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Through their ephemeral reproductive structures (fruiting bodies), ectomycorrhizal 
forest soil fungi provide a resource for a plethora of organisms. Thus, resolving what 
biotic and abiotic factors determine the occurrence and abundance of fruiting bodies 
is fundamental for understanding the dynamics of forest trophic networks. While the 
influence of abiotic factors such as moisture and temperature on fungal fruiting are 
relatively well established, little is known about how these processes interact with the 
evolutionary history of fungal species to determine when, where, and in which abun-
dance fungal fruiting bodies will emerge. A specific knowledge gap relates to whether 
species’ responses to their environment are phylogenetically structured. Here, we ask 
whether related fungal taxa respond similarly to climatic factors and forest habitat 
characteristics, and whether such correlated responses will affect the assembly of fungal 
fruiting communities. To resolve these questions, we fitted joint species distribution 
models combining data on the species composition and abundance of fungal fruiting 
bodies, environmental variation, and phylogenetic relationships among fungal taxa. 
Our results show that both site-level forest characteristics (dominant tree species and 
forest age) and climatic factors related to phenology (effective heat sum) greatly influ-
ence the occurrence and abundance of fruiting bodies. More importantly, while differ-
ent fungal species responded unequally to their shared environment, there was a strong 
phylogenetic signal in their responses, so that related fungal species tended to fruit 
under similar environmental conditions. Thus, not only are fruiting bodies short-lived 
and patchily distributed, but the availability of similar resources will be further aggre-
gated in time and space. These strong constraints on resource availability for fungus-
associated taxa highlight the potential of fungus-based networks as a model system 
for studies on the ecology and evolution of resource–consumer relations in ephemeral 
systems of high spatiotemporal patchiness.

Keywords: forest fungi, fungivory, mycorrhizal fungi, phenology, phylogenetic signal, 
resource variation, spatial variation, temporal variation
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Introduction

Research into how trophic networks are shaped by ecologi-
cal and evolutionary forces remains one of the corner stones 
of modern ecology (Weiblen  et  al. 2006, Cagnolo  et  al. 
2011, Forister et al. 2015). In this context, phylogenies pro-
vide information about evolutionary relationships among 
species (Baum and Smith 2013, Swenson 2019). Because 
phylogenetically related species often share similar traits, we 
expect close relatives to co-occur more often in the same 
communities, reflecting their shared environmental toler-
ances. Conversely, if sharing the same traits cause phyloge-
netically related species to compete strongly, then closely 
related species may be less likely to co-occur. These and 
other processes relating functional traits to community 
composition often result in phylogenetic signatures in how 
species are distributed among communities (Webb  et  al. 
2002, Davies 2021).

One type of communities on which phylogenetic signa-
tures remain poorly known (Abrego et al. 2022, Bässler et al. 
2022) are local assemblages of fungal fruiting bodies. This 
constitutes an important knowledge gap because fungal 
fruiting bodies provide a resource for a plethora of organ-
isms (Hanski 1989, Osawa et al. 2011, Kurina et al. 2015, 
Koskinen et al. 2019, 2022). Fungus-based trophic networks 
are highly diverse even in the boreal and temperate zones, 
where thousands of fungal species produce macroscopic 
fruiting bodies (Salo et al. 2005, Mueller et al. 2007). From 
the perspective of a fungal consumer, the forces structuring 
the assembly of communities of fungal fruiting bodies will 
determine what types of resources occur where, for how long, 
and at what abundances. Resolving the role of phylogenetic 
imprints on the assembly of communities of fungal fruiting 
bodies is then fundamental not only for understanding fun-
gal community dynamics in particular, but the dynamics of 
trophic networks more generally.

How the local composition and abundance of fungal 
fruiting bodies affect the associated communities of other 
taxa is an area of vigorous research (Põldmaa  et  al. 2016, 
Koskinen et al. 2019, 2022). Despite their apparent ubiquity, 
fungal fruiting bodies will namely constitute a spatially and 
temporally unpredictable resource for fungivorous vertebrates 
and invertebrates (Butterworth  et  al. 2023). Theoretically, 
unpredictable abundance of individual host species favors 
generalism as a bet-hedging strategy in consumers (Hanski 
1989, Poisot et al. 2011). Indeed, many arthropods associ-
ated with fruiting bodies of forest fungi show low levels of 
specialization, or tend to be specialized at the level of host 
genus rather than species (Ståhls  et  al. 1989, Thorn  et  al. 
2015, Põldmaa et al. 2016, Koskinen et al. 2019, 2022). In 
fungivores associated with particular fungal taxa, the spe-
cialization tends to target specific features in host ecology 
or morphology (Orledge and Reynolds 2005, Põldmaa et al. 
2015, Lunde et al. 2022). However, the ecology and evolu-
tion of fungus-associated arthropod communities remain 
poorly studied in comparison to, for example, those among 
plant-feeding insects (Jaenike 1990, Forister et al. 2015).

