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Summary

� Ectomycorrhizal fungi (EMF) produce mycelia with variable extension and complexity,

which can be classified according to soil ‘exploration types’ (ETs). ETs have received attention

as one of the few mycorrhizal trait frameworks, but without an empirical classification of ET

functional diversity and environmental preferences, understanding and interpreting EMF bio-

geographic patterns has been difficult.
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� We conducted a synthesis combining: comparative EMF genomics to describe functional

divergence in decomposition and nutrient cycling genes across ETs; and EMF trait distribution

modeling across continental Europe, pairing soil and root EMF surveys to establish biogeo-

graphic ET niche profiles.
� We demonstrate a signature of ETs encoded in EMF genomes, which is independent from

phylogeny and linked to biomass production strategies. EMF ET relative abundances were

separated by soil, root, and dominant tree leaf type habitats and exhibited unique correlations

with forest biotic (e.g. plant productivity and plant pathogen densities) and abiotic (e.g. nitro-

gen deposition and soil pH) conditions.
� These findings support a theory that EMF niche partitioning can be partially explained by

extraradical mycelial traits, with underlying variation in ET biogeography likely arising from

distinct decomposition and nutrient cycling potentials. We also identify important limitations

to this trait framework and provide a guided outlook for future research.

Introduction

Ectomycorrhizal fungi (EMF) are a diverse group of tree
root-associated fungal symbionts. They help trees recruit off-
spring (Bennett et al., 2017; Liang et al., 2020), take up nutrients
(Read & Perez-Moreno, 2003), and displace plant pathogens
(Buscot et al., 1992), with effects that scale from the individual
tree to entire forest functioning (Phillips et al., 2013; Anthony
et al., 2024). A key driver of EMF activity is the growth and
exploration of extraradical mycelium. Each year, EMF produce
hundreds of kilograms of extraradical mycelium per forest hectare
(Ekblad et al., 2013), making them one of the dominant fungal
guilds in forest soils (Hagenbo et al., 2024) and important contri-
butors to overall ecosystem functioning (Averill & Hawkes, 2016;
K€ohler et al., 2018; Liang et al., 2020; Lindahl et al., 2021; Read
& Perez-Moreno, 2003). The extraradical mycelium of EMF
releases enzymes to decompose and take up otherwise inaccessible
soil nutrients (Landeweert et al., 2001; Hobbie & Hobbie, 2008;
Hobbie & Agerer, 2010), and EMF host plants allocate c. 2.5
petagrams of carbon per year to EMF mycelium globally (Haw-
kins et al., 2023). What controls variation in EMF extraradical
mycelium development can therefore shape forest nutrient
cycling, decomposition, and the symbiotic functioning of EMF
and their host plants.

Extraradical mycelium traits influence EMF functioning in
ways analogous to the networks formed by wood decomposing
fungi to acquire and transport resources (Boddy et al., 2009). For
EMF, these traits can be classified into broad sets of extraradical
mycelium characteristics known as ‘exploration types’ (hereafter:
ETs). ETs are generally based on the morphology of hyphae and
rhizomorphs emanating from colonized roots (ectomycorrhizas)
and represent the structure, amount, and form of extraradical
mycelium (Agerer, 2001) (see Fig. 1, for a description). Some
ETs, such as many formed by species within the charismatic gen-
era Russula and Cenococcum, produce hydrophilic mycelium
adapted to rapidly absorbing mineral nutrients (Hobbie &
Agerer, 2010). Other well-known genera, such as Cortinarius and
Suillus, form hydrophobic mycelium capable of uniting into
chord-like rhizomorphs that absorb and transport water and
nutrients from resource-rich to -poor areas (Cairney, 2005;

Hobbie & Agerer, 2010; Hobbie et al., 2024). ETs can also be
classified to reflect variation in overall extraradical mycelial bio-
mass into ‘long’ or ‘short’ distance groups (Khalfallah
et al., 2024) or by hydrophobicity (Lilleskov et al., 2011), which
can reveal unique insights into their fine-scale distributions in the
soil profile (Genney et al., 2006). ETs are also correlated with
important ecosystem functions, including nitrogen (N) cycling
(Hobbie & H€ogberg, 2012), extracellular enzyme production
(Tedersoo et al., 2012), host photosynthetic rates (Fernandez
et al., 2017), and forest tree growth (Anthony et al., 2022). While
additional EMF traits such as successional type and N preference
are also needed to characterize EMF linkages to the ecosystems
they inhabit (J€orgensen et al., 2025), ETs are currently the only
trait specific to extraradical mycelium classification. Yet, like most
ecological traits, ETs must be evaluated carefully due to signifi-
cant gaps in our understanding of ET distributional patterns and
functions (J€orgensen et al., 2023; Trocha et al., 2021, p. 202)
(Box 1).

Despite theoretical development and extensive research on
EMF ETs within particular forest stands and global change con-
texts (e.g. most notably in relation to N deposition; Lilleskov
et al., 2011; van der Linde et al., 2018), what empirically defines
broader ET ecological patterns has not kept afoot. Based on
insights largely developed from analyses of individual fungal
lineages, capacities for decomposition and nutrient cycling have
been proposed to vary across ETs (Lilleskov et al., 2019). For
example, the large number of class II peroxidases within the
genus Cortinarius (Kohler et al., 2015) has led to the idea that
medium-distance fringe (MD-F) EMF may be stronger decom-
posers than other ETs, and while there is also supporting stable
isotope evidence (Hobbie & Agerer, 2010), it remains an open
question for most members of this ET as well as for other high
biomass producing ETs from the Basidiomycota (e.g. long-
distance; LD), which are sometimes combined with MD-F into a
single, albeit distinct ‘long-distance’ category (Khalfallah
et al., 2024). Furthermore, host tree species is a large-scale driver
of EMF diversity (van der Linde et al., 2018) and ET abundances
(Rosinger et al., 2018), but this is typically not accounted for
when studying ET biogeography at small spatial scales. These
outstanding questions demonstrate the limits of small-scale and
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species-specific approaches to understanding EMF traits. To
overcome this, we conducted a first-of-its-kind, large-scale geno-
mic and ecological analysis of the differences among ET func-
tional attributes and their linkages to environmental conditions
and forest functioning.

