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Introduction

Summary

e Woody plants host diverse communities of associated organisms, including wood-
inhabiting fungi. In this group, host effects on species richness and interaction network struc-
ture are not well understood, especially not at large geographical scales.

e We investigated ecological, historical and evolutionary determinants of fungal species rich-
ness and network modularity, that is, subcommunity structure, across woody hosts in Den-
mark, using a citizen science data set comprising >80 000 records of > 1000 fungal species on
91 genera of woody plants.

e Fungal species richness was positively related to host size, wood pH, and the number of
species in the host genus, with limited influence of host frequency and host history, that is,
time since host establishment in the area. Modularity patterns were unaffected by host his-
tory, but largely reflected host phylogeny. Notably, fungal communities differed substantially
between angiosperm and gymnosperm hosts.

e Host traits and evolutionary history appear to be more important than host frequency and
recent history in structuring interactions between hosts and wood-inhabiting fungi. High
wood acidity appears to act as a stress factor reducing fungal species richness, while large host
size, providing increased niche diversity, enhances it. In some fungal groups that are known
to interact with live host cells in the establishment phase, host selectivity is common, causing
a modular community structure.

Within the last few decades, the focus has shifted towards ana-
lyzing interactions between hosts and associated biota not only as

Trees are fundamental components of forested ecosystems. As
architectonically complex organisms, they provide habitats or
food for a wide range of associated biota, including mycor-
rhizal fungi (Smith & Read, 2008), fungal pathogens and
endophytes (Sieber, 2007), epiphytes (Barkman, 1958; Sayago
eral., 2013), phytophagous insects (Southwood, 1961), polli-
nators (Ollerton eral, 2011) and seed- and fruit-eating verte-
brates (Jordano, 2013). Furthermore, dead leaves and wood
support a wealth of organisms, not least saprotrophic fungi
and insects (Boddy etal, 2008; Stokland ezal, 2012). Tradi-
tionally, studies have focused on how trees as hosts affect
species richness in associated biota. Most evidence points
towards host size, range distribution and local abundance as
the most important drivers (Brandle & Brandl, 2001; Miller,
2012; Kamiya etal., 2014).
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patterns of richness, but also as networks of species interactions
(Jordano, 1987). The network approach enables a deeper analysis
of community structure, such as how species partition interac-
tions and form ‘modules’, that is, weakly connected subcommu-
nities that are internally highly interlinked (e.g. Olesen et al,
2007). Studies of biotic networks have shown that network struc-
ture may be driven by a mix of ecological, historical and co-
evolutionary processes (e.g. Dalsgaard ez al., 2013; Martin Gon-
zdlez etal., 2015). For instance, co-evolutionary processes may
lead to modular network structures reflecting host or mutualist
phylogeny (Rezende eral., 2009; Donatti eral., 2011; Bahram
etral., 2014; Martin Gonzalez eral., 2015), and ecological net-
works have been shown to be more modular in productive and
historically climatically stable environments (Dalsgaard ezal.,
2013). The network approach thus offers a way of examining and
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capturing patterns of species interactions that is complementary
to and more holistic than host specialization and species richness
analyses.

Among plant-associated fungi, host specialization is pro-
nounced and arguably a main driver of fungal biodiversity world-
wide (Hawksworth, 2001), as well as in local fungal communities
(e.g. Tedersoo eral., 2008; Unterscher eral., 2008). Fungi are
involved in many types of interactions with plants, but most of
the plant—fungal interaction data sets analyzed to date have
focused on mycorrhizal fungi (e.g. Bahram eral, 2014; Toju
etal., 2014). Some recent network studies have broadened this
perspective by including endophytic and endolichenic fungi (e.g.
Zhang & Yao, 2015; Chagnon ez al., 2016; Vincent ez al., 2016),
but still many of the interactions between fungi and other organ-
isms remain unexplored from a network perspective. This is true
also for saprotrophic fungi, although they are the main agents of
plant litter decomposition in terrestrial ecosystems world-wide
(Boddy et al., 2008). Dead wood constitutes the bulkiest type of
plant litter, and provides a habitat for highly distinctive and
species-rich fungal communities. The communities show varying
degrees of host specialization, depending on forest type and local
tree species richness (e.g. Gilbert & Sousa, 2002; Heilmann-
Clausen ez al., 2005). However, apart from a well-known discrep-
ancy between angiosperms and gymnosperms, knowledge of
overall host selection patterns in wood-inhabiting fungi is surpris-
ingly limited (Stokland eral., 2012, p. 82). We thus have a lim-
ited insight into the factors driving patterns of species association
between woody plants and wood-inhabiting fungi.

