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Abstract
1.	 Identifying the spatial scales at which community assembly processes operate 

is fundamental for gaining a mechanistic understanding of the drivers shaping 
ecological communities. In this study, we examined whether and how traits and 
phylogenetic relationships structure fungal community assembly across spatial 
scales.

2.	 We applied joint species distribution modelling to a European-scale dataset on 
215 wood-inhabiting fungal species, which includes data on traits, phylogeny 
and environmental variables measured at the local (log-level) and regional (site-
level) scales.

3.	 At the local scale, wood-inhabiting fungal communities were mostly structured 
by deadwood decay stage, and the trait and phylogenetic patterns along this 
environmental gradient suggested the lack of diversifying selection.

4.	 At regional scales, fungal communities and their trait distributions were influ-
enced by climatic and connectivity-related variables. The fungal climatic niches 
were not phylogenetically structured, suggesting that diversifying selection 
or stabilizing selection for climatic niches has played a strong role in wood-
inhabiting communities. In contrast, we found a strong phylogenetic signal in 
the responses to connectivity-related variables, revealing phylogenetic homog-
enization in small and isolated forests.

5.	 Synthesis. Altogether, our results show that species-level traits and phylogenies 
modulate the responses of wood-inhabiting fungi to environmental processes 
acting at different scales. This result suggests that the evolutionary histories of 
fungal traits diverge along different environmental axes.
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1  |  INTRODUC TION

A central goal in community ecology is to elucidate the processes 
that determine structure and composition of ecological commu-
nities. Such processes, can be synthesized as phylogeographic 
(e.g. speciation and large past migrations) and ecological (e.g. abi-
otic filtering, biotic filtering and dispersal) assembly processes 
(Götzenberger et al., 2012; Kraft et al., 2007; Weiher et al., 2011). 
Compared to analysing community composition in terms of species 
identities alone, integrating information about the phylogenetic rela-
tionships and trait similarity between species provides more explicit 
insights into the effects of phylogeographic and ecological assembly 
processes (Cadotte et al., 2011; Cadotte et al., 2015; Mason & de 
Bello, 2013; McGill et al., 2006; Webb et al., 2002). Functional traits 
are the characteristics, which impact the fitness differences be-
tween species under environmental selection, and thus their detec-
tion enables a more mechanistic understanding on how communities 
are structured over environmental gradients (Violle et al.,  2007). 
The phylogenetic relatedness additionally informs about the shared 
evolutionary history between species (Mouquet et al., 2012; Webb 
et al.,  2002). Thus, assessing whether closely related species are 
more similar in their traits and responses to environmental variation 
(i.e. phylogenetic signal), is a powerful tool to assess the interplay be-
tween phylogeographic and ecological assembly processes in struc-
turing ecological communities (Cadotte et al., 2013; Cavender-Bares 
et al., 2009; Kraft et al., 2007; Webb et al., 2002).

Assembly processes act simultaneously at multiple spatial scales, 
their relative contributions being scale dependent (Hart et al., 2017; 
McGill, 2010; Mod et al., 2020; Trisos et al., 2014). While phylogeo-
graphic assembly processes act at the broadest scales of community 
organization (Emerson et al., 2011), ecological assembly processes 
may act from broadest to finest. For instance, the imprints of filters 
related to resource availability may be detectable within fine spatial 
scales ranging from tens to hundreds of kilometres, whereas the im-
prints of macroclimatic effects may only be detectable within larger 
spatial scales such as continents (Pearson & Dawson, 2003; Siefert 
et al.,  2012). As the effects of ecological assembly processes are 
scale dependent, so are the influences of different (response) traits 
on community assembly (Gianuca et al., 2017; Messier et al., 2010). 
A less studied but relevant question for understanding evolution-
ary processes on community assembly is, whether the traits that 
influence assembly processes at different spatial scales are phy-
logenetically structured (Cavender-Bares et al.,  2006; Silvertown 
et al., 2006).

Wood-inhabiting fungal communities form species-rich com-
munities organized by environmental factors operating at different 
scales, and hence represent ideal study system for assessing the 
scale dependency of ecological assembly processes on community 
assembly. At the deadwood-unit level, key environmental driv-
ers include the microclimatic conditions related to moisture and 
temperature (Fukasawa et al.,  2009; Pouska et al.,  2017), and the 
physical–chemical properties that change with the diameter, decay 

stage and tree species of the deadwood (e.g. Abrego & Salcedo, 2013; 
Heilmann-Clausen & Christensen,  2004; Juutilainen et al.,  2017; 
Krah et al., 2018; Kubartová et al., 2012). At larger scales, anthro-
pogenic pressures reducing the amount, diversity and connectivity 
of deadwood (e.g. Abrego et al.,  2015; Abrego & Salcedo,  2014; 
Josefsson et al., 2010; Juutilainen et al., 2014; Nordén et al., 2013; 
Penttilä et al., 2006) and macroclimatic factors related to tempera-
ture and precipitation (Abrego, Christensen, et al., 2017; Heilmann-
Clausen et al., 2014; Ordynets et al., 2018) have all been found to be 
important. Ordynets et al.  (2018) observed that the contemporary 
wood-inhabiting fungal community structure was weakly related to 
the distribution of post-glacial forest refugia in Europe, suggesting 
that historical dispersal barriers have not been an important deter-
minant of their distributions.