Local community structures, as well as the overall and 
species-specific abundance of fungal fruiting bodies available 
to consumers, are determined by multiple interacting factors. 
Due to their intricate mutualistic associations with trees, 
mycorrhiza-forming fungi tend to prefer particular host tree 
species, forest types, or soil properties (DeBellis et al. 2006, 
Lang et al. 2011). The availability of fungal fruiting bodies at 
higher latitudes also shows an annual pattern, with fruiting 
generally increasing during late summer and decreasing after 
temperatures drop in the mid- to late autumn (Sato  et  al. 
2012, Büntgen et al. 2013, Boddy et al. 2014). While such 
phenological changes in fruiting are more or less predictable, 
they are strongly modulated by interannual and spatial varia-
tion in precipitation and temperature (Straatsma and Krisai-
Greilhuber 2003, Polevoi  et  al. 2006, Krebs  et  al. 2008, 
Sato  et  al. 2012, Andrew  et  al. 2018). Importantly, fungal 
species and taxa have different phenologies (Pinna  et  al. 
2010, Sato  et  al. 2012), respond differently to variation in 
temperature and precipitation (Kauserud et al. 2008, 2012, 
Büntgen et al. 2012, 2013, Heegaard et al. 2017), and exhibit 
different preferences with regard to symbiont trees and for-
est types (Newton and Haigh 1998, Bruns 2002, Lang et al. 
2011). These interspecific differences – and the extent to 
which they are phylogenetically structured – can create highly 
variable fungal assemblages across space and time.

While a relatively large body of literature has shown 
how fungal fruiting phenology depends on environmen-
tal, seasonal, and climatic variation (Straatsma  et  al. 2001, 
Büntgen  et  al. 2012, Sato  et  al. 2012, Boddy  et  al. 2014, 
Andrew et al. 2018), connections between the determinants 
of fungal fruiting and the evolutionary history of fungi 
remain poorly explored. Where sought for, studies of fun-
gal fruiting responses to environmental variation in resource 
availability, land-use history and macroclimate have generally 
revealed a strong a strong phylogenetic signal (Bässler et al. 
2014, 2022, Abrego et al. 2017, 2022), with related species 
tending to respond similarly to environmental conditions 
(Kauserud et al. 2012). While patterns of phylogenetic sig-
nal fall short of revealing the exact evolutionary processes 
underlying the composition of current communities, they do 
provide useful information to understand and predict com-
munity structure (Webb  et  al. 2002, Cavender-Bares  et  al. 
2009, Cadotte et al. 2013). In the case of forest fungi, any 
phylogenetic structuring of the spatiotemporal availability of 
fruiting bodies will come with important consequences for 
resource availability to forest organisms on higher trophic lev-
els: if related fungal species fruit under similar environmental 
conditions, then variation in environmental conditions will 
affect the production of fruiting bodies of entire clades in 
a non-random manner. Such patterning will directly impact 
consumers specialized on particular fungal lineages or taxa, as 
it will increase the spatiotemporal variation and unpredict-
ability of resource availability (Hanski 1989).