Wood-inhabiting fungi live in habitat-tracking meta-
populations and depend on repeated successful recolonization of
suitable hosts, which may happen after the host has died or while
it is still alive (Boddy & Heilmann-Clausen, 2008). The latter is
the case for heart rot fungi, wound parasites and endophytes with
a latent decay strategy, which all interact with living host cells in
the colonization phase. Previous observations have indicated host
specialization to be most common in these groups, probably as a
result of co-evolutionary processes (Boddy & Heilmann-Clausen,
2008). In parasitic or pathogenic insects and fungi that similarly
interact with living host cells, host specialization has been found
to be most prevalent on apparent, that is, abundant, and/or large
hosts, probably because these have to invest more in defense sys-
tems to avoid attack from detrimental generalists (Brindle &
Brandl, 2001; Parker ez al., 2015). In woody plants, a high lignin
content, low pH and low macronutrient contents have been iden-
tified to reduce the activity of decay fungi (Weedon ez al., 2009;
Freschet et al., 2012). However, several wood-degrading enzymes
are most efficient at low pH (Baldrian, 2008) and, based on labo-
ratory experiments, it is traditionally assumed that wood-decay
fungi generally have low pH optima (e.g. Kollmann & Coté,
1968; Zabel & Morell, 1992). Hence, the importance of these
wood traits for fungal richness is unclear. Host size is likely to
influence richness in associated fungi in several ways. Notably,
large hosts provide greater microhabitat diversity and are more
predictable habitats with higher longevity, both as alive and as
dead hosts. Both factors are likely to affect species richness posi-
tively (Heilmann-Clausen & Christensen, 2004). Host frequency
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and time since establishment in an area are assumed to have simi-
lar effects, as prevalent hosts with a long local history are more
likely to have established associations with — and sustain popula-
tions of — associated fungal taxa (cf. Brindle & Brandl, 2001;
Heilmann-Clausen ez 4/, 2005).

The lack of knowledge of host selection patterns in wood-
inhabiting fungi is partly attributable to a lack of quantitative
host association data sets on large geographic scales. For plant
pathogenic fungi, national inventory data are important sources,
which have been used in a few studies on host richness and inter-
action patterns. Miller (2012) studied host richness patterns for
plant pathogens across the USA, while Vacher ez al. (2008, 2010)
investigated interactions between woody hosts and their parasitic
fungi in France. In both studies, a limited number of wood-
inhabiting species damaging living tissues were included. For the
majority of wood decomposing fungi, however, national inven-
tory data are not available.

Citizen science offers an alternative approach for collecting
large-scale and long-term data sets in ecology and environmental
sciences, which may otherwise be prohibitively expensive (Silver-
town, 2009; Tulloch eral, 2013). For wood-inhabiting fungi
and their host selection, data reported by amateur mycologists
provide a rich data source useful for studying host specialization
(Gange et al., 2011).

Here, we used a Danish nationwide citizen science data set to
explore host associations between 91 genera of woody host plants
and 1085 species of associated wood-inhabiting fungi. We
explored the importance of the woody host for fungal species
richness and the associated network structure. Specifically, we
tested the influence of host traits (i.e. architecture and wood
chemistry), host frequency, time since establishment in Denmark
and host phylogeny on fungal richness and modules within the
countrywide network of host—fungal interactions. Analyses were
conducted on the full data set and on data sets reduced and stan-
dardized to control for sampling effort. We expected fungal
species richness per host genus to be related to wood chemistry,
host size and time since host establishment. Further, we expected
host—fungal networks to have a distinct modular structure reflect-
ing host and fungal phylogeny which in turn reflects co-
evolutionary adaptations between hosts and associated decay
fungi establishing in living hosts.

Materials and Methods

Plant-fungal interaction network

Data on wood-inhabiting fungi were extracted from the Danish
Fungal Atlas database (Danish Mycological Society, 2014), using
‘bark’ and ‘wood’ as search terms, and accepting only validated
records. A total of 110712 records were extracted, of which
83 637 remained after quality control, omitting records with
uncertain host information and species known to be obligate
ectomycorrhizal or bryophyte-associated, or to have their main
habitat on humus or leaf litter (cf. Hansen & Knudsen, 1992—
2000 and Knudsen & Vesterholt, 2012). Data were highly
skewed, with Fagus being the host with most fungal records
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(29 633 records for 467 fungal species), while 20 host genera had
only one fungal species recorded.