In this study, we applied a synthesis of genomic and species
distribution modeling techniques to empirically characterize the
ecological variation of ETs. First, we tested how genomic varia-
tion in EMF genes involved in decomposition as well as N uptake
and metabolism (hereafter: N cycling) varied across ETs using a
comparative genomic approach. To our knowledge, this is the
first study to test whether there is a genomic basis to ETs. We
hypothesize that EMF functional genes involved in decomposi-
tion and N cycling vary significantly across ETs, and that high
biomass ETs (particularly MD-F and LD) have the greatest geno-
mic capacities for decomposition and N cycling. Next, we mod-
eled distributions of EMF ETs at a continental scale using two
complementary European datasets of root and soil dwelling EMF
paired with a large and comprehensive set of in situ biotic and
abiotic forest variables, including climate, N deposition, forest
productivity, age, foliar nutrients, and soil physicochemical prop-
erties. We hypothesize that high biomass EMF ETs are more
abundant in soils than on root tip, while low biomass ETs are
more abundant on roots than in the surrounding soils. We also

hypothesize that EMF ETs are distributed according to different
sets of environmental conditions beyond N deposition (Box 1)
and that these environmental predictors would be more similar
for ETs harboring similar traits (e.g. rhizomorph formation;
Fig. 1).

Materials and Methods

Genomic data collection and processing

Genomic data on protein families (i.e. Pfams) were derived from
fully sequenced EMF fungal genomes from the Joint Genome
Institute’s (JGI) MycoCosm (Grigoriev et al., 2014). We used
protein family (Pfam) models from the annotation portal, which
assigns protein domains to predicted genes based on hidden Mar-
kov models. To explicitly control for variation in genome size,
we calculated proportions of Pfams relative to the total (Treseder
& Lennon, 2015). We first examined total Pfam profiles and
then split the data frame into specific categories involved in
decomposition and N cycling. Because EMF have a significant
potential to influence forest N cycling dynamics (Read & Perez-
Moreno, 2003; Franklin et al., 2014), we focused on Pfams
involved in diverse N cycling pathways. We targeted our analysis
of decomposition on plant biomass decay pathways and included

Fig. 1 Characteristics of ectomycorrhizal fungal exploration types. Note that traits are based on morphological observations of mycorrhizal root tips, and
there is a degree of plasticity to at least some of these categories. Some genera utilize multiple exploration types depending on the species. Diagrams are
conceptualized based on Agerer (2001, 2006) and P~olme et al. (2020) and are intended to be representations of general morphological features. Genera
that were used for genomic analysis in the present study are listed, except for medium-distance mat, which was not used.
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Pfams with annotations for decomposing cellulose, xylans, xylo-
glucans, mannans, pectin, inulin, starch, and lignin (see Support-
ing Information Table S1, for a list of enzymes from Benocci
et al., 2017). For N cycling, we included Pfams with annotations
involved in lignin depolymerization even if they are also part of
the overall decomposition group (i.e. oxidative enzymes),
chitin degradation, peptidases, proteases, amino acid lyases,

nitrite/nitrate reductases, and N transporters. ETs were assigned
to EMF at the genus level using the FungalTraits database
(P~olme et al., 2020) and DEEMY (Information System for Char-
acterization and DEtermination of EctoMYcorrhizae, http://
www.deemy.de/). EMF could be assigned one of seven ETs: con-
tact (C), short-distance delicate (SD-D), SD coarse (SD-C),
medium-distance smooth (MD-S), MD fringe (MD-F), MD

Box 1. An overview of the challenges identified in understanding the ecological niches of exploration types.

Challenge Representative examples Explanations

Inconsistencies in where some exploration types
(ETs) are expected to grow (i.e. primarily on
roots, surrounding soil, or both) (Agerer, 2001)
and where they are observed to be most
abundant, raising questions about mycelial
extent and biomass production amounts.

A general assumption for in-growth bags is that
high biomass and rhizomorph producing ETs
should be at high relative abundances while
low biomass ETs should be comparatively rare.
Lower biomass producing ETs, like the contact-
type, are expected to be more common on
roots than in soils and vice versa for higher
biomass producing ETs.

(1) Some studies report expected patterns
whereby high biomass and rhizomorph produ-
cing ETs are more abundant in soil than on roots
(Genney et al., 2006; Kjøller, 2006; Parrent &
Vilgalys, 2007). This supports the idea that ETs
display contrasting extent and biomass produc-
tion amounts.
(2) Expected patterns in ET distributions are not
consistently observed within in-growth bags,
soil, or on roots (J€orgensen et al., 2023). This
suggests that foraging variation among ETs does
not consistently hold between local environ-
ments and/or methodological problems.

(1) In-growth bags are often placed in the soil
immediately beside root systems, and thus even
low biomass ETs do not require substantial extra-
radical mycelium growth for colonization.
(2) Formation of emanating hyphae and rhizo-
morphs can show morphological plasticity (van
der Linde et al., 2018; Suz et al., 2021) and can
change during EMF ontogeny (Agerer, 2001).
(3) Not all species within the same genera fit a
single ET, and there are even finer levels of varia-
tion within rhizomorph subtypes than those clas-
sified by ET groupings (Pritsch et al., 1997;
Agerer, 2001).
(4) ET classifications may be unreliable, espe-
cially in less-studied forests, where well-known
genera can include EMF species whose ETs have
not yet been described. It is typical that ETs are
indirectly assigned at the genus level in DNA
(meta)barcoding studies, and while this may
adequately capture mycelium development in
some systems where taxa have been well-
described, this is less straight-forward in under-
studied ecosystems.

Resource capture responses of nitrophobic and
nitrophilic taxa to N enrichment do not always
follow expected patterns defined by ET
groupings.

As a response to high nitrogen (N) availability in
historically N limited systems, ectomycorrhizal
fungi (EMF) that produce large amounts of
biomass are expected to be at lower
abundances because they are hypothesized to
be a higher carbon cost to host plants who
could otherwise take up N without mycorrhizas
(Lilleskov et al., 2011; Suz et al., 2014;
Defrenne et al., 2019; Khalfallah et al., 2024).
Some of these fungi may even have a reduced
capacity for inorganic N uptake compared to
putatively nitrophilic taxa (Nygren
et al., 2008).