In this study, we elucidate the factors that determine the 
assembly of macrofungal fruiting body communities, and 
thus resource variability from the perspective fungus-associ-
ated consumers. To this aim, we investigated the effects of 
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habitat, space, and time on the occurrence and abundance 
of the fruiting bodies of forest fungi. Specifically, we tested 
1) whether environmental predictors describing climatic and 
forest habitat characteristics influence the spatiotemporal dis-
tribution of fungal fruiting bodies and 2) whether the way in 
which fruiting fungal communities respond to the focal envi-
ronmental predictors is phylogenetically structured. For this, 
we used transect counts of the fruiting bodies of 107 fungal 
species and operational taxa collected during two consecu-
tive years from 34 forested sites in southeastern Finland. The 
sites differed with respect to their dominant tree species, soil 
properties (forest type), and age structure. As the main ana-
lytical tool, we fitted joint species distribution models which 
simultaneously combined the count data on the fungal fruit-
ing bodies, the environmental data, as well as fungal phylo-
genetic data. Based on previous studies (Büntgen et al. 2013, 
Boddy et al. 2014, but see Kauserud et al. 2010), we expected 
the phenology of the fungal fruiting to be driven by the pro-
gression of the season, as reflected in accumulating heat sums. 
We also expected the environmental variables describing for-
est characteristics to affect the local occurrence and compo-
sition of fungal fruiting bodies. Such effects should emerge 
from the dependency of mycorrhiza-forming fungi on certain 
host tree species (Newton and Haigh 1998, Bruns 2002), 
and from environmental variation in microclimate and soil 
chemistry of relevance to soil fungi (Toljander  et  al. 2006, 
Kim  et  al. 2021). Regarding the phylogenetic patterns, we 
expected to find a strong phylogenetic signal on where and 
when fungi fruited, as related taxa should have similar traits 

and respond similarly to environmental triggers for fruiting 
(Kauserud et al. 2012, Sato et al. 2012, Diez et al. 2013).

Material and methods

Transect counts, forest characteristics and climatic data

To address the effects of dominant tree species, forest type, 
forest age, location, and time on the diversity and abundance 
of ephemeral fungal communities, we conducted fruiting 
body surveys (transect counts) following a nested sampling 
scheme. We selected forest sites representing young to old-
growth coniferous forests from three main areas in north 
Karelia, southeastern Finland (Fig. 1). We originally selected 
32 study sites, but two of these were logged after the counts 
in 2016. In 2017, these sites were therefore replaced with 
nearby sites with similar forest characteristics, resulting in a 
total of 34 sites being surveyed (7–19 sites per main area). 
The longest distance between sites was 80.4 km, the mean 
distance between sites in different areas was 33.6 km, and the 
mean distance between sites within the same main area was 
5.7 km. Among the three areas, Jaamankangas is dominated 
by young Pinus sylvestris forests and Kiihtelysvaara by Picea 
abies forests of various ages, while Patvinsuo has both Picea-
dominated old-growth forests and Pinus-dominated younger 
forests. Jaamankangas and Kiihtelysvaara are located at the 
northern margin of the south boreal zone and Patvinsuo 
at the southern border of the middle boreal zone, and the 

Figure 1. Map showing the locations of the main sampling areas and sites in southeastern Finland. Sampling sites in the main map are shown 
by circles, circle color denotes dominant tree species and forest type, and circle size is proportional to forest median age (see legend).
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overall study area is classified as subarctic in the Köppen–
Geiger climate classification (Beck et al. 2018).

We conducted three rounds of surveys during two consec-
utive years: one survey was carried out in July–August 2016, 
one in September 2016 and one round in August–September 
2017 (Supporting information). One to three surveys were 
conducted per site; in some cases, drought and onset of freez-
ing temperatures, as well as forestry, lowered the number of 
surveys implementable at a given site. Nonetheless, variation 
in the number of surveys per site was only slight overall, since 
out of the targeted 34 × 3 = 102 site-by-date combinations 
resulting from a fully balanced design, we obtained n = 86 
(3 sites were surveyed once, 10 twice, and 21 three times). 
The analytical methods employed are robust to such variation 
(Statistical modelling, below).

In each survey, we identified and counted all macrofungal 
fruiting bodies from a 4 × 200 meters transect running through 
the site. Fruiting bodies were identified to the taxonomic level 
achievable in the field. Thus, all fruiting bodies could not be 
reliably identified to species level (Supporting information). 
For example, many brown and nondescript Cortinarius spe-
cies were identified to either generic or subgeneric level, and 
small Russula species were identified to generic level only. 
Furthermore, some small fruiting bodies were lumped into the 
operational group ‘small, white-spored fungi’. We note, how-
ever, that taxa attributed to the last group were rare, altogether 
accounting only for 5.8% of all fruiting bodies encountered 
(Supporting information), and that all analyses targeting phy-
logenetic imprints were conducted at the species level.