The Danish Fungal Atlas was a 5-yr citizen science project run-
ning from 2009 to 2013 with the aim to collect data on the dis-
tribution and ecology of all fruit body-forming Basidiomycota in
Denmark, but open also to records of Ascomycota and other fun-
gal groups. The project was carried out as a collaboration
between the Natural History Museum of Denmark, the Depart-
ment of Biology at the University of Copenhagen, the Danish
Mycological Society and MycoKey (http://www.mycokey.com).
The project involved a rigorous validation process for both fungal
species identification and host data. All fungal species were coded
with requirements for validation (e.g. description of smell or
taste, photograph or dried voucher specimen), and several thou-
sand dried specimens were sent by volunteers to be validated or
re-identified by professional experts. In total, >400 active users
contributed to the project, of which ¢. 100 can be described as
core contributors, each supplying > 100 records. Plant host infor-
mation was generally recorded only at the genus level by partici-
pating citizens, whereas fungi were recorded at species level, and
these taxonomic levels were used in all analyses. In practice, only
a limited number of host genera contain more than one or two
species in Denmark, and thus, with the exception of the
genera Populus, Prunus and Salix, effects of lumping species
within genera can be considered negligible. The full list of
recorded host genera and species is given in Supporting Informa-
tion Table SI.

Based on the extracted data, we constructed a quantitative and
a binary matrix of host plant—fungus interactions. The quantita-
tive matrix summarized the number of records for each fungal
species across all host genera in the data set, while the binary
matrix scored presence—absence of these interactions. The matri-
ces illustrate the network of interactions of the entire plant—
fungus assemblage observed within Denmark.

Scoring of host traits

Data on host plant attributes were compiled from the literature,
except for host frequency which was extracted from the database
of the National Forest Inventory for Denmark (Table S1). The
number of species per host genus was taken from @dum (1968),
while maximum height and maximum diameter at breast height
(DBH; 1.3 m above ground) were mainly obtained from Meller
& Staun (2001) and used as proxies for architectural complexity
(in accordance with Brindle & Brandl, 2001). Wood physical
and chemical trait data, such as wood density (oven-dried wood),
lignin percentage and wood pH, were compiled from various
sources (most records from Wagenfiihr & Scheiber, 1989;
Brzeziecki & Kienast, 1994) and taken to directly characterize
the environment of mycelia in dead wood. In the cases of host
genera with more than one species present in Denmark, and if
constituent species differed in their trait values, the most abun-
dant species was taken to represent the whole genus. Data on
maximum DBH, wood density, lignin and cellulose content and
wood pH were missing for some host genera, and hence these
traits were not included in all analyses.
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Phylogenetic signal in host traits and comparative analyses

We extracted the topology for our set of host genera from the
dated phylogeny of Zanne ez al. (2013). This phylogeny was pre-
ferred over alternatives, for example, a phylogeny built using the
PuyromATIC  tool  (http://phylodiversity.net/phylomatic/html/
pml.heml), because it is based on an analysis of actual data for
cach of the tips and carries more accurate information on branch
lengths. Only three host taxa present in our data set were not
included in the phylogenetic tree (Cytisus, Mahonia, and
Symphoriocarpos) and these were excluded from further analyses
(the three host genera had 62, one and nine records of wood-
inhabiting fungi in our data set, respectively, constituting <0.1%
of all records). The resulting ultrametric tree was used to test
whether evolutionary history (phylogeny) could predict similari-
ties in traits recorded for each genus. To test for phylogenetic sig-
nal, we calculated Pagel’s lambda (A) (Pagel, 1999) using the pgls
function in the R package capEr (v.0.5.2; Freckleton eral,
2002). Pagel’s A is a scaling parameter of the phylogeny for the
correlations between species, relative to the correlation expected
under the Brownian motion model of evolution. Values vary
from 0 to 1, where low values indicate a weak or no phylogenetic
signal and 1 indicates a strong phylogenetic signal. There are sev-
eral other metrics that can be used to measure phylogenetic signal
based on different approaches (for a review and comparison of
their performances, see Diniz-Filho eral, 2012 and
Miinkemiiller ez al., 2012). Here, we used Pagel’s A because it is a
model-based approach and has been shown to suffer from a lower
rate of type I error (and a low rate of type II error) for phyloge-
nies of varying sizes (Miinkemtiller ez al., 2012).