Even if a large body of literature has described how fungal com-
munities respond to environmental variation, it remains poorly 
understood how these responses are modulated by species traits. 
Compared to other taxa such as animals or plants, trait-based ap-
proaches are only emerging in fungal community ecology (Aguilar-
Trigueros et al., 2015; Crowther et al., 2014; Dawson et al., 2019). 
However, trait-based fungal studies are on the rise, and fungal trait 
databases are increasingly compiled (e.g. Nguyen et al., 2016; Zanne 
et al., 2020). At the smallest scale of individual deadwood units, re-
productive traits have been found to be linked to deadwood qual-
ity, such as size (Bässler et al., 2014), decay stage (Abrego, Norberg, 
et al., 2017) and tree species (Purhonen et al., 2020). At the larger 
scale, wood-inhabiting fungi with long-lived reproductive struc-
tures have been found to be especially vulnerable to forestry prac-
tices, likely due to their affinity of large deadwood units (Abrego, 
Norberg, et al.,  2017; Bässler et al.,  2014; Nordén et al.,  2013). 
Dispersal traits characterizing the size and shape of sexual spores 
have also been linked to deadwood size (Purhonen et al., 2020) as 
well as to macroclimatic variables of temperature and precipitation 
(Andrew et al., 2016). Resource use traits such as nutritional mode 
are linked to deadwood decay stage (Abrego, Norberg, et al., 2017; 
Mäkipää et al., 2017) as well as to macroclimatic conditions (Andrew 
et al., 2016). Results from trait-based studies accounting for phylog-
eny have found a strong phylogenetic signal, suggesting that related 
species tend to share traits and to respond similarly to the envi-
ronment (Abrego, Norberg, et al., 2017; Bässler et al., 2014; Thorn 
et al., 2018).

In this paper, we ask whether the way in which traits and 
phylogenetic relationships structure community assembly varies 
across spatial scales. For this, we apply joint species distribution 
modelling to a large-scale dataset on wood-inhabiting fungi, which 
includes data on environmental variables measured at different 
spatial scales, traits and phylogeny. More specifically, we assess 
(a) how much of the variation in the species responses to the envi-
ronmental variables measured at different scales can be attributed 
to variation in reproductive, dispersal and resource use traits, and 
(b) whether the phylogenetic signal in the species responses to 
the environmental variables varies across spatial scales. Regarding 
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the first study question, we hypothesized that (a) dispersal traits 
would mostly influence the responses of the species to large-scale 
variables representing forest connectivity, (b) resource use traits 
would mostly influence the response of the species to small scale 
variation in deadwood quality and (c) reproductive traits would in-
fluence the response of the species both to small-scale variation 
in deadwood quality and large-scale variation in macroclimate. 
Regarding the second study question, we followed the framework 
of Revell et al.  (2008) to connect patterns in phylogenetic signal 
to random drift or selective processes. Namely, trait evolution 
by random drift is expected to generate a pattern where covari-
ance among species traits equals their phylogenetic relationship 
(Revell et al., 2008), which we expected for traits modulating the 
responses to anthropogenic gradients for which the species have 
had less time to evolve through selective processes. In contrast, 
selective processes (e.g. diversifying or stabilizing selection) are 
expected to break the relationship between trait similarity and re-
latedness, resulting in no or weaker phylogenetic signal, which we 
expected for traits modulating the responses to natural gradients. 
Thus, our hypothesis was that phylogenetic signal would be high-
est in the responses of the species to environmental variables rep-
resenting anthropogenic gradients (i.e. forest connectivity) rather 
than those representing natural gradients (i.e. resource quality and 
climatic conditions).

2  |  MATERIAL S AND METHODS

2.1  |  Study area and field data inventories

The data used in the present study were collected from 52 European 
beech forest reserves (Figure  1a) as used in Abrego, Christensen, 
et al. (2017); see Figure S1 and Table S1 for the names and locations of 
the visited sites). The criteria for site (i.e. reserve) selection and survey 
design were the same as described in Abrego, Christensen, et al. (2017). 
Briefly, the main criteria were that sites should represent the best ref-
erence for natural beech Fagus sylvatica forests in each country, and 
that altogether, the locations of the sites should represent the European 
beech forest distribution. As the spatial distribution of the visited forest 
sites was clustered in space, the sites were grouped into eight regions 
according to their geographical location (see Figure S1).

The fungal fruit-body surveys were carried out between the 
years 2001 and 2014. Most samplings were carried out visiting each 
site once during the main fruiting season (from late August to early 
November, depending on the visited geographical area) except in 
2001, when each resource unit was surveyed three times (data used 
in Ódor et al., 2006). Within each site, individual fallen beech logs of 
at least 10 cm in diameter, inclusive of their corresponding snag (if it 
was still present at the time of the survey), were considered individual 
deadwood units. The selection of the deadwood units was done to 

F I G U R E  1  Overview of the data used in this study. Panel a shows the visited sampling sites in Europe, panel b illustrates the phylogeny 
of the fungal dataset and panel c summarizes the fungal trait data. In panel a, the distribution of European beech Fagus sylvatica is shown in 
green and the sampling sites (i.e. beech forest reserves) in pink. In panel b, the phylogenetic tree has been coloured according to 30 clusters 
of 5% similarity, and the orders to which those clusters belong are given in the legend. In panel c, the y-axis shows the number of fungal 
species in each trait category for categorical traits, and the mean trait value across the species for continuous traits. The list of the species 
shown in panel B and their colour labels are given in Appendix S3
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secure a balanced combination of the main five decay stages within 
each site (see Christensen et al., 2005 for more details in decay stage 
classification and log selection procedure). The surveys included all 
polyporoids and agaricoids, and a subset of corticoids, larger disco-
mycetes and stromatic pyrenomycetes. Most species were identified 
in the field, but when microscopic identification was necessary, the 
specimens were collected for further identification in the laboratory.

2.2  |  Trait data

We compiled information about all traits that we considered eco-
logically relevant and for which data were available in the literature 
(Figure 1c). As described in Table 1, the considered traits were clas-
sified into three groups: traits related to the reproductive strategy, 
traits related to the dispersal capability and traits related to the re-
source use. The literature sources from which the traits were ex-
tracted are given in Appendix S2.