(1) There are contrasting responses to both
ambient and enriched N conditions within
assigned ETs (Lilleskov et al., 2011), and in situ

responses to N enrichment are not always as
expected based on theory (Karst et al., 2021;
Trocha et al., 2021). For example, 13 years of
experimental N additions doubled the relative
abundance of high biomass producing EMF in a
Canadian boreal forest (Karst et al., 2021). This
surprising result raises the idea that N additions
are not a universal negative driver of high bio-
mass EMF ETs. If N colimits EMF growth (along-
side plant hosts), then N additions may stimulate
high biomass EMF ETs (Franklin et al., 2014).
Although, responses may also be mediated by
background N deposition levels (Moore
et al., 2021).
(2) EMF taxa considered to be nitrophobic,
including some high biomass taxa such as Suil-
lus, grow better under enriched N conditions
(Chen et al., 2024). Notably, only those capable
of proteolysis grow well on more complex pro-
teinaceous substrates (Lilleskov et al., 2002).
This suggests that N acquisition may be unlinked
to extraradical mycelium characteristics.

(1) Most studies to date are statistically under-
powered and do not account for other predictor
variables that may have interactive or even
stronger effects on EMF ETs compared with N
inputs, such as plant productivity, root biomass,
soil pH, P inputs, soil texture, and climate (Peay
et al., 2011; Suz et al., 2021; Anthony
et al., 2022), which could obscure EMF ET
responses to N additions. For example, experi-
mental N additions alone did not select for high
biomass producing ETs at the Harvard Forest,
but with concurrent warming and N additions,
high biomass EMF taxa became dominant
(Anthony et al., 2021). Simultaneous considera-
tion of relevant drivers alongside forest N indica-
tors may reveal common trends within ET
groupings that transcend taxa-specific or within-
species variation in responses.
(2) There is variation to N use among EMF taxa
within an ET, suggesting more plasticity to N
sensitivity within ETs than originally theorized
(Almeida et al., 2019).
(3) Assignments to ETs may be incorrect for
some EMF and this blurs results (see Comment 4
for elaboration).
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mat (MD-M), and LD (Fig. 1). In total, the analysis was con-
ducted on 106 individual genomes with groups from the Basidio-
mycota (90 genomes) and Ascomycota (16 genomes). These
groups were selected because they include all genomes either pub-
licly available or made available with permission by JGI principal
investigators. For this analysis, we did not split the SD group into
SD-D and SD-C because there were too few observations
(10 genomes) (see Fig. 2; Table S2, for a full list of genomes).
We generated a whole-genome-based phylogenetic tree following
the standard JGI MycoCosm pipeline. We identified sets of
orthologous protein sequences across the genomes using
BLASTP. Orthologs were then grouped using MCL and aligned
using MAFFT to approximate a maximum likelihood phylogenetic
tree using FastTree (Fig. S1).

Biogeographic data collection and processing

EMF relative abundance data was sourced from root (Cox
et al., 2010; Suz et al., 2014; van der Linde et al., 2018) and soil

(Anthony et al., 2024) community datasets. Both datasets are
from samples collected at intensively monitored International
Co-operative Programme on Assessment and Monitoring of Air
Pollution Effects on Forests (ICP Forests) Level II plots in Eur-
ope (Ferretti & Fischer, 2013). The root tip dataset is based on
mycorrhizal root tips using full-length internal transcribed spacer
(ITS) barcoding across 137 plots in 20 European countries. The
soil community dataset is based on ITS fungal DNA metabarcod-
ing across 238 plots in 15 countries. At 50 of the plots distributed
widely across Europe (see map in Fig. S2), there are matching
root and soil data; although specific sampling times and locations
within plots differed, these data are comparable at a plot level.
Raw, full-length ITS sequences were first downloaded and passed
through bioinformatic quality control measures; the ITS region
was excised; operational taxonomic units (OTUs) were clustered
at a 98% sequence similarity threshold, and OTUs were assigned
taxonomy against the UNITE database (https://unite.ut.ee/),
with complete details for the root (Anthony et al., 2022) and soil
(Anthony et al., 2024) analyses described elsewhere. EMF were

Fig. 2 Link between ectomycorrhizal fungal
phylogeny and protein-family composition across
exploration types. Phylogenetic tree showing the
distribution of ectomycorrhizal fungi included in
our genomic analysis (see the Materials and
Methods section, for details on tree
construction). Species names are not included
due to legibility issues but select genera from
each major lineage are included to facilitate
inference (see Supporting Information Fig. S1, for
a tree with each species name included). On the
right is the protein-family composition visualized
as a dendrogram. Linkages between phylogeny
and protein-family composition are visualized by
connecting lines.
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assigned to ETs as described previously for genomic data. From
both datasets, non-EMF were excluded, and the proportion of
ETs was estimated from total EMF sequences. Separation of
EMF from other fungal guilds is important for the soils dataset
because we compare relative abundances of ETs on root tips,
where there were only EMF, to soils where there are many differ-
ent fungal ecological guilds (will be discussed later), and to make
these comparisons equal, we controlled for the presence of
non-EMF in soils when comparing EMF proportions. For the
soils dataset alone, the proportions of soil pathogens and sapro-
trophs were also included as covariates, calculated before remov-
ing the EMF subset of sequences to account for the proportional
nature of the data. Pathogenic and saprotrophic guilds were
assigned using FUNGuild (Nguyen et al., 2016), and we
included all probable or higher level designations. Genera with
> 1 functional guild assignment (e.g. plant pathogen-saprotroph)
were assigned to each category. In other words, a genus in the soil
dataset could be assigned to > 1 discrete functional guild. In
total, 43% of the saprotrophic and 98% of the plant pathogenic
OTUs were assigned to > 1 functional guild.

Metadata processing

Because sampling was conducted at ICP Forests Level II moni-
toring plots, we used forest inventory and soil fungi data collected
from the same plots to predict EMF ET distributions. Covari-
ables included the dominant tree leaf type (defined as the most
abundant tree leaf type within the monitoring plot; Gymnosperm
‘needleleaf’ vs Angiosperm ‘broadleaf’), forest age, and plant pro-
ductivity, calculated using periodic diameter at breast height
measurements and allometric equations (t C ha�1 yr�1). Foliar
N and phosphorus (P) content of sun-exposed leaves and needles
from the upper third part of the tree crown of typically 5 trees of
the main tree species were determined using dry combustion and
inductively coupled plasma emission spectroscopy (ICP-AES),
respectively (mg N or P g�1). Topsoil N stocks (0–10 cm depth)
were calculated using measurements of total N concentration,
bulk density, and sampling depth (t N ha�1). Soil pH was mea-
sured on soil slurries with deionized (DI) water (10 g
soil : 20 ml DI water). Soil clay content (%) was measured based
on the pipette method (0–2 lm fraction). Mean annual tempera-
ture (MAT), precipitation (MAP), and N deposition rates (aver-
age between 2010 and 2015 for the root tip data; 2019 for the
soils data to align with the time of sampling) were obtained from
WORLDCLIM (https://worldclim.org/) and EMEP (https://emep.
int/) at a 1-km2 spatial resolution, respectively.