For the fungal data set, we used a simple proxy of phylogeny,
and scored the assumed taxonomic position of each species at
phylum and order levels, based on information in Index Fungo-
rum (heep://www.indexfungorum.org) extracted on 7 July 2015.
This approach was chosen because of the large amount of
included taxa which remain to be studied phylogenetically, but
also with the aim of yielding more general results that are easier
to comprehend.

Fungal species richness analyses

The fungal data set was quantitative, but, given its origin in a vol-
untary citizen science project, the recorded fungal abundance
partly reflects the activity of recorders, favoring fungi with con-
spicuous fruit bodies and widely distributed and common host
genera. To account for this, we explored the association patterns
based on the raw data as well as on data standardized for sam-
pling effort. More specifically, we assessed the importance of
plant hosts for fungal species richness using three different
approaches. First, we analyzed the full quantitative matrix com-
prising all fungal records remaining after quality control (i.e.
83 637 records). Second, we analyzed the data standardizing for
sampling effort. We did this by comparing similar numbers of
fungal records for each host genus based on individual-based rar-
efaction and extrapolation (Colwell ez 4/, 2012). Both procedures
produced unstable rankings when only a few records were
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included in the analyses, and hence we omitted 66 host genera
with <100 fungal records to allow a robust comparison of host
richness. After exploring several cut-off levels, we found the 100
records level to represent the best compromise between inclusion
of host diversity and a representative sampling effort. The stan-
dardized data included 25 host genera, of which seven had
between 100 and 300 records. For these, fungal species richness
was extrapolated to 300 records using the function described by
Colwell ezal. (2012). Both rarefaction and extrapolations were
performed in EsTiMATES 9.1 (Colwell, 2013). Third, we analyzed
species richness based on a reduced data set, containing the same
25 host genera as included in the standardization procedure
described above, but not involving rarefaction and extrapolation.
This was done to test the effects of rarefaction separately from the
effect of reduction in the number of host genera. Details of the
data involved in the three procedures are summarized in Table 1.
We also considered the possibility of using nonparametric species
richness estimators (e.g. Unterseher ezal, 2008), but these
appeared to provide unstable predictions, biased by sampling
effort (Fig. S1). Hence, we preferred our more conservative
approach.

Fungal species richness was modeled as a function of each host
trait as a single predictor, and subsequently in a multiple regres-
sion model including all host traits with complete information
(time since host establishment, host frequency, maximum height
and number of species in genus). In all analyses, we modeled fun-
gal species richness for all three data sets using phylogenetic least
square models (PGLS), applying a log link function in the R pack-
age CAPER v.0.5.2 (Freckleton ez al., 2002).

Modularity analysis

To test for host selection patterns we used a network approach,
focusing on the detection of modules within the host—fungal net-
work data (Newman, 2004; Guimera & Amaral, 2005; Olesen
etal., 2007). Modules are defined as subunits of highly connected
nodes within a network, and can be detected using an optimiza-
tion algorithm that maximizes modularity (Guimera & Amaral,
2005; Marquitti etal., 2014). We used simulated annealing as
the optimization algorithm and calculated a modularity metric
appropriate for a bipartite matrix (Barber, 2007; Marquitti ez /.,
2014). The simulated annealing algorithm is stochastic and,
hence, module arrangement may vary between runs. Thus, we
retained the module conformation with the highest modularity
value (Q) as the optimum after 30 independent runs (Marquitti
etal., 2014). The significance of the observed level of modularity
was contrasted with two null models using a permutation test
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with 100 iterations (Marquitti ez al., 2014). The modules and the
modularity metrics were computed using the software MODULAR
(Marquitti ez al., 2014).

As in the analyses for species richness, modularity was analyzed
based on three different approaches (Table1). The full and
reduced data sets were identical in the two analyses, but modular-
ity was analyzed using binary data, in order to reduce bias from
some fungal species groups (e.g. polypores) being much more
sampled than others. In order to control for variable sampling
effort among hosts, we constructed 10 standardized data sets, by
randomly selecting 100 host—fungus interaction records from
the full population of interactions for each host genus with at
least 100 fungal records. Each of these was combined in a pres-
ence—absence matrix that was subjected to independent analysis
of modularity.