2.3  |  Selection of environmental variables

We selected the environmental variables which have been de-
tected to significantly influence fungal species communities, based 

on results of our previous studies analysing the partially the same 
data (Abrego et al., 2015; Abrego, Christensen, et al., 2017; Halme 
et al.,  2013; Heilmann-Clausen et al.,  2014; Ódor et al.,  2006). 
Thus, in this study we did not perform variable selection, but se-
lected predictors based on the identification of the most influential, 
representative variables identified in previous studies. Among the 
local variables describing deadwood quality, we selected deadwood 
size and decay stage (Abrego, Christensen, et al., 2017). Among the 
large-scale environmental variables, the size and connectivity of the 
sites to the surrounding forests have been detected to be the most 
important drivers, especially for habitat specialist species (Abrego 
et al., 2015). Finally, among the variables related to climate, the an-
nual temperature range has been detected to have the strongest 
effect on the composition of wood-inhabiting fungal communities 
(Abrego et al.,  2015; Heilmann-Clausen et al.,  2014), followed by 
precipitation (Abrego, Christensen, et al., 2017; Heilmann-Clausen 
et al., 2014). Hence, the environmental covariates considered in this 
study include the diameter at breast height (called henceforth diam-
eter; unit cm) and decay stage of each deadwood unit (scale 1–5), 
and the 10 km scale connectivity (unitless index), area (ha), annual 
temperature range (°C) and annual precipitation (mm) of each site. 
Diameter for trees with a standing snag diameter in breast height 
was measured at 1.3 m above the forest floor, while for uprooted 
trees (and broken trees with a low breakpoint) the point was found 

Traits related to reproduction Categories or unit type (number of species)

Fruit-body type Agaricoid (106), Corticioid (21), Others (21), Polyporoid 
pileate (32), Polyporoid resupinate (18), Stromatoid (17)

Fruit-body life span (longevity) Annual (204), Perennial (11)

The presence of asexual 
structures in the hymenium

Yes (149), No (66)

Hyphal system type Monomitic (152), Dimitic (22) and Trimitic (14) in the case of 
Basidiomycetes, and Thin (10) and Thick (17) in the case of 
Ascomycetes

Fruit-body size class One or many small fruit bodies (78), five or less big- or 
medium-sized fruit bodies (109), Many big fruit bodies (28)

Hymenium shape Angular pores (11), Branched (5), Circular pores (31), Gilled 
(107), Gleba/Volva (3), Hydnoid (6), Jelly (6), Labyrinthic 
pores (6), Meruloid (4), Odontoid (1), Perithecia (15), 
Reticulate (1), Smooth (19)

Traits related to dispersal Categories or unit type (number of species)

Spore size Cylinder volume formula:
Π x (Spore width/2)^2 x Spore length in μm

Spore shape Allantoid (16), Angulose (3), Cylindrical (41), Ellipsoid (113), 
Globose (29), Ovoid (13)

Spore wall Thin (191), Thick (24)

Ornamented spores Yes (20), No (195)

Traits related to resource use Categories or unit type (number of species)

Rot type Brown (4), White (193), Soft (18)

Trophic group Solely wood decaying (177), nutrients are also taken from 
other sources than deadwood (38)

Host-tree specialization Deciduous (177), Beech (16), Conifer (5) or Generalists (17)

The presence of rhizomorphs Yes (31), No (184)

TA B L E  1  The reproductive, dispersal 
and resource use trait groups used in the 
joint species distribution models. In the 
second column, the categories or units 
of the traits and the numbers of species 
within each of the trait categories are 
given
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along the lying log, 1.3 m from the original anchoring of the tree. The 
connectivity at 10 km spatial scale was based on the beech distribu-
tion map in Europe produced by EFI-Alterra (Brus et al., 2012), and 
we computed it using the Zonation Conservation Planning Software 
(Lehtomäki & Moilanen, 2013). For characterizing the annual tem-
perature range and the annual precipitation in the reserves, we used 
the climatic GIS layers BIO7 and BIO12 by Hijmans et al. (2005).

2.4  |  Phylogenetic data

The fungal phylogeny was constructed as described in detail in 
Bässler et al. (2014, 2016). Briefly, available nuclear and mitochon-
drial sequences were mined from the GenBank sequence data re-
pository. For those species that sequences were not available in the 
database, the species were manually added to the tree, which led 
to polytomies in some cases (Figure 1b). We used a literature-based 
guide tree (Hibbett et al., 2007), to successively align the sequences. 
After removing ambiguously aligned nucleotide position, alignment 
blocks of all markers were concatenated into a single matrix. Tree to-
pology and branch lengths were modelled in a maximum-likelihood 
framework using RAxML (Stamatakis,  2014). Sequence evolution 
was modelled with the GTRCAT approximation for each marker sep-
arately on a common topology. The confidence in the tree topology 
was assessed by 1,000 nonparametric bootstrap replicates.

2.5  |  Statistical analyses

The main statistical tool for analysing the data was the Hierarchical 
Modelling of Species Communities framework (HMSC, Ovaskainen 
et al., 2017; Ovaskainen & Abrego, 2020). HMSC is a joint species 
distribution model which includes a hierarchical layer asking how 
species responses to environmental covariates depend on species 
traits and phylogenetic relationships (Abrego, Norberg, et al., 2017). 
Importantly for reaching the aim of this paper, this modelling ap-
proach allowed us to simultaneously estimate how the species 
responded to the environmental covariates measured at differ-
ent spatial scales, how the traits of the species influenced those 
responses, and how phylogenetically structured those responses 
were.