Statistical analysis

All statistical analyses were conducted in R, and significance was
set to P < 0.05. Variation in the proportion of Pfams was ana-
lyzed using distance-based redundancy analysis (db-RDA).

We performed db-RDA using the capscale function in the
VEGAN package (Dixon, 2003) to test the effects of ET, fungal phy-
logeny, total number of genes in the genome, and genome size.
Number of genes refers to the total number of predicted

protein-encoding genes in the genome and genome size represents
the total length of the assembled genome. We used the vif.cca func-
tion in the CAR package (Fox et al., 2001) to evaluate variance infla-
tion factors to assess independence between ET and other possible
explanatory variables. To account for possible covariation between
phylogeny and ETs, we included phylogeny as a ‘Condition’ term
to perform partial db-RDA. This enabled us to partial out variation
in Pfams that was explained by phylogeny before testing the effects
of ETs. To conduct multiple comparisons, we generated pairwise
db-RDA models and used the adjust function with method = ‘
bonferroni’ to account for false discovery.

Phylogeny was represented in our models by calculating the
pairwise evolutionary distances between taxa in our phylogenetic
tree using the cophenetic function. This was converted to a Eucli-
dean distance matrix and analyzed using principal coordinates ana-
lysis (PCoA) using pcoa function in the APE package (Paradis et al.,
2002). PCoA1 captured 88.6% of the variation and was therefore
used as a covariable to represent fungal phylogeny. This was further
validated by regressing pairwise evolutionary distance in the phylo-
genetic tree with pairwise differences in PCoA1 (R2 = 0.91,
P < 0.001). In addition to accounting for phylogeny in the db-
RDA, we also tested for the independent effect of ET by conduct-
ing variance partitioning analysis using the varpart function in
vegan. This enabled us to disentangle the individual and shared
variation explained by phylogeny and ET. To visualize overall var-
iation in protein-family composition relative to fungal phylogeny,
we used hierarchical clustering to generate a dendrogram represent-
ing overall Bray–Curtis dissimilarity in total Pfam proportions
using the hclust function and the unweighted pair group method
with the arithmetic mean type of agglomerative clustering. This
visualization technique allowed us to depict variation in Pfam dis-
similarity alongside the fungal phylogeny. We then performed
indicator species analysis with the multipatt function from the
package INDICSPECIES (De C�aceres et al., 2010) to identify Pfams
involved in decomposition and N cycling that had significantly
higher proportions in genomes of specific ETs.

To examine whether ETs were more abundant on roots vs in
the surrounding soil, we plotted relative abundances of ETs
across the 50 paired plots against a 1 : 1 line and used t-tests to
compare differences (see map of sites in Fig. S2). The original
analysis of root tip sampling was conducted across years and sea-
sons (van der Linde et al., 2018). While the sampling time
between root and soil collection is not constant in our study, we
do not expect cross-year variation within the sampling window to
be a significant issue. Earlier work has demonstrated that fungal
community turnover is relatively low during time periods like the
temporal window separating the root and soil sampling in our
study (Averill et al., 2019). However, this temporal mismatch is a
limitation of the experimental design that often arises from large-
scale, synthesis-based research. We also correlated the relative
abundances of ETs with each other, including soil pathogen and
saprotroph relative abundances as additional covariables. We
included these groups because EMF ETs interact with both
guilds in a competitive manner for N acquisition (Averill &
Hawkes, 2016) and in displacing pathogens (Buscot et al., 1992).
The root dataset only contained data on EMF because it was
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generated by picking EMF root tips and using Sanger sequen-
cing, so we independently correlated the relative abundance of
root ETs with the proportion of soil pathogens and saprotrophs.
The root and soil datasets are independent because they were not
sequenced together, making these co-occurrence patterns more
powerful than the proportional soil comparisons.

Differences in ET relative abundances between dominant tree
leaf types (needle vs broadleaf) were analyzed using nonpara-
metric Kruskal–Wallis rank sum tests to overcome issues of het-
eroscedasticity. We also tested whether EMF ET community
composition differed between dominant tree leaf types using
PERMANOVA and the adonis2 function in VEGAN.

Relative abundances of ETs were then modeled using partial
least squares regression (PLSR) and the plsr function in the PLS

package (Liland et al., 2026). PLSR was used in order to include
covariables that may be collinear and because a large number of
covariables were used to predict ET relative abundances: foliar N
levels, foliar P : N ratios to account for the fact that there is high
anthropogenic N addition in these historically N limited forests
(Etzold et al., 2020), forest productivity, stand age, dominant tree
leaf type, soil N content, soil pH, soil clay content, N deposition,
MAT, MAP, the interaction between foliar nutrients and tree leaf
type, and the interactions between forest productivity and tree leaf
type. PLSR works well for ecological data with collinear predictor
variables and if there are many predictor variables (Akarachanta-
chote et al., 2014). PLSR models were fit using the orthogonal
scores algorithm, and cross-validation was based on 10 segments,
randomly selected from the dataset using the ‘CV’ flag. All predic-
tor variables were scaled to directly compare effect sizes. Variables
were log-transformed when necessary to improve model fit, which
applied to forest productivity, foliar N, and foliar P : N ratio.
Model fits were visualized using the validationplot function.

To compare the same set of predictor variables across every
ET, full models containing every predictor variable were first gen-
erated for each ET. To identify the most important predictors
within the full model, we used backward selection, removing
variables with variable importance in projection (VIP) values
< 0.8 in the first 1–3 PLS components, with the final component
number selected according to the lowest mean-squared error of
prediction. VIP values between 0.8 and 1 indicate relatively
strong explanatory power and VIP values > 1 have very strong
explicative power. VIP values can be ranked to compare effect
sizes of different predictors, describing the relative importance of
variables to models. In reduced models containing predictors
with VIP values > 0.8, we used cross-validation to train models
for prediction. Predicted values were used to calculate the root
mean square error. This is the average deviation between pre-
dicted vs observed relative abundance, and it was used to evaluate
model fit alongside the R2 value.