The phylogenetic signal behind modularity in the hosts was
tested using the function in R developed by Donatti ezal. (2011)
that implements the ‘Fixed Tree, Character Randomly Reshuf-
fled” model of Maddison & Slatkin (1991). In this approach, the
minimum number of transitions along the phylogeny that results
in the observed distribution of module identities is calculated.
This is followed by a randomization of the module identities on
the topology and an optimization of the number of transitions
for the randomized data set. We repeated this randomization step
999 times and then compared the number of transitions in the
observed data set with that in the randomized data. If the mini-
mum number of transitions was higher than that in the observed
data in at least 95% of the randomizations, a phylogenetic signal
was considered significant.

Associations between host modules and host traits were
explored using the Kruskal—Wallis test, while the phylogenetic
signal (at phylum and order levels, nested within phyla) in fungal
modules was explored using contingency table analyses. In these
tests, orders represented by <15 species were grouped as ‘differ-
ent’ in order not to violate model assumptions. For the same rea-
son, the fungal phylogenetic signal behind modules based on the
standardized data sets was only tested at the phylum level.
Kruskal-Wallis and contingency tests were computed in Jmp v.12

(SAS Institute, Cary, NC, USA).

Results

Phylogenetic signal and sampling effort

Only two of the included host traits, maximum height and
wood density, showed a significant phylogenetic signal based
on Pagel’s A (Table2). In the full data set, several host

Table 1 Overview of data sets used in the analyses for species richness and modularity

Data set Full Reduced Standardized
Number of host genera 89 25 25

Number of fungal records 83.637/5.052" 82.739/4.603" 82.739/2.500'
Number of fungal species 1069 1044 1044/399-429"

"Values to the left show data properties in the data sets used to analyze species richness, while values to the right show data properties for the data sets

used to analyze modularity.
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variables were strongly correlated with sampling effort, and
some collector bias remained in the reduced data set (omitting
hosts with <100 records), favoring hosts with large dimen-
sions (maximum DBH) or high frequency in the landscape
(Table 2). The number of submitted fungal records varied
considerably among volunteers (from one to 7781 records),
and for some host genera and fungal orders a majority of
records stemmed from rather few volunteers. However, this
was not judged to affect data reliability as hosts and orders
burdened by unequal sampling were in all cases mainly
recorded by volunteers with a very broad taxonomic scope in
both dimensions (Fig. S2; Table S2).

Fungal species richness

In the full data set, fungal species richness was significantly
positively related to host frequency, time since host establish-
ment, maximum height and number of species in the host
genus, but negatively related to lignin percentage, based on
the phylogenetically controlled one-way regressions (Table 3).
The models based on the reduced data set produced qualita-
tively similar results, except for a greater effect of time since
host establishment, a smaller effect of host frequency, and
no association with lignin percentage. By contrast, the mod-
els based on rarified richness estimates showed no effects of
host frequency and history, but a positive effect of wood
pH, number of species in host genus, and the two host size
variables, that is, maximum height and DBH (Table 3).
None of these variables were significantly correlated, and
interaction terms were insignificant (results not shown). In
the phylogenetically controlled multiple regression models for
species richness, the amount of explained variation decreased
steeply from 81% in the full data set to 12% in the stan-
dardized data set (Table4). Host phylogeny contributed to
explaining differences in species richness only in the full data
set.

New
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Modularity

All networks were modular (P, <0.01; P> <0.01), with
modularity values ranging from Q =0.29 in the reduced data set
to Q=0.30 in the full data set to 0.41 < Q <0.43 in the 10 stan-
dardized matrices. Six modules were detected in the full data set,
five in the reduced data set, and four to 10 in the standardized
matrices. In all cases, modular patterns were significantly related
to host phylogeny (Figs la, S3). The most consistent module
across all matrices contained Pinaceae, but a phylogenetic signal
was also evident within the angiosperms. In the full data set,
Fagaceae, Betulaceae, Salicaceac and Rosaceae showed distinct
clustering, but this was not evident in the standardized data sets,
which generally showed unstable modular structures within the
angiosperms, although with a tendency for consistent links
within and between Betulaceae and Rosaceae, between Acer and
Ulmus, and between Aesculus and Fagus. Relationships between
modules and host traits were most significant in the full data set,
with host frequency, maximum height and wood density showing
the strongest associations. In the reduced data set, wood density
was the only host trait significantly related to the modular struc-
ture, while four traits showed a modular signal in at least one of
the standardized data sets (Table 5).

