residual plots in regression analysis.
Technometrics 1972;14:781–90.

79. Gower ST, McMurtrie RE, Murty D. Aboveground net primary production decline
with stand age: potential causes. Tr Eco Evol. 1996;11:378–82.

80. O’brien RM. A caution regarding rules of thumb for variance inflation factors.
Qual Quant. 2007;41:673–90.

81. Koide RT, Fernandez CW. The continuing relevance of “older” mycorrhiza lit-
erature: insights from the work of John Laker Harley (1911–1990). Mycorrhiza
2018;28:577–86.

82. Anthony MA, Stinson KA, Moore JAM, Frey SD. Plant invasion impacts on fungal
community structure and function depend on soil warming and nitrogen
enrichment. Oecologia 2020;194:659–72.

83. Jonsson LM, Nilsson M-C, Wardle DA, Zackrisson O. Context dependent effects
of ectomycorrhizal species richness on tree seedling productivity. Oikos
2001;93:353–64.

84. Hazard C, Kruitbos L, Davidson H, Taylor AFS, Johnson D. Contrasting effects of
intra- and interspecific identity and richness of ectomycorrhizal fungi on host
plants, nutrient retention and multifunctionality. N. Phytol. 2017;213:852–63.

85. Gehring CA, Sthultz CM, Flores-Rentería L, Whipple AV, Whitham TG. Tree
genetics defines fungal partner communities that may confer drought toler-
ance. PNAS 2017;114:11169–74.

M.A. Anthony et al.

1335

The ISME Journal (2022) 16:1327 – 1336

https://www.icp-forests.org/pdf/manual/2016/ICP_Manual_2016_01_part05.pdf
https://www.ipcc-nggip.iges.or.jp/public/gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf
https://www.ipcc-nggip.iges.or.jp/public/gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf
https://www.icp-forests.org/pdf/manual/2016/ICP_Manual_2016_01_part11.pdf
https://www.icp-forests.org/pdf/manual/2016/ICP_Manual_2016_01_part11.pdf
https://github.com/liamrevell/phytools
https://github.com/liamrevell/phytools
https://github.com/vegandevs/vegan
https://vegmod.github.io/software/indicspecies
https://vegmod.github.io/software/indicspecies
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf


86. Liang J, Crowther TW, Picard N, Wiser S, Zhou M, Alberti G, et al. Positive
biodiversity-productivity relationship predominant in global forests. Science.
2016;354.

87. Baxter JW, Dighton J. Ectomycorrhizal diversity alters growth and nutrient
acquisition of grey birch (Betula populifolia) seedlings in host–symbiont culture
conditions. N. Phytol. 2001;152:139–49.

88. Dighton J, White JF. The fungal community: its organization and role in the
ecosystem. 3rd ed. CRC Press, Boca Raton, 2005.

89. Diagne N, Thioulouse J, Sanguin H, Prin Y, Krasova-Wade T, Sylla S, et al. Ecto-
mycorrhizal diversity enhances growth and nitrogen fixation of Acacia mangium
seedlings. Soil Bio Biochem. 2013;57:468–76.

90. Köhler J, Yang N, Pena R, Raghavan V, Polle A, Meier IC. Ectomycorrhizal fungal
diversity increases phosphorus uptake efficiency of European beech. N. Phytol.
2018;220:1200–10.

91. Nygren CMR, Eberhardt U, Karlsson M, Parrent JL, Lindahl BD, Taylor AFS.
Growth on nitrate and occurrence of nitrate reductase-encoding genes in a
phylogenetically diverse range of ectomycorrhizal fungi. N. Phytol.
2008;180:875–89.

92. Wallenda T, Stober C, Högbom L, Schinkel H, George E, Högberg P, et al.
Nitrogen Uptake Processes in Roots and Mycorrhizas (eds). Carbon and Nitrogen
Cycling in European Forest Ecosystems. Springer, Berlin, 2000. pp 122–43.

93. Jilling A, Keiluweit M, Contosta AR, Frey S, Schimel J, Schnecker J, et al. Minerals
in the rhizosphere: overlooked mediators of soil nitrogen availability to plants
and microbes. Biogeoch. 2018;139:103–22.

94. Marzluf GA. Regulation of nitrogen metabolism and gene expression in fungi.
Microbi Rev. 1981;45:437–61.

95. Sinsabaugh RL, Moorhead DL. Resource allocation to extracellular enzyme
production: a model for nitrogen and phosphorus control of litter decomposi-
tion. Soil Bio Biochem. 1994;26:1305–11.

96. Bödeker ITM, Clemmensen KE, de Boer W, Martin F, Olson Å, Lindahl BD.
Ectomycorrhizal Cortinarius species participate in enzymatic oxidation of humus
in northern forest ecosystems. N. Phytol. 2014;203:245–56.

97. Lilleskov E, Hobbie EA, Horton T. Conservation of ectomycorrhizal fungi:
exploring the linkages between functional and taxonomic responses to
anthropogenic N deposition. Fungal Ecol. 2011;4:174–83.

98. Franklin O, Näsholm T, Högberg P, Högberg MN. Forests trapped in nitrogen
limitation - an ecological market perspective on ectomycorrhizal symbiosis. N.
Phytol. 2014;203:657–66.

99. Rocca JD, Hall EK, Lennon JT, Evans SE, Waldrop MP, Cotner JB, et al. Rela-
tionships between protein-encoding gene abundance and corresponding pro-
cess are commonly assumed yet rarely observed. ISME J. 2015;9:1693–9.