To visualize patterns among environmental predictors selected
in reduced models and relative abundances of ETs, we used Pear-
son’s correlations to obtain correlation coefficients and presented
them in heatmaps. Directional changes are less clear from our
PLSR results because coefficients are specific to each PLS compo-
nent. Our complementary approach can therefore be used
to show overall positive or negative associations across

environmental predictors and ETs but is not very useful for pre-
dicting effect sizes because they do not account for other covari-
ables. Because the dominant tree leaf type was accounted for in
the combined model but could not be accounted for in indivi-
dual models, we ran correlations on each tree leaf type separately.
Only root data were used for this analysis to keep consistent with
PLSR modeling. We only show correlation strength of selected
predictors that were retained in our PLSR models after backward
selection regardless of the statistical significance of individual
Pearson’s correlations. Finally, we grouped ETs by their correla-
tion coefficients for each tree leaf type separately by calculating
Euclidean distances from the correlation matrices using the veg-
dist function (Oksanen et al., 2013), and then using hierarchical
clustering with ward-D agglomeration in the hclust function.

Results and Discussion

Exploration types harbor unique genomic signatures

Ectomycorrhizal fungal ETs differed significantly in the composi-
tion of protein family domains (Pfams) encoded in their gen-
omes. ET had a significant effect on total Pfam composition
(P = 0.001), independent of genome size and overall gene num-
ber, and even after accounting for fungal phylogeny (Table S4).
Pfams associated with decomposition and N cycling also differed
significantly across ETs (Fig. 3a–c; P = 0.001 for both) and
remained significant after accounting for phylogeny, genome size,
and gene number, with low multicollinearity across models
(VIF < 2). Variance partitioning analyses further showed that
ETs independently explained 23–26% of the variation in Pfam
composition after accounting for phylogeny (Fig. S3). Multiple
comparisons indicated that not all ETs were distinct in decompo-
sition (C vs SD) or N cycling (C vs MD-F; MD-F vs LD) Pfams.
Phylogenetic distances among taxa also differed across ETs, with
the lowest distances within the MD-F type and the greatest
within the LD and SD types (Fig. S4). For ETs distributed across
phyla, including the SD and C-types (Fig. 2), Pfam composition
diverged between Ascomycota and Basidiomycota, suggesting
functional divergence among low-biomass-forming ETs at the
phylum level. Consistent with this, earlier studies show that C
and SD Ascomycota form thinner mantles (Agerer, 2001), have
lower carbon demands from host plants (Fernandez et al., 2017),
and tolerate drier and warmer conditions (Allison & Trese-
der, 2008; Geml et al., 2015; Fernandez et al., 2017). By con-
trast, the MD-F ET spanned a relatively short phylogenetic
distance, being represented by few species (n = 6), yet including
phylogenetically distant lineages such as Cortinarius and Pilo-
derma (Fig. 2). Despite their divergent evolutionary origins,
MD-F taxa shared more similar decomposition and N-cycling-
related protein families than more closely related taxa from the
SD and MD-S ETs (Fig. 3c). Together, these results indicate that
while EMF Pfams exhibit phylogenetic signal, ETs explain
unique and biologically meaningful variation in Pfam composi-
tion, demonstrating that despite plasticity in ETs and potential
classification uncertainty (Box 1), this trait has a distinguishable
genomic signature.

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

New Phytologist (2026)
www.newphytologist.com

New
Phytologist Research 7

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71157 by N

O
R

T
H

W
E

ST
 G

E
R

M
A

N
 FO

R
E

ST
 R

E
SE

A
R

C
H

 IN
ST

IT
U

T
E

, W
iley O

nline L
ibrary on [15/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



EMF ETs have unique indicator Pfams for decomposition and
N cycling. Pfams involved in xylan, pectin, and cellulose decay
were significant indicators of the SD type (Fig. 1c), while C-type
EMF had higher relative numbers of xylan and amylase encoding
Pfams. MD-S indicators included oxidases and amylases, while
MD-F had the greatest number of peroxidases and catalases.
Multicopper oxidases were uniquely associated with the LD type.
From these patterns, the capacity to depolymerize lignin via per-
oxidases and multicopper oxidases is greatest in the MD-F and
LD types, at least based on currently available fungal genomes.
This would provide these fungi with an important advantage in
mining N from soil organic matter and explains why sporophores
from these EMF ETs, in many cases, tend to have higher 15N
content compared with lower biomass forming ETs (Hobbie &
Agerer, 2010; Hobbie & H€ogberg, 2012). While the SD and
C-types were most alike in terms of N cycling genes, the MD-F
and LD types exhibited distinct patterns. MD-S and SD had the
greatest relative number of proteases and amino peptidases, while
MD-F had the greatest relative number of amino acid lyases and
ammonium transporters. The LD type had the greatest propor-
tion of AA transporters. This may be an important strategy for
transporting amino acids through LD mycelial networks such as
rhizomorphs to supply N to host plants (Chalot et al., 2002).
Based on these patterns, SD and C-type EMF have similar N use
capacities at a genomic level, and in turn, these ETs may have
greater niche overlap.

Importantly, these conclusions are based on a limited number
of EMF with sequenced genomes (n = 106), and they are based

on genomic gene numbers rather than gene expression, so further
in situ functional investigations are required to assess actual fun-
gal activities in the environment. We also acknowledge that sub-
stantial intraspecific genomic variation could shape these results
depending on the fungal isolate sequenced within a species. To
assess the magnitude of intraspecific Pfam variation, we com-
pared profiles across 12 Laccaria bicolor isolates and contrasted
this against 12 different Russula species and 15 Suillus species
(Fig. S5), two large and diverse genera. Intraspecific variation was
21–35% lower than intrageneric variation, indicating that
although reduced, within-species variability remains consider-
able. This intraspecific genomic variation may contribute to the
plasticity we observe in EMF ET trait expression at the individual
species level. Future work should consider how intraspecific var-
iation influences extraradical mycelium development and
exploration since it may provide new insights into species-level
plasticity.