The original fungal data consist of the presence–absence data 
of 320 wood-inhabiting fungal species surveyed in 1809 logs across 
53 European beech forest sites (Figure  1). As high proportions of 
species with extremely low prevalence result in poor model perfor-
mance (Norberg et al., 2019), we excluded from the main analyses 
those 105 species that occurred in four or less logs in the data. While 
the excluded rare species represented 33% of all species, they rep-
resented only 1.1% of all the species occurrences. To assess whether 
the exclusion of these rare species affected the main trends in the 
data, we examined whether their environmental responses and trait 
distributions differed systematically from those species that were 
included in the main analyses (Appendix S4). The results of these 

sensitivity analyses showed that the species with four or less oc-
currences had almost identical environmental responses to the rest 
of the species (Table S2). Furthermore, they did not systematically 
differ in terms of their trait distributions (Table S3). Thus, the main 
analyses are based on the presence–absence data of 215 wood-
inhabiting fungal species.

2.5.1  |  Model fitting and evaluation

In the HMSC analyses, we considered the individual logs as sampling 
units. As a response variable, we used the matrix of the presence–
absence of all 215 fungal species across the 1,809 logs. To model 
the presence–absences, we applied probit regression. As fixed ef-
fects (i.e. environmental predictors), we included variables measured 
both at the log and the forest site levels. As log-level variables we 
included deadwood size (measured as the diameter of the logs at the 
breast height) and decay stage as continuous covariates. As previous 
studies using partially the same data have shown that the relation-
ship between deadwood decay stage and wood-inhabiting fungal 
occurrence is unimodal (Abrego, Christensen, et al., 2017), we also 
included a second-order term of decay stage as a log-level covariate 
aimed to capture the non-monotonic responses. At the forest site 
level, we included the 10 km scale connectivity, reserve area (log-
transformed), annual temperature range and annual precipitation, as 
continuous covariates. To account for the hierarchically spatial na-
ture of the study design, we included the sites (i.e. reserves) and the 
regions as random effects.

The full trait data matrix consists of 16 traits, out of which six 
relate to the reproductive strategy, six to the dispersal capability and 
four to the resource use (henceforth called ‘trait groups’, Table 1). 
To avoid over-parameterization due to the large number of traits, 
we reduced the dimensionality of the trait data matrix following a 
Principal Component Analysis (PCA) procedure. The PCA analyses 
were performed using the ‘prcomp’ function of the r package vegan 
(Oksanen et al., 2020). We constructed three alternative trait data 
matrices, all including a reduced set of three trait covariates but 
varying in how the trait information was incorporated. As the trait 
data included both categorical and continuous traits, the categor-
ical trait variables were converted to binary dummy variables and 
then all trait variables were scaled to mean zero and unit variance 
before applying the PCA approach. In the first alternative trait data 
matrix, we included the first, second and third axes of a PCA applied 
to the full trait data matrix. These three axes were chosen based on 
Horn’s parallel analysis of principal components (Table S4) using the 
r package paran (Dinno, 2018). In the second trait data matrix, we 
included the first axes of PCA applied to the reproductive, dispersal 
and resource use traits respectively. In the third trait data matrix, we 
included raw trait data, by selecting one trait from each of the three 
trait groups. This selection was done by assessing the correlations 
between traits (Table S5) and selecting those that were most cor-
related with the first axis in the PCA (Figures S2–S4). For categorical 
traits with more than two levels, the statistical dependencies were 
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evaluated by Pearson’s Chi-square test for cases where the explana-
tory was also categorical with more than two levels. For categorical 
traits with two levels, the dependencies were evaluated by logistic 
regression. For continuous traits, the dependencies were evaluated 
with linear regression. If the response variable was categorical with 
more than two levels, and the explanatory variable was either binary 
or continuous, the roles of the explanatory and response variables 
were swapped, and then either logistic regression or linear regres-
sion was applied respectively. As a result of the dimension reduction 
procedure, the first alternative trait data matrix includes the most 
comprehensive information about the traits (in the sense that it in-
cludes information about all traits) but does not discriminate among 
these. In the other extreme, the third trait data matrix includes the 
most reduced information about the traits (in the sense that it in-
cludes information about three traits only) but discriminates both 
among and within trait groups. The second alternative trait data ma-
trix is an intermediate case, discriminating among trait groups but not 
within trait groups. We evaluated how phylogenetically correlated 
the traits were by estimating Pagel’s � parameter with the ‘corPa-
gel’ function from the ape r package (Paradis et al.,  2004; Paradis 
et al., 2020). For this, we used the first and second alternative trait 
matrices, as the function required a continuous input variable.

We fitted in total four alternative HMSC models. All four models 
included the environmental variables, phylogeny and random ef-
fects explained above, but differed in whether and how trait data 
was included. The first three models included the three alterna-
tive trait data matrices, while the fourth model did not include trait 
data. Henceforth we denote the models ‘overall PCA model’, ‘trait 
group-specific PCA model’, ‘raw traits model’ and ‘no traits model’. 
The fourth model without traits was used as a baseline to which the 
models including traits were compared.

We fitted the HMSC models with the r-package Hmsc (Tikhonov 
et al., 2020) assuming the default prior distributions (see Chapter 8 
of Ovaskainen & Abrego,  2020). We sampled the posterior distri-
bution with four Markov Chain Monte Carlo (MCMC) chains, each 
of which was run for 375,000 iterations, of which the first 125,000 
were removed as burn-in. The chains were thinned by 1,000 to yield 
250 posterior samples per chain and so 1,000 posterior samples in 
total. We examined MCMC convergence by examining the potential 
scale reduction factors (Gelman & Rubin, 1992) of the model param-
eters (Table S6).