100. Põlme S, Abarenkov K, Henrik Nilsson R, Lindahl BD, Clemmensen KE, Kauserud
H, et al. FungalTraits: a user-friendly traits database of fungi and fungus-like
stramenopiles. Fungal Div. 2020;105:1–16.

101. Ekblad A, Wallander H, Godbold DL, Cruz C, Johnson D, Baldrian P, et al. The
production and turnover of extramatrical mycelium of ectomycorrhizal fungi in
forest soils: role in carbon cycling. Plant Soil. 2013;366:1–27.

102. Agerer R. Exploration types of ectomycorrhizae. Mycorrhiza 2001;11:107–14.
103. Suz LM, Bidartondo MI, van der Linde S, Kuyper TW. Ectomycorrhizas and tip-

ping points in forest ecosystems. N. Phytol 2021;231:1700–7.
104. Wasyliw J, Karst J. Shifts in ectomycorrhizal exploration types parallel leaf and

fine root area with forest age. J Ecol. 2020;108:2270–82.
105. LeDuc SD, Lilleskov EA, Horton TR, Rothstein DE. Ectomycorrhizal fungal suc-

cession coincides with shifts in organic nitrogen availability and canopy closure
in post-wildfire jack pine forests. Oecologia 2013;172:257–69.

106. Struck C. Amino acid uptake in rust fungi. Front Plant Sci. 2015;6:40.
107. Wen Z, Shi L, Tang Y, Shen Z, Xia Y, Chen Y. Effects of Pisolithus tinctorius and

Cenococcum geophilum inoculation on pine in copper-contaminated soil to
enhance phytoremediation. Int J Phytorem. 2017;19:387–94.

108. Garbaye J, Churin J-L. Effect of ectomycorrhizal inoculation at planting on
growth and foliage quality of Tilia tomentosa. J Arbor 1996;22:29–34.

109. Fernandez CW, Koide RT. The function of melanin in the ectomycorrhizal fungus
Cenococcum geophilum under water stress. Fungal Ecol. 2013;6:479–86.

110. Heinonsalo J, Sun H, Santalahti M, Bäcklund K, Hari P, Pumpanen J. Evidences on
the ability of mycorrhizal genus Piloderma to use organic nitrogen and deliver it
to Scots Pine. PLoS ONE. 2015;10:e0131561.

111. Tedersoo L, Bahram M, Põlme S, Kõljalg U, Yorou NS, Wijesundera R, et al. Global
diversity and geography of soil fungi. Science. 2014; 346.

112. Polley H, Kroiher F, Riedel T Beech and spruce popular and in-demand. Thünen-
Institut, Bundesforschungsinstitut für Ländliche Räume, Wald und Fischerei.
2015. https://literatur.thuenen.de/digbib_extern/dn055748.pdf.

113. Brzostek ER, Fisher JB, Phillips RP. Modeling the carbon cost of plant nitrogen
acquisition: mycorrhizal trade-offs and multipath resistance uptake improve
predictions of retranslocation. J Geophy Res. 2014;119:1684–97.

114. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity
alters gut microbial ecology. PNAS 2005;102:11070–5.

115. NIH Human Microbiome Portfolio Analysis Team. A review of 10 years of human
microbiome research activities at the US National Institutes of Health, Fiscal
Years 2007-2016. Microbiome 2019;7:31.

ACKNOWLEDGEMENTS
This work was supported by an Ambizione grant (PZ00P3_179900 awarded to C.A.)
from the Swiss National Science Foundation, a DOB Ecology grant and funds from the
German Ministry for Economic Cooperation and Development (awarded to T.W.C.), a
NERC grant (NE/ K006339/1 awarded to M.I.B), and a Marie Curie postdoctoral
fellowship (FP7-PEOPLE-2009-IEF-253036 awarded to LMS). The evaluation was based
on data that was collected by partners of the official UNECE ICP Forests Network (;
data acquired on “30/09/2019”). We are grateful to the Co-operative Programme for
Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe
(EMEP) for nitrogen deposition data. We thank Francis Martin, Joseph Spatafora, and
Gregory Bonito for providing access to pre-publication genome data produced by
the U.S. Department of Energy Joint Genome Institute, a DOE Office of Science User
Facility, supported by the Office of Science of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231.

AUTHOR CONTRIBUTIONS
Conceptualization, M.A.A. and C.A.; Formal Analysis, M.A.A.; Investigation, M.A.A., C.A.;
Resources, S.v.d.L, L.M.S, M.I.B, F.C; Writing – Original Draft, Review & Editing, all
authors; Supervision, C.A. and T.W.C.

FUNDING
Open access funding provided by Swiss Federal Institute of Technology Zurich.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41396-021-01159-7.

Correspondence and requests for materials should be addressed to Mark A.
Anthony.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

M.A. Anthony et al.

1336

The ISME Journal (2022) 16:1327 – 1336

https://literatur.thuenen.de/digbib_extern/dn055748.pdf
https://doi.org/10.1038/s41396-021-01159-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Forest tree growth is linked to mycorrhizal fungal composition and function across Europe
	Introduction
	Materials and methods
	Data collection and processing
	Forest inventory data
	Fungal ITS data analysis

	Data analysis
	Fungal community analyses
	Tree growth models using generalized additive models


	Results
	Trends in tree growth rate and co-variable quality and independence
	Fungal community and functional gene linkages to tree growth rate

	Discussion
	Ectomycorrhizal composition is linked to tree growth rate via N cycling potentials and genome characteristics indicative of mycorrhizal exploration types
	Fungal taxa associated with slow- and fast-growing forests
	Stand-level tree growth rates are tripled in association with fast-growth communities

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