Biomass productivity and rhizomorph formation explain the
distribution of EMF on roots and soil

We expected EMF that produce high mycelial biomass and rhizo-
morphs to be more abundant in soil than on roots. Our results
supported this hypothesis, with high biomass producing groups
MD-F, LD, and SD-C having a higher relative abundance in soil
compared with roots (P < 0.001 for all groups). Curiously, we
also observed higher relative abundance in soil for the low bio-
mass but rhizomorph producing group MD-S (P = 0.001).

Fig. 3 Genomic variation in exploration type.
Variation in protein families encoding enzymes
for decomposition of plant biomass (a). Each
point represents individual fungal genomes with
ranges across exploration types delimited by
polygons. Point size represents the mean
phylogenetic distance of a taxon. This
visualization is included to show that there is a
range to phylogenetic distance captured within
each exploration type (ET), with some ETs
spanning large phylogenetic ranges (i.e. LD, MD-
S, SD) and others covering much shorter
phylogenetic distances (i.e. MD-F). Significant
indicator protein families involved in
decomposition (b). Values show the indicator
value of each protein family. Variation in protein
families encoding for nitrogen cycling (c) and
associated indicator protein families (d). P-values
for the effect of exploration type are shown (a, c)
from the db-RDA. See Supporting Information
Table S3 for db-RDA statistical results, including
multiple comparisons. Abbreviations are for
medium-distance fringe (MD-F) and MD-S (MD-
S), long-distance (LD), short-distance coarse (SD-
C) and SD delicate (SD-D), and contact (C) type
exploration types.
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There was no statistically significant difference between soil and
roots for C-type EMF (P = 0.07), although this type tended to
be more dominant on roots than in soils. Finally, SD-D was less
dominant in soil compared with roots (P = 0.02). Thus, as
opposed to biomass production alone, ETs producing
intermediate-to-high biomass and rhizomorphs were dominant
in soil compared with roots (Fig. 4). It bears considering that soil
data may be skewed by DNA obtained from EMF spores and
other structures, but there is no known reason to believe this
should be biased toward any specific ET. While these results are
consistent with earlier studies (Genney et al., 2006; Kjøller, 2006;
Parrent & Vilgalys, 2007), this trend has not been consistently
observed in studies involving in-growth bags (J€orgensen
et al., 2023). We primarily attribute the mixed findings reported
in the literature to differences in study scale and high variation in
the distribution of EMF ETs across space (see Box 1, for further
discussion). Notably, roots and soils were not completely favored
by any ET across the studied forests, suggesting that ET habitat
preferences are not entirely consistent across the broad geographi-
cal scale of our study. Thus, while other studies (J€orgensen
et al., 2023) find mixed support for expected ET differentiation
between soil and roots relative to their occurrence within in-
growth bags, this is potentially due to spatial scale differences
across studies (our investigation ranged latitudinally from Swe-
den to Spain; Fig. S2). Combining two datasets from a continen-
tal set of observations enabled us to identify general trends
representative of conditions across Europe but which might lead

to less accurate stand-level predictions. Based on the distribution
of EMF ETs in soil and roots, an intermediate-to-high biomass
and rhizomorph production, more than ET alone, can explain
patterns of habitat dominance in soil vs roots.

Co-occurrence patterns link biomass production to plant
pathogens in soil

Patterns of co-occurrence among EMF, saprotrophs, and patho-
gens varied between soil and root-inhabiting fungal communities.
On fine roots, where EMF must compete for access to carbon,
MD-F relative abundances negatively covaried with each ET
except SD-C and LD explorers (Fig. 5). This was significant for
MD-S (r = �0.31, P = 0.0007) and SD-D (r = �0.33,
P = 0.001) EMF, two groups that produce low hyphal biomass.
MD-F were also the only group significantly negatively correlated
with plant pathogens on both roots (r = �0.52, P = 0.0001)
and in soil (r = �0.11, P = 0.02). Comparing root-inhabiting
EMF to soil-dwelling pathogens is statistically independent since
the data are not proportional to each other. This result is there-
fore especially interesting because EMF can reduce pathogen
infections of host plants (Buscot et al., 1992; Velmala et al.,
2018), and research to date has not demonstrated which groups
of EMF may confer pathogen protection. Our observational
results hint at the idea that MD-F EMF may be involved in sup-
pressing plant pathogens that live in the soil. Dense aggregations
of MD-F hyphae, particularly for cortinaroid EMF, are known

Fig. 4 Correlations between exploration type relative abundances on living roots and in soils. Only MD-F relative abundances on roots and in soil were
significantly correlated. To compare whether groups are more dominant in roots vs soils, 1 : 1 lines are plotted. Points to the right of the 1 : 1 lines suggest
greater dominance in soils, and points to the left suggest greater dominance on roots. Unshaded sides represent dominance for a habitat type, or lack
thereof for C-type. Plots are shown with respect to needle- vs broadleaf dominance using green and purple colors, respectively, and we include this to
show similar trends for both dominant tree leaf types. Note that no values were removed for the analysis, including zeros. P-values show statistical
differences based on two-sided t-tests. Abbreviations are for medium-distance fringe (MD-F) and MD smooth (MD-S), long-distance (LD), short-distance
coarse (SD-C) and SD delicate (SD-D), and contact (C) type exploration types. ns, not significant.
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to outcompete or physically obstruct hyphae of foreign fungi
(Agerer, 2006). By contrast, both the C and MD-S types were
positively correlated with plant pathogens and may displace fewer
pathogens in the soil. We hypothesize that in comparison with
low biomass groups such as C and MD-S, MD-F EMF displace
plant pathogens in soils either physically via competition or
obstruction of roots through high biomass hyphal extension, or
an alternative mechanism such as allelochemical production. It
will be important for future research to experimentally test these
findings since direct causality and directionality cannot be disen-
tangled from our study.