For each sampling site, we recorded the dominant tree spe-
cies (Pinus or Picea) and the forest type according to the vegeta-
tion-based Finnish forest classification system (Hotanen et al. 
2008). This classification was done during the first survey. 
The sites (Fig. 1) represented Vaccinium vitis-idaea (VT) 
(n = 11) and Vaccinium myrtillus (MT) (n = 23) forest types; 
the number of MT sites includes a single Oxalis–Myrtillus 
(OMT) type site that was treated as part of the similar MT 
category. Site-specific median forest age was obtained from 
remote sensing data of Natural Resources Institute Finland 
(Mäkisara et al. 2019). For predicting how the advancement 
of the season influenced the timing of fruiting across fungal 
species, we adopted the effective heat sum as a widely-used 
proxy of phenology of seasonal events (Delgado et al. 2020). 
For each combination of site and sampling date, the date-
specific effective heat sum is defined as the sum of the aver-
age temperatures of all preceding days within the same year 
for which the average temperature was over +5°C. In other 
words, we calculated the heating degree-day sum H of sam-
pling date t at site i as

H Tt i
j

t

j i, , ,� �� �
�� 1

5 0max

where Tj,i is the temperature of day j at site i, and sum-
ming over days t starts from 1 January. Daily average 
temperatures were taken from measurements recorded at 

the nearest meteorological weather station of the Finnish 
Meteorological Institute.

Dataset and phylogeny construction

Based on the transect count data, we created two initial data-
sets for the analyses. The first dataset contained all 107 opera-
tional taxa that were recorded during the surveys. The second 
dataset – a subset of the first – contained those 81 fungal spe-
cies for which a phylogenetic tree could be estimated based 
on the ten 5284-taxon FastDate chronograms provided by 
Varga  et  al. (2019) (cf. Koskinen  et  al. 2022). Varga  et  al. 
(2019) reconstructed the phylogeny of the Agaricomycetes 
based on a backbone-constrained topology inferred from 
genome-level data (available for 104 species) and on sequence 
data from up to three nuclear genes (available for 5284 taxa). 
Because of the comprehensive taxon sampling and robust 
results of Varga et al. (2019), their phylogenetic trees provide 
a useful resource for statistical analyses combining informa-
tion on agaricomycete ecology with estimates of the evolu-
tionary relationships among species. The species included in 
our second dataset and the corresponding phylogenetic tree 
were either 1) present in the Varga et al. (2019) trees under 
the same or a synonym name, or 2) had a close relative that 
could be presumed to represent the same monophyletic group 
in the trees (Supporting information). The final phylogenetic 
tree containing only the focal taxa was constructed by first 
pruning each tree down to the selected species using the ‘ape’ 
ver. 5.2. package (Paradis and Schliep 2019) in R (www.r-
project.org), and then calculating a consensus tree with com-
mon ancestor node heights using the TreeAnnotator utility of 
BEAST ver. 2.6.2 (Bouckaert et al. 2019).

Exploratory analyses

Before our main analyses, we characterized overall commu-
nity similarity, fungal alpha diversity, and taxon-specific and 
overall abundance across the three main areas and the three 
combinations of dominant tree and forest type (Supporting 
information). To evaluate the utility of our continuous 
explanatory variables for the main modeling analyses, we 
plotted area- and site-specific distributions of forest age and 
effective heat sum during each survey, and confirmed the 
absence of confounding collinearity by constructing pairwise 
plots of all continuous and categorical explanatory variables 
(Supporting information).

Statistical modelling

To simultaneously estimate how the fruiting fungal species 
responded to the environmental covariates and how phyloge-
netically structured those responses were, we used hierarchical 
modelling of species communities (HMSC, Ovaskainen et al. 
2017, Ovaskainen and Abrego 2020). HMSC is a class of 
joint species distribution models which allows to account for 
the dependency structure generated by the sampling scheme, 
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and to estimate species-specific responses and their phyloge-
netic relationships in a multispecies data set. 