We evaluated the explanatory and predictive powers of the pro-
bit models through species-specific AUC (Pearce & Ferrier,  2000) 
and Tjur’s R2 (Tjur, 2009) values, which were then averaged across 
the species to obtain model-specific metrics. To compute explana-
tory power, we made model predictions based on models fitted to 
all data. To compute predictive power, we performed fivefold cross-
validation, in which the sampling units were assigned randomly to 
fivefold, and predictions for each fold were based on model fitted 
to data on the remaining fourfold. The explanatory powers are ex-
pected to be higher than the predictive powers because in the case 
of the explanatory power the model has ‘seen’ the sampling units for 
which is predicting. However, if the difference between explanatory 

power and predictive power is large, it indicates that the model is 
overparameterized in the sense that it is likely to being capturing not 
only signal but also noise.

2.5.2  |  Assessing the scale dependency in 
trait responses

We used the fitted joint species distribution models to assess the 
scale dependency in the trait-level responses of the species to the 
environment. For this, we first applied a variance partitioning ap-
proach to quantify which proportion of the variation on the species' 
occurrences could be attributed to the variables measured at the 
deadwood unit and site levels, compared to that explained by the 
random effects (Ovaskainen et al.,  2017). We then computed the 
amount of variation in the species responses to the environmental 
variables that was explained by the variation in their traits (Abrego, 
Norberg, et al., 2017).

We also evaluated how the traits influenced the responses of 
the species to the environmental covariates measured at different 
spatial scales (accounting for the phylogenetic structure). In the 
HMSC modelling framework, the parameters measuring how the 
traits influence the responses to the environmental covariates are 
called the�parameters (Ovaskainen & Abrego, 2020). We evaluated 
the trait–environment relationship by examining which�parameters 
obtained ≥95% posterior probability for being either positive or neg-
ative. For those trait–environment relationships showing statistically 
supported results, we built predictions based on the fitted models. 
In the predictions, the values of the non-focal variables were set to 
their expected value conditional on the focal variable.

2.5.3  |  Assessing the scale dependency in 
phylogenetic signal

We first examined the overall phylogenetic signal in each of the 
fitted joint species distribution models. In the HMSC modelling 
framework, the phylogenetic signal is measured through the model-
specific parameter ρ (Ovaskainen & Abrego, 2020). ρ = 1 indicates 
that after accounting for the effects of the traits, the environmental 
responses of the species are fully explained by their phylogenetic 
correlations. Conversely, ρ = 0 indicates that the responses of the 
species to the environment are randomly distributed with respect 
to the phylogeny. We considered that the phylogenetic signal meas-
ured by � was statistically supported if the posterior probability of�
being positive was at least 95%.

We then assessed whether the phylogenetic signal varied across 
the responses of the species to the environmental variables mea-
sured at different spatial scales by fitting phylogenetic regression 
models with the ‘corPagel’ function from the ape r package (Paradis 
et al.,  2004; Paradis et al.,  2020). The response variable was the 
posterior estimate measuring how the species respond to each spe-
cific environmental variable in the joint species distribution models, 
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namely the � parameters corresponding to a particular environmen-
tal variable (Ovaskainen & Abrego, 2020). From these models, we 
estimated Pagel’s � parameter to evaluate the strength phylogenetic 
signal in the community-level responses to each of the covariates. 
In this case, we assessed the statistical significance of the phyloge-
netic signal being greater than zero by null hypothesis testing. We 
note that the Pagel’s � parameter is identical to the � parameter of 
the Hmsc package as both determine the weight that is given for the 
phylogenetic correlation matrix when averaging that with the iden-
tity matrix. However, the � parameter estimates the average phylo-
genetic signal across the different � parameters, whereas the above 
approach enabled us to estimate covariate-specific phylogenetic 
signals with the � parameters.

3  |  RESULTS

3.1  |  Overall trait and phylogenetic patterns

The considered fungal traits were generally highly correlated 
(Table 2). In particular, fruit-body type showed many significant asso-
ciations with other traits. The PCA applied to the trait data revealed 
that the traits separated according to fruit-body types, implying that 
these defined patterns in most of the other traits (Figures S2–S4). 
The traits were also highly phylogenetically structured. The principal 
axes of the PCAs applied to all trait data or trait group-specific data 
were phylogenetically structured in all cases with p  <  0.05 (Table 
S7). That is, related species had on average more similar traits than 
unrelated species.

The four alternative HMSC models yielded basically identical 
explanatory and predictive powers (Table S8). Measured as AUC, 
the explanatory and predictive powers of all models were 0.90 and 
0.81 respectively. Measured as Tjur’s R2 the explanatory and pre-
dictive powers were 0.10 to 0.07 respectively. The small difference 
between the predictive and explanatory powers indicated a good 
model fit.

Trait-based variance partitioning revealed that the traits 
captured the variation in species' responses to the environment 
more effectively when included in their raw form compared to 
being included as PCA axes (Table 3; Tables S9 and S10). In the 
model that included raw trait data, the traits explained 46% 
of the variation in species occurrences generated by their re-
sponses to the environmental variables, whereas in the overall 
PCA and trait group-specific models, the traits explained 19% 
and 29.5% respectively.

Overall, the phylogenetic signal parameter � which measured 
whether related wood-inhabiting fungi responded similarly to the 
environmental conditions (while accounting for the traits included 
in the models) was high and statistically supported (Figure 3). Thus, 
closely related species responded more similarly to the considered 
environmental variables than expected from assuming no phyloge-
netic signal or from their trait similarities.