Realized niche differentiation among exploration types

Environmental predictors of the distribution of ETs grouped
EMF into broad ecological categories. This analysis is akin to
quantifying the ‘realized environmental niche’ of EMF ETs.
Here, dominant tree leaf type (needleleaf vs broadleaf) was a
strong predictor of all ET relative abundances except for C-type
(Table 1; Fig. 6a). Dominant tree leaf type was linked to neither
biomass nor rhizomorph production strategy, with SD-D and
MD-F at higher relative abundances in needleleaf dominant for-
ests, and SD-C, MD-S, and LD more common in broadleaf for-
ests (Table 1). It is established that many, but not all, EMF
exhibit specificity for either broad- or needleleaf trees (van der
Linde et al., 2018). For example, nearly 50% of 300 EMF species
exhibited host-specificity in mixed needle-broadleaf forests
(Ishida et al., 2007). However, our results show that this degree
of specialization also applies when EMF are aggregated at the ET
level. For example, there were distinct EMF community compo-
sitions within each ET group between broad- and needleleaf for-
ests (Table 1). The greatest differences between dominant tree
leaf types were observed for MD-F and LD groups, and the smal-
lest variation was observed for the SD-C and C-type ETs.

While we found grouped responses of ETs to dominant tree
leaf type, there were no consistent trends in how ET relative
abundances responded to all other predictors (Fig. 6a), and
responses to these other predictors differed in correlation strength
and directionality between tree leaf types (Fig. 7). Notably, ETs

that correlated strongly with foliar nutrients (MD-F, SD-D)
exhibited opposite correlational structures between tree leaf types,
indicating that polar niches may be formed between needleleaf
and broadleaf forests relating to nutrient acquisition. Whether
these patterns are driven by differences in EMF composition, dif-
ferential host plant control over EMF functioning, or other indir-
ect variables remain open questions. Specifically, we observed
that MD-F were positively correlated with foliar N in broadleaf
but negatively correlated in needleleaf forests, instead favoring
higher foliar P : N in needleleaf forests. This is consistent with
the hypothesis that high biomass needleleaf-associating EMF are
sensitive to N additions (Lilleskov et al., 2011). By contrast, SD-
D and LD positively correlated with foliar P : N in broadleaf but
showed the opposite in needleleaf forests where they were asso-
ciated with higher foliar N (Fig. 7). Taken together, these find-
ings suggest that mycorrhizal partnerships between dominant tree
leaf types and EMF play a major role in guiding niche partition-
ing across EMF ETs.

Several indicators suggest that C-type EMF may be more ‘gen-
eralist’ than the other EMF ETs. C-type EMF were equally com-
mon in broadleaf and needleleaf forests (Table 1), and we could
not predict their distributions as accurately as many other ETs
(Table 1), suggesting a degree of generalization that is unique
from other EMF. However, patterns between C-type EMF and
environmental properties and processes were also stronger in
broadleaf vs needleleaf forests, where their relative abundance was
negatively correlated with soil pH and clay content (Fig. 7). This
demonstrates a particularly tight link between C-type EMF and
soil physicochemical properties, consistent with previous work in
European oak forests (Suz et al., 2014). Soil clay content was a
similarly strong predictor in broadleaf forests as soil pH, poten-
tially because the hydrophilic mycelium of C-type explorers can
more efficiently absorb water and inorganic nutrients such as
ammonium, which can bind to negatively charged clay surfaces.
To that end, C-type EMF were also most common in relatively
high N environments and in productive forests (Fig. 7). This
lends support to established trends in European forests that C-
types are often resilient or positively linked to N deposition (Lil-
leskov et al., 2011) and is in line with studies showing that trees

Fig. 5 Patterns of covariation among
ectomycorrhizal fungal exploration types on root
systems (a) and in soils (b). Colors show
Pearson’s correlation coefficients and asterisks
indicate significance (*, P < 0.05; **, P < 0.001;
***, P < 0.0001). Relative abundances of
pathogens and saprotrophs are both from soils
since these were not measured on root tips.
Exploration type and other trophic mode
abbreviations are short for mat-forming (MAT),
medium-distance fringe (MD-F) and MD smooth
(MD-S), long-distance (LD), short-distance
coarse (SD-C) and SD delicate (SD-D), contact
(C) type, potentially plant pathogenic (Paths),
and saprotrophic (Saps) fungi. Note that MAT-
forming ectomycorrhizal fungi were not common
enough on root samples to be included.
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can adjust N uptake to their demands, thus avoiding N oversup-
ply (Gessler et al., 2004). By contrast, high biomass MD-F was
negatively associated with tree growth and N indicators (N stocks
and N deposition; Fig. 7). Negative links to N indicators are
similar to observations made nearly two decades ago in white
spruce (Picea glauca (Moench) Voss) forests (Lilleskov

et al., 2002). The other high biomass type, LD, showed the same
trend with needleleaf tree growth as MD-F; however, LD relative
abundances were positively correlated with N deposition in both
forest types (Fig. 7). Thus, biomass production amounts may dis-
tinguish ET niche suitability between forest types for N indica-
tors, but not forest productivity.

Fig. 6 Patterns among environmental conditions
and relative abundances of ectomycorrhizal
fungal exploration types in roots across Europe.
Summed variable importance in projections (VIP)
for components 1–3 of partial least squares
regression modeling (the number of components
depends on the model). VIP values have been
ranked to compare effect sizes of different
predictors, describing their importance to
variation explained in the models. Separate
panels show modeling results for contact (a),
short-distance delicate (b), short-distance coarse
(c), medium-distance smooth (d), medium-
distance fringe (e), and long-distance (f)
exploration types.

Table 1 Variation in relative abundance of ectomycorrhizal exploration types from living roots described by environmental conditions.

Exploration type PLSR % variation RMSE %

Forest type effects

X2 P Br : Ne Perm. R2

Contact 27.3 4.05 0.015 0.902 1.01 0.04
Short-distance delicate 27.0 2.27 12.52 < 0.001 0.46 0.07
Short-distance coarse 8.42 3.60 12.91 < 0.001 1.56 0.03
Medium-distance smooth 24.3 6.73 33.23 < 0.001 1.98 0.07
Medium-distance fringe 63.0 2.53 27.41 < 0.001 0.27 0.08
Long-distance 30.7 1.29 4.05 0.044 1.53 0.09