The fungal association with modules showed a significant phy-
logenetic signal in both the full and reduced data sets, at the levels
of phylum and order, nested within phyla (Fig. 1b). Ascomycota
were consistently underrepresented in the modules defined by
gymnosperms. Within Ascomycota, the same modules consis-
tently had no or very few representatives from the Diaporthales
and Xylariales (Fig. 2a,b), while Helotiales and Pezizales (Fig. 2d,e)
were relatively overrepresented. For other modules, phylogenetic
patterns were less consistent; however, Hypocreales (Fig. 2c) were
overrepresented in modules defined by family Fagaceae (full
dara), or the genus Fagus alone (reduced data set). Similarly, Dia-
porthales (Fig. 2a) appeared to be overrepresented in the modules
defined by Rosaceae.

Table 2 Host variables scored in this study, and a summary of degrees of freedom (df), and tests for phylogenetic signal for each variable using Pagel's
lambda (full data set) and for sampling effort based on Pearson correlation (both data sets)

Full data set Reduced data set’
Variable 22 df? Pearson r sampling effort* df? Pearson r sampling effort*
Host frequency Q=000 ns 85 0.62%** 25 0.53**
Time since host establishment (yr) Q= 0001, ns 85 0.21 25 0.03
Number of species in genus Q= 0001, ns 85 0.18 25 —-0.01
Maximum height (m) 0.364 0001, <0.05 85 0.47%%% 25 0.31
Maximum DBH (cm) Q<0001 ns 41 0.44%* 23 0.54%*
Wood density 0.726< 001 <005 36 0.04 22 0.13
Lignin content (%) +0.194= 0001, ns 24 —0.57%* 18 —0.55%
Cellulose content (%) Q= 0001, ns 24 —-0.13 18 —-0.13
Wood pH ons s 28 0.05 18 0.04

"The standardized data set has zero correlation with sampling effort, and the same number of df as in the reduced data set.

2Superscripts denote likelihood ratio tests for differences from 1 and 0; "not significant. Cases where % is significantly different from 0 (phylogentic signal is
present) are marked in bold; cases where X is > 0 but not significantly so are denoted with t.

3The degree of freedoms vary, reflecting incomplete trait information for several host genera.

“Significance levels are indicated as: ***, <0.0001; **, 0.001 to <0.01; *, 0.01 to <0.05.
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Table 4 Multiple regression models of fungal species richness with host frequency, time since host establishment, number of species per genus and

maximum height as input variables and controlling for phylogeny (pgls)

R-squared IS Residual standard error F P value
Full data set 0.81 0.881<0-001. <0001 0.077 (df=81) 99.44 <0.001
Reduced data set 0.62 0.791™ " 0.029 (df =20) 10.64 <0.001
Standardized data set 0.12 Qne s 0.019 (df=26) 1.988 ns

df, degrees of freedom; ns, not significant. Cases where A is significantly different from O are marked in bold.

(@)

Angiosperms

Gymnoperms

ebnsjopnesd

seadeuld

(b)

Phylum, Likelihood ratio P <0.0001 Ascomycota, Likelihood ratio P <0.0001

Ascomycota

Basiodiomycota

instance, the host genera Salix and Prunus, represented by eight
and eleven species in our data set, respectively, include both
scrubs and smaller trees with variable ecology, which potentially
could increase the fungal species pool at genus level.

Fungal community structure

In the analyses of fungal community structure, based on interac-
tion modularity, a signal of host phylogeny was consistent in all
data sets. Among the investigated traits, maximum size (DBH/
height) and wood density were most consistently related to

New Phytologist (2016) 212: 1072-1082
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Basidiomycota, Likelihood ratio P = 0.0003

Fig.1 (a) Phylogeny for the woody hosts
included in the standardized data sets, with
color codes reflecting the association with
the five modules detected in the full data set,
and the thickness of gray connecting lines
illustrating the consistency of this modular
configuration. The thickest lines indicate
hosts occurring in the same module in 10 out
of 10 random data sets, while the thinnest
lines indicate hosts occurring in the same
module in five out of 10 random data sets.
Note the consistent position of the
gymnosperm genera within the same
module. (b) Mosaic plots showing the
relative proportion of fungal species
associated with the five host modules
detected in the full data sets, at phylum level
and order level nested within the two phyla
Salicaceae Ascomycota and Basidiomycota. The width
Betulaceae etc. .
Rossceas of columns is scaled to reflect the number of
species across all modules that belong to
each phylum or order, while the height of
each tile in the columns is scaled to illustrate
the proportion of species within each
phylum/order that is associated with each
module. The most important plant families in
each host module are highlighted at the
right.