3.2  |  Scale dependency in trait responses

Most of the explained variation in wood-inhabiting fungal com-
munity composition was captured by small-scale variables meas-
ured at the deadwood-unit level (Table  3). In all models, most 
of the community-level explained variation was explained by 
the deadwood-unit level variable decay stage (28.2%–28.8%, 
see Table  3 and Tables S9 and S10). The other deadwood-unit 
level variable, deadwood size, explained only little variation 
(5.2%–5.3%). Among the larger-scale variables measured at the 
forest-site level, macroclimatic variables explained slightly more 
variation than connectivity-related variables. Among macrocli-
matic variables, precipitation and temperature range explained a 
similar amount of variation (respectively, 4.4–4.9% and 4.7–4.9%). 
Among connectivity related variables, forest connectivity ex-
plained more variation (4.9%–5.1%) than the area of the reserve 
(2.4% in all models). The random effects explained a substantial 
amount of the explained variance in all models, the site-level ran-
dom effects explaining 32.1%–35.1% and the region-level random 
effects 14.3%–17.6%.

At the same time, the considered traits explained more varia-
tion at the small-scale (deadwood-unit level) responses of fungi than 
large-scale (forest-site level) responses (Table 3). At the deadwood-
unit level, the considered traits explained 19% of variance in the 
species' responses to decay stage and 4% to deadwood size. At the 
forest-site level, the traits explained 12% of the variation of species 
responses to macroclimatic variables (2% to the annual precipitation 
and 10% to the annual temperature range) and 13% of the variation 
in species' responses to connectivity-related variables (8% to forest 
connectivity and 5% to reserve area).

Spore size and fruit-body type were related to deadwood-
unit level variation in decay stage, fruit-body type to forest-site 
level variation in macroclimate, and host-tree specialization to 
forest-level variation in connectivity (Table 3). Spore size showed 
a statistically supported negative association to the first-order 
term of the decay stage but a positive to the second-order term. 
Thus, spore size was smallest at intermediate values of deadwood 
decay stage (Figure  2a). Conversely, pileate poroid fruit-body 
types were negatively associated with the second-order term of 
decay stage, indicating that the probability of occurrence of pile-
ate poroid species was highest in early-intermediate decay stages 
(decay stage 2, Figure  2b). Fruit-body type was also associated 
with macroclimate, in particular the occurrences of resupinate 
polyporoid species decreased with increasing annual tempera-
ture range (Figure  2C). The occurrences of fungi specialized to 
deciduous trees were positively associated with forest con-
nectivity (Figure  2d). Spore size was negatively associated with 
connectivity-related variables, species with smaller spores occur-
ring in larger reserves (Figure 2e). The models which compacted 
the trait information into the main PCA axes captured similar but 
more masked patterns due to the highly correlated relationships 
among traits (Tables S9 and S10).
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TA B L E  3  Trait–environmental covariate relationships. The first column shows the proportion of explained variance attributed to each 
of the environmental variables included in the model, the second column shows the proportion of variance in the species' responses to 
the environment that is explained by the traits, and the third column indicates which traits showed statistically supported associations to 
the environmental variables (i.e. which � parameters obtained ≥95% posterior probability for being either positive or negative). The results 
shown here correspond to the HMSC model including raw trait data, and the same results but for the models compacting the trait data into 
PCA axes are given in Tables S9 and S10

Spatial scale

Type of 
environmental 
covariate

Environmental 
covariate

Variance explained 
by the covariate (%)

Variance 
explained by 
traits (%) Statistically supported trait relationships

Deadwood-unit 
level

Resource 
quality

Decay stage 28.2 19 •	 Spore size negatively associated with the first-
order term of the decay stage but positively to 
the second-order term

•	 Pileate polyporoid fruit-body type negatively 
associated with the second-order term of decay 
stage

Size 5.2 4 None

Forest-site level Macroclimate Precipitation 4.9 2 None

Temperature 
range

4.9 10 •	 Resupinate polyporoid fruit-body type 
negatively associated with temperature range

Connectivity 10-km 
connectivity

5 8 •	 Species specialized to deciduous trees 
positively associated with forest connectivity

Reserve area 2.9 5 •	 Spore volume negatively associated with 
reserve area

F I G U R E  2  Predicted community-
weighted mean trait values for different 
environmental covariates. The panels 
show the predictions for those trait–
environment relationships that were 
supported by 95% posterior probability 
(Table 3). The dots show the real values, 
the lines the mean predicted values 
and the shaded areas the 95% credible 
intervals of model prediction
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3.3  |  Scale dependency in phylogenetic signal

The tests examining for phylogenetic signal at the environmental-
covariate basis revealed that the overall high phylogenetic sig-
nal was determined mostly by the phylogenetically structured 
responses to the small-scale variables (Figure 3; Table 4). In fact, in 
all models the � parameter measuring the phylogenetic signal in the 

responses of the species to deadwood decay stage (both its first- 
and second-order terms) was highest and most significant (Table 4). 
At larger scales, the phylogenetic signal was also significant for the 
connectivity-related variables, in particular the size of the reserves. 
The intercept of the models also showed a high and statistically sig-
nificant phylogenetic signal, revealing that the rarity and common-
ness of the species were phylogenetically structured.

F I G U R E  3  Mean posterior regression parameter values measuring the species-specific responses of fungi to each of the environmental 
covariates included in the HMSC models. Blue colours indicate negative responses and red colours positive responses with ≥0.95 posterior 
probability. The phylogeny of the species is shown on top of the columns representing the species, and the values of the � parameters 
measuring the overall phylogenetic signal in the four alternative HMSC models are given on top of the tree. The phylogenetic tree has been 
coloured to reflect phylogenetic similarity as in Figure 1

Intercept -
Reserve area -
Connec�vity -

Temperature range -
Precipita�on -

Deadwood size -
Decay stage -

Decay stage^2 -

Phylogene�c signal:
Overall PCA model: = 0.73 (Pr ≥0.95)
Group-specific PCA model: = 0.71 (Pr ≥0.95)
Raw traits model: = 0.74 (Pr ≥0.95)
No traits model: = 0.73 (Pr ≥0.95)