Variation in relative abundance of ectomycorrhizal exploration types from living roots described by environmental conditions, using partial least squares
regression (PLSR) on reduced models only containing environmental predictors with VIP values > 0.8 in the first three PLS components. PLSR% variation
describes model variation explained by each exploration type, and root mean square error % describes the average deviation between predicted vs
observed relative abundance of each exploration type. Results of Kruskall–Wallis rank sum tests show differences in exploration type relative abundances
between dominant tree leaf types. The ratio of mean relative abundances in broadleaf to needleleaf forests (Br : Ne) is shown to indicate directionality. A
ratio greater than 1 indicates a higher abundance of the exploration type on roots of broadleaf trees, while a ratio < 1 indicates a higher abundance on
needleleaf trees. Differences in ectomycorrhizal fungi exploration type community composition between forest types are shown as the coefficient of
determination (every comparison was significant at P < 0.05).
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Differences in environmental suitability between MD-F and
LD EMF ETs may stem from their contrasting decomposition
strategies. Our genomic analysis demonstrates that MD-F have
greater potential to produce peroxidases, which are suppressed by
N deposition (Entwistle et al., 2018), while LD, especially Bole-
tales such as Pisolithus and Scleroderma (Agerer, 2001; Wu
et al., 2022), produce multicopper oxidases that are stimulated
by N deposition and aid in lignin breakdown (Freedman &
Zak, 2014). These divergent traits help explain observed correla-
tions with ecosystem N metrics and tree growth. MD-F are parti-
cularly abundant in needleleaf-dominated forests, where they
may limit N uptake under nutrient-poor conditions, reinforcing
nutrient limitations rather than alleviating them (N€asholm
et al., 2013; Franklin et al., 2014). Their reduced prevalence in
high-N environments suggests low tolerance for N enrichment,
which has raised concerns under rising N deposition (Lilleskov
et al., 2011). Building on earlier hypotheses, we propose that
future work should disentangle the roles of MD-F P uptake
under relatively low and high N environments. We observed
positive correlations between foliar P : N ratios and MD-F rela-
tive abundance in both pine and spruce stands (the major repre-
sentatives of dominant needleleaf forest types; Fig. S6). This
stoichiometric imbalance may contribute to reduced tree growth
under highly N-limiting conditions and contrasts sharply with
patterns observed in LD types. While these relationships are cor-
relative and require experimental validation, they suggest key
functional trade-offs among EMF types in responding to and
shaping forest nutrient stoichiometry. Ultimately, the roles of
EMF in P vs N uptake are still to be fully resolved under low N
conditions.

Conclusions and future outlooks

In this study, we explored niche separation in EMF ETs by
applying comparative genomics of fully sequenced EMF genomes
and pairing DNA-sequenced EMF root and soil communities
with forest biotic and abiotic environmental data collected across
Europe. We show patterns of separation among EMF ETs from
both genomic and biogeographical data types, with a clear pro-
gression of similarity from low- to high-biomass ETs. Our first
hypothesis that EMF ETs have functionally distinct gene compo-
sitions was supported as all ETs showed different protein family
encoding gene compositions, and the high biomass MD-F and
LD had distinct decomposition and N cycling gene profiles. Our
second hypothesis that high biomass ETs would be dominant in
soils and low biomass ETs dominant on roots was supported for
high biomass ETs, but only low biomass SD-D was dominant on
roots, with C-type being equally abundant in both. Finally, our
third hypothesis that ETs would show signatures of niche parti-
tioning as a reflection of different links to environmental condi-
tions was only partially supported because it was strongly
moderated by dominant tree leaf type (needleleaf vs broadleaf).
Our results lend considerable clarity to the value of the trait-
classification system for EMF extraradical mycelium that Rein-
hard Agerer established over two decades ago (Agerer, 2001), and
raise intriguing new hypotheses about their environmental
niches, capacities to contribute to soil biogeochemical cycles, and
potential co-involvement in forest tree growth and nutrient
uptake.

We propose that future research focus on the following areas.
(1) Comparing EMF ET environmental niches by exposing

Fig. 7 Visualizations of environmental predictors of variation in relative abundances of ectomycorrhizal fungi exploration types in roots of broadleaf and
needleleaf trees across Europe. Heatmap represents Pearson’s correlation coefficients between exploration types and predictors. Predictors correlated
against exploration types were the same as those selected for partial-least squares regression models (Fig. 6). Stronger correlations are represented by
darker shades. Blue = positive and red = negative correlation coefficients. The dendrogram to the left thematically links environmental predictors into tree-
related, soil-related, and broader environment-related conditions. The dendrogram below hierarchically clusters exploration types for each tree leaf type
using ward-D agglomeration. Note that not all correlations were significant, and we avoid presenting significance here as we intended to identify broad
trends and not to analyze direct correlations. Abbreviations are for medium-distance fringe (MD-F) and MD-S (MD-S), long-distance (LD), short-distance
coarse (SD-C) and SD-D (SD-D), and contact (C) type exploration types.
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culturable isolates or spore-collected taxa to varied microcosm
conditions and linking lab-inferred fundamental niches with rea-
lized niches from biogeographic data. (2) Comparing actual ET
contributions to decomposition, N, and P cycling in microcosms
and under in situ conditions using metatranscriptomics (sensu
(Auer et al., 2024)) given gene content investigations only reveal
the functional potential of organisms. (3) Testing the differential
roles of ETs in pathogen suppression, as our results indicate there
may be contrasting feedback among MD-F, MD-S, and C-types
with implications for forest tree health independent of nutrient
exchange. (4) Experimentally testing the causal effects of different
ETs on plant growth and nutrient uptake of contrasting host tree
species and leaf types, incorporating ET contributions to host
tree development across seasons and growth periods (Xie
et al., 2024). (5) Investigating the roles of ETs in P uptake and
tree growth within N deposition induced P-limited European
forests (sensu Zhang et al., 2023) and in forests that remain N
limited to test alternative hypotheses about the role of MD-F
fungi in responding to or driving N limitation. (6) Lastly, we
need continued evaluation of variation in EMF mycelium
growth, extent, and exploration using experimentation and direct
observation methods, paired with literature reviews and DNA
sequencing. In doing so, we can refine and statistically test the
efficacy of current trait assignments (Agerer, 2001; P~olme
et al., 2020), which may be incomplete for taxa showing extensive
morphological plasticity in their extraradical mycelium develop-
ment (van der Linde et al., 2018; Suz et al., 2021), and in areas
of the world where EMF are considerably less studied, such as
Nothofagus forests of South America, African miombo wood-
lands, and dipterocarp forests in Southeast Asia. Our results
demonstrate that EMF extraradical mycelium attributes differ-
entiate EMF at the genomic and ecological levels, making this an
important research area for future development to better under-
stand how variation in EMF communities affects forest function-
ing and resilience to global change.
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