Module

Cupressacea
Pinaceae

Fagaceae

modularity, the latter being unaffected by sampling effort even in
the full data set. As discussed below, these host traits were signifi-
cantly related to host phylogeny. No signal of time since host
establishment in Denmark on the modular structure was detected
in any data set, which supports the finding by Vacher ezal.
(2010) that recently introduced woody hosts are easily integrated
into existing host—fungus networks as a result of a high number
of species with broad host selection.

Considering host phylogeny, the clear split between
angiosperms and gymnosperms was the most consistent pattern
across all data sets. It reflects the major split in plant evolution,

© 2016 The Authors
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Table 5 Summary of Kruskal-Wallis tests for independence between
modular structure and host traits

Standardized
Data set Full Reduced ————
Variable P? P2 P(max) No>
Host frequency 0.0004***  0.21%* 0
Time since host establishment  0.002 0.13 0
Number of species in genus 0.2 0.51 0
Maximum height 0.0004***  0.14 0.02 6
Maximum DBH’ 0.04** 0.26** 0
Wood density’ 0.0004 0.03 0.01 3
Lignin content’ 0.18** 0.12%* 0.03 1
Cellulose content’ 0.46 0.49 0
Wood pH’ 0.37 0.57 0.02 1

"Variables with lower dfs as a result of incomplete data.

2Superscripts indicate the Pearson correlation coefficient with sampling
effort, with significance levels indicated as: ***, <0.0001; **, 0.001 to
<0.01; *,0.01 to <0.05. (For details, see Table 1.)

3'No’ denotes the number of random data sets (out of 10) that showed a
significant trait signal.

DBH, diameter at breast height.

and is in accordance with previous observations (e.g. Kiffer ez al.,
2008; Stokland ez al., 2012), which also indicated Ascomycota to
be most prominent in the decay of angiosperm wood, as found in
our study. This could reflect filtering as a result of differences in
wood density and chemistry among angiosperms and gym-
nosperms (Weedon ezal., 2009), but we did not find consistent
effects of related wood traits on modular structure. Hence, biotic
interactions facilitating co-evolutionary specialization appear to
be more important, as previously suggested for heart rot fungi,
parasites and endophytes that all interact with living host cells
(Boddy & Heilmann-Clausen, 2008).

Among ascomycote endophytes, Sieber (2007) observed that
Helotiales dominated communities in gymnosperms, while Dia-
porthales dominated in angiosperms, and linked this to the con-
current divergence of the relevant plant and ascomycote lineages
in the Carboniferous period, some 300 million yr ago. Our
results support this hypothesis for Diaporthales but also link the
Xylariales, another order rich in fungal endophytes, tightly to the
angiosperms. By contrast, our data indicate broader host selection
in the Helotiales, which might reflect the greater taxon sampling
in our study, or methodological differences (fruit body records
versus mainly isolation of fungal cultures in Sieber (2007).
Within  the Basidiomycota, the link  between
wood-decomposing Boletales and gymnosperms was previously
emphasized by Binder & Hibbett (2006), who suggested that the
specific brown rot type in the Boletales may have evolved as a

close

response to the high lignin contents, special lignin types and sec-
ondary antibiotic compounds in the gymnosperms (cf. Weedon
etal., 2009).

Within the angiosperms, our results suggest Diaporthales to be
especially prominent within the modules containing Betulaceae
and most Rosaceae, while Hypocreales showed a high prevalence
within Fagaceae. Whether this reflects co-evolutionary dynamics
needs to be explored further, but it is worth noting that both
orders are rich in endophytes and plant pathogens interacting
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with live host cells, while Hypocreales in addition includes many
mycoparasites on wood decay fungi (Rossman et al., 2007; Jakl-
itsch, 2009; Chaverri & Samuels, 2013).