TA B L E  4  Phylogenetic signal in the species' responses to each of the environmental covariates included in the four alternative joint 
species distribution models. The λ parameter measures the level of phylogenetic signal (from 0 to 1) and the p-values indicate whether the 
level of phylogenetic signal is statistically significant. The significant (p < 0.05) values are indicated in bold

Spatial scale

Type of 
environmental 
covariate

Environmental 
variable

Overall PCA model
Group-specific 
PCA model Raw traits model No traits model

� p-value � p-value � p-value � p-value

Intercept 0.54 0.00 0.52 0.00 0.55 0.00 0.56 0.00

Deadwood-
unit level

Resource quality Decay stage 0.81 0.00 0.81 0.00 0.81 0.00 0.80 0.00

Decay stage2 0.65 0.00 0.64 0.00 0.65 0.00 0.64 0.00

Deadwood size 0.28 0.08 0.27 0.09 0.30 0.05 0.27 0.08

Forest-site 
level

Macroclimate Precipitation 0.08 0.71 0.14 0.52 0.38 0.11 0.09 0.67

Temperature 
range

0.37 0.16 0.30 0.24 0.11 0.38 0.38 0.20

Connectivity Connectivity 0.33 0.06 0.37 0.04 0.31 0.07 0.28 0.08

Reserve area 0.40 0.01 0.37 0.02 0.46 0.00 0.38 0.01
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4  |  DISCUSSION

Identifying the critical spatial scales of community organization is 
fundamental for gaining a mechanistic understanding on how dif-
ferent assembly processes shape ecological communities (Hart 
et al., 2017; McGill, 2010; Thompson et al., 2020; Trisos et al., 2014). 
Our study on wood-inhabiting fungal communities demonstrates that 
environmental and phylogeographic processes act simultaneously at 
different spatial scales. Environmental constraints structured wood-
inhabiting fungal communities both at local (deadwood-unit level) 
and regional (forest site) scales, and species-level traits and phylo-
genetic histories influenced the responses of wood-inhabiting fungi 
at these scales. While several previous studies have highlighted 
the scale dependency on the environmental factors shaping wood-
inhabiting fungal communities (e.g. Abrego et al.,  2014; Bässler 
et al.,  2010; Berglund et al.,  2011; Heilmann-Clausen et al.,  2014; 
Krah et al., 2018), this is the first large-scale study connecting the 
scale-dependent responses of wood-inhabiting fungal communi-
ties to species-level traits and phylogeny. Furthermore, our results 
revealed that fungal trait–environment relationships are modulated 
through response trait syndromes rather than individual response 
traits (sensu Raffard et al., 2017). Below, we examine each finding 
in turn.

When connecting fungal traits to the species-specific re-
sponses to the environment, we observed that fungal traits formed 
complexes of correlated traits that simultaneously influenced spe-
cies' responses to the environment. In evolutionary biology, such 
groups of correlated traits that together affect species' responses 
are termed ‘response trait syndromes’ (Raffard et al.,  2017). In 
particular, fruit-body type summarized a complex set of correlated 
traits that influenced simultaneously the species' response to 
many aspects of environmental variation at different spatial scales. 
Some local studies have also found fruit-body type to be the most 
general trait to understand how fungal species responded to local 
environmental variation (Abrego, Norberg, et al., 2017; Heilmann-
Clausen,  2001; Purhonen et al.,  2020). Interestingly, fruit-body 
morphology has recently been identified as the major driver of 
diversification in macrofungi (Sánchez-García et al., 2020). Our re-
sults bring strong evidence for fruit-body type being ecologically 
meaningful as well as a good proxy of many other traits, and hence 
support the recent proposal of Dawson et al.  (2019) to consider 
fruit-body type as one of the standard traits in macrofungal trait 
studies.

The considered fungal traits explained more variation for the 
local-scale responses of fungi than the regional-scale responses. 
In particular, traits explained a substantial part of the variation in 
how wood-inhabiting fungi occurred along the deadwood decay 
process measured at the deadwood-unit level. Wood-inhabiting 
fungal communities are well known to follow successional dynamics 
during decay (Ottosson et al., 2014; Rajala et al., 2015), but to our 
knowledge this process has not previously been assessed in a trait 
syndrome perspective. The strongest result was that species with 
pileate polyporoid fruit bodies occurred mostly in early-intermediate 

decay stage (as it has also been found in earlier studies, Nordén 
et al.,  2013; Abrego, Norberg, et al.,  2017; Bässler et al.,  2014), 
and that spore size was smallest at this decay stage. In fact, pile-
ate polyporoid species had the smallest spores, and hence these 
two signals are inter-dependent. How the traits considered in this 
study functionally relate to the decay process remains, however, 
largely unsolved from our study. Unmeasured traits that relate to 
species' colonization (Moor et al.,  2021) and competitive capabili-
ties (Hiscox et al.,  2015; Holmer & Stenlid,  1997) as well as more 
refined resource-use traits (Lustenhouwer et al., 2020) than those 
used in our study would most likely bring deeper insights into this 
issue. We note that while previous studies have found a strong rela-
tionship between fruit-body morphological traits and deadwood size 
(Bässler et al., 2014; Abrego, Norberg, et al., 2017), in our study we 
did not find a strong trait relationship for deadwood size. The expla-
nation for this apparent contradiction most likely lies on the fact that 
our study involves coarse deadwood (>10 cm DBH) only, which is 
known to hold rather uniform communities compared to deadwood 
of smaller sizes (Abrego & Salcedo,  2013; Juutilainen et al.,  2011; 
Küffer et al., 2008; Nordén et al., 2004).