Controlling for sampling effort

This study is the first to use citizen science data to explore host
association patterns in complex systems combining high richness
of hosts and their associated species. Our results demonstrate that
such data have great potential, although sampling bias is a major
issue that needs to be addressed, depending on the hypothesis to
be tested. In line with previous studies (e.g. McCune ez al., 1997;
Nielsen & Bascompte, 2007) we found the data most robust for
addressing questions related to community structure (i.e. modu-
larity). We identified host phylogeny to be the most important
predictor of modularity in all analyses, but with more resolution
within the angiosperms in the full data set. Our procedure to
standardize for sampling effort in respect to modularity clearly
gives more weight to commonly recorded species in the data set,
because rare species are less likely to be picked in a random sam-
ple of 100 records. Furthermore, the omission of hosts with
<100 records reduced the coverage of genera in some host clades.
In combination, these steps infer that hosts and fungi with few
records contribute to a phylogenetically influenced modular
structure within the angiosperms only in the full data set, while
the data standardization results in modular structures with less
detectable phylogenetic signal mainly driven by fungi and hosts
with many records. Hence, we consider the results based on the
full data set most informative for inferring community patterns.

In the analyses of species richness patterns, we found strongly
contrasting effects of host traits, depending on whether we used
the raw richness data or standardized data to account for sam-
pling effort. In the full data set, a strong effect of host frequency
and time since host establishment on species richness was evident,
in line with several previous studies not controlling for potential
bias related to sampling effort (e.g. Strong eral., 1984; Newton
& Haigh, 1998; Brindle & Brandl, 2001). However, the effect
vanished when data were standardized for sampling effort, sug-
gesting that local fungal richness is not higher on widespread and
abundant hosts even if these, in theory, might support a larger
regional species pool of host specialists. In a somewhat similar
study on fungal pathogens on American plants, Miller (2012)
standardized for sampling effort by using a citation index, which
he found to be the strongest predictor for species richness. How-
ever, he still reported a significant positive effect of host range
size, in contrast to our study. Nonetheless, this previous study
highlights the need to take unequal sampling into account in host
richness studies, and also to interpret results of previous studies
that do not control for sampling bias in the right context.

Our study clearly supports the view that controlling for sam-
pling effort is important when working with noisy data sets, as
shown in previous research (e.g. Isaac ez al., 2014). Although data
standardization is viable and allows the use of such data, it often
reduces the effective size of data sets significantly. An alternative
option that should be considered in future citizen science projects
is therefore to design protocols that aim to reduce sampling biases
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Fig. 2 Fruit bodies of the most commonly recorded species in each of nine fungal orders, which showed either a distinct preference for (or avoidance of)
identified host modules (a—d, h, i) or included most species in the data set (f-g). See Fig. 1 for details of host associations. Photographs (a—e) represents
orders in the phylum Ascomycota, while photographs (f-i) represents orders in phylum Basidiomycota. All photos © Jens H. Petersen, with permission.

in order to maximize the potential of collected data for answering
specific questions (Silvertown, 2009). In projects focusing on
species interactions, this could be implemented by using proto-
cols standardizing sampling effort in time or volume per host.

Conclusions

In summary, our study indicates that woody hosts aggregate
wood-inhabiting fungi from a large regional species pool contain-
ing both host generalists and specialists. Host phylogenies (and
inherited traits) act as filters resulting in distinct fungal commu-
nities differing among host modules, most notably between
angiosperm and gymnosperm hosts. Recent host history, that is,

New Phytologist (2016) 212: 1072-1082
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the time since host establishment in Denmark, was not found to
influence modularity, indicating that recently introduced hosts
are smoothly aggregated into existing host—fungus networks, as
also reported for tree pathogens in France (Vacher ezal., 2010).
Selectivity for modules was greatest for fungal orders rich in
endophytes, for example Diaporthales and Xylariales, suggesting
that interactions with living host cells are important in driving
host selectivity, probably as a result of co-evolutionary processes.
In contrast to community composition, species richness was not
affected by host phylogeny but only by host size, wood pH and
number of species per host genus. Hosts with acidic wood and
small size supported species-poor communities compared with
larger hosts with higher wood pH, suggesting both factors to act

© 2016 The Authors
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as general filters limiting the capture of fungi from a large pool of
host generalist fungi.
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