At regional scales, the considered traits also explained variation 
in the responses of fungal communities to the annual temperature 
range and forest connectivity. Species with resupinate polyporoid 
fruit bodies occurred mostly in forest sites located in areas with nar-
row temperature ranges, suggesting that annual, soft and thin fruit 
bodies are an adaptation to Atlantic climates. Some previous stud-
ies have suggested that fruit-body morphology of wood-inhabiting 
fungi is related to their tolerance to climate (Bässler et al.,  2010; 
Lindblad, 2001). Likewise, in a local-scale study, Abrego, Norberg, 
et al. (2017) found that species with resupinate polyporoid fruit bod-
ies preferred forest interiors where climatic fluctuations are smaller 
than in forest edges. Our study confirms that fruit-body type is re-
lated to species' responses to climate. Even if temperature range was 
the strongest climatic predictor, we suggest that the effect is rather 
related to fluctuations in air humidity, which are tightly related to 
temperature, and likely to exhibit a more direct selective pressure on 
fungal communities than temperature per se.

The responses of fungi to the regional-scale variable of forest 
connectivity were mostly explained by host-tree specialization. 
Deciduous specialist fungal species were the most sensitive to lack 
of forest connectivity. This is in agreement with several previous 
studies, that have shown specialists wood-inhabiting fungal to be 
more impacted by forest fragmentation than generalists (Abrego 
et al., 2015; Nordén et al., 2013; Ruete et al., 2017). Given the drastic 
forest cover reduction that European deciduous forests have suf-
fered due to human land use (Roberts et al., 2018), this result high-
lights the threat that many wood-inhabiting fungi are exposed to in 
the European continent (Abrego et al., 2015). A more surprising re-
sult was that spore volume increased with decreasing reserve area. 
An experimental study found that smaller spores can disperse larger 
distances within forests (2014). Thus, many studies have hypothe-
sized that isolated and small forest remnants should select for fun-
gal species with smaller spores (e.g. Abrego, Norberg, et al., 2017; 
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Bässler et al., 2014; Nordén et al., 2013). However, Abrego, Norberg, 
et al.  (2017) found that managed forests selected for species with 
larger spores compared to natural forests with higher deadwood 
connectivity, and Halbwachs et al.  (2017) found that spore size in-
creases with decreasing resource availability. Our continental-scale 
study is in line with these two studies by showing that spore size is 
larger in small and more isolated forest sites. The explanation for this 
most likely lies on the trait-syndrome issue discussed above: Rather 
than spore size alone, the complex of traits associated with small 
spore volume and their trade-offs in how they influence species' fit-
ness might be behind the occurrence patterns of wood-inhabiting 
fungi. In fact, species with pileate fruit bodies had smaller spores, 
and these are at the same time the species that are most resource 
specialized and require well-connected forests (Abrego, Norberg, 
et al., 2017; Nordén et al., 2013).

Fungal responses were phylogenetically structured especially 
for the local-scale variable of deadwood decay stage. Namely, not 
only species similar in their traits but also in their phylogenetic po-
sition responded similarly to decay stage. Because deadwood decay 
stage is a natural environmental gradient, we expected fungal com-
munities to be shaped by selective processes along this gradient. It is 
well known that during the decay process fungal communities show 
strong turnover, and as conceptualized by Heilmann-Clausen (2001), 
this turnover is related to substantial changes in substrate quality, 
as well as competition and stress responses. Thus, a priori, we ex-
pected no phylogenetic signal along the decay gradient. This as-
sumption followed from the suggestion that diversifying selection 
consistently leads to lack of phylogenetic signal (Revell et al., 2008). 
Contrary to this expectation, we found a strong phylogenetic signal 
in the community responses to decay stage. High phylogenetic sig-
nal might be caused by multiple evolutionary and ecological mech-
anisms such as genetic drift (i.e. the lack of strong diversifying or 
stabilizing selection), fluctuating selection, limited genetic variation, 
gene flow or competition (Crisp & Cook, 2012; Losos, 2008; Revell 
et al., 2008; Wiens et al., 2010).

The only regional-scale variables for which we found a strong 
phylogenetic signal in the responses of wood-inhabiting fungal 
communities were related to forest connectivity. This could sup-
port the hypothesis that fungi have had too little time to evolve for 
anthropogenic gradients, but also alternative explanations remain, 
as mentioned above (genetic drift, fluctuating selection, limited 
genetic variation, gene flow or competition; Crisp & Cook,  2012; 
Losos, 2008; Revell et al., 2008; Wiens et al., 2010). From a conser-
vation perspective, the fact that related fungal species respond sim-
ilarly to forest fragmentation reveals that as forests become more 
fragmented, entire clades may be lost and consequently communi-
ties become phylogenetically and functionally more homogeneous 
(McKinney,  1997). This might be because some fungal clades are 
adapted to environmental conditions that are degraded by anthro-
pogenic disturbances (e.g. very large fallen logs, old veteran trees). 
As expected, we did not find fungal climatic niches to be phyloge-
netically structured. This result is in contrast with patterns known 
for animals and plants (Liu et al., 2020). This suggest that compared 

to animals and plants, diversifying selection or strong stabilizing se-
lection for climatic niches has played a stronger role in the case of 
fungi, at least within the groups and geographical scales considered 
in our study.

5  |  CONCLUSIONS

Our study demonstrates that disentangling among spatial scales 
is essential for understanding how assembly processes structure 
ecological communities. In fact, our results show that species-level 
traits and phylogenies influence the responses of wood-inhabiting 
fungi to environmental processes acting at different scales, suggest-
ing that fungal traits have followed diverging evolutionary histories 
of along different environmental axes. Furthermore, our results 
show that rather than individual traits, trait syndromes influence the 
responses of the species to environmental variation. How these trait 
syndromes have evolved and their functional relationship with the 
environment remains, however, unresolved from our study, provid-
ing an exciting avenue of future research.
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