The original fungal fruiting data consists of the occur-
rence and counts of fruiting bodies of 107 fungal OTUS 
surveyed in 34 sites across three areas (Fig. 1). To these data 
we fitted both multivariate (joint) and univariate species dis-
tribution models using the R-package (www.r-project.org) 
‘Hmsc’ ver. 3.0-11 (Tikhonov et al. 2020) (Supporting infor-
mation). As our response, we considered counts of fruiting 
bodies per fungal species (in the multivariate models), or the 
count of fruiting fungal species (in the univariate models). 
As the sampling units, we considered the 86 individual sur-
veys. Focusing the analyses on the level of individual surveys 
rather than sites allowed us to utilize within-site data on fruit-
ing phenology, as well as to explicitly account for the slight 
variation in the number of surveys per site. To account for 
the zero-inflated nature of the multivariate data, we fitted so 
called hurdle models. In other words, we first modeled the 
presence/absence of the species, and then the abundance of 
the species conditional on its presence. For models of pres-
ence–absences, we used a probit-link function, and for mod-
els of fruiting body counts conditional on presence, we used a 
log-normal model. In the univariate model, we modelled the 
species richness following Poisson regression. 

We fitted two versions of the multivariate models, one 
including the phylogenetic relationships and one excluding 
them. This is because we could recover the phylogenetic infor-
mation only for 81 out of the 107 species, but we wanted to 
test the generality of the results also with respect to the full 
set of species. 

As high proportions of species with extremely low prev-
alence result in poor model performance (Norberg  et  al. 
2019), we excluded the singleton species (i.e. those occur-
ring in a single sampling unit) from the multivariate joint 
species distribution models. After the exclusion of singleton 
species, the multivariate models with and without phylo-
genetic data comprised 68 and 86 species, respectively. The 
univariate model on species richness included the data on 
all the 107 species. By combining models of species occur-
rence, and of abundance conditional on presence, we were 
able to answer our study questions both from the single spe-
cies- and community-level perspective. First, the multivariate 
models excluding phylogeny allowed us to ask how heat sums 
and forest habitat characteristics influenced the contribution 
of individual fungal species to local communities of fungal 
fruiting bodies. These models reveal which of the environ-
mental covariates increased or decreased the occurrences and 
counts of each of the fungal species. Second, the multivari-
ate models including phylogenetic data allowed us to assess 
whether those environmental responses were phylogenetically 
structured. Finally, the univariate model on species richness 
allowed us to assess whether the community-level patterns 
detected by the multivariate models were sensitive to exclud-
ing the singleton species – i.e. whether predictions from the 
multivariate models (from which singleton species had been 
excluded) matched predictions based on models of species 
richness as such (which naturally included all species).

The explanatory part of all models was identical. To 
account for the spatial structure of the study design, we 
included a spatially structured random effect based on the 
latitude and longitude of the sites. Since the sites were spa-
tially nested within main areas (Fig. 1), we included the ‘main 
area’ as an unstructured random effect. To avoid confounding 
between the random effect of the area and the spatial random 
effect of the site, we modified the default prior distribution 
(Ovaskainen and Abrego 2020) of the spatial scale param-
eter so that its maximum value did not equal the extent of 
the study (92 km), but instead a typical distance within areas 
(10 km). In this way, the random effect of main area models 
large-scale spatial variation, whereas the random effect of the 
site captures small-scale spatial variation. 

To account for the fact that each site was surveyed in two 
consecutive years, we further included the year as an unstruc-
tured random effect. In the fixed effects part of the models, 
we included variables describing the forest characteristics 
and climate. As forest characteristics we included the forest 
age (continuous), forest type (categorical with MT and VT 
levels) and dominant tree species (categorical with Picea and 
Pinus levels). Since communities of fruiting bodies may show 
a non-monotonic response to forest age, we included also its 
second-order term as an explanatory variable. As the most rel-
evant climatic variable affecting fungal fruiting body growth 
and phenology, we considered the effective heat sum and its 
second-order term.

We sampled the posterior distribution with four Markov 
chain Monte Carlo (MCMC) chains, each of which was run 
for 37 500 iterations, of which the first 12 500 were removed 
as burn-in. The chains were thinned by 100 to yield 250 pos-
terior samples per chain and so 1000 posterior samples in 
total. We examined MCMC convergence by examining the 
potential scale reduction factors (Gelman and Rubin 1992) 
of the model parameters (Supporting information).

In the multivariate models including phylogeny, we 
measured the phylogenetic signal through the parameter ρ 
(Ovaskainen and Abrego 2020). ρ ranges from 0 to 1, so 
that ρ = 0 indicates that the responses of the species to the 
environment are randomly distributed with respect to the 
phylogeny, whereas ρ = 1 indicates that the environmental 
responses of the species are fully explained by their phylo-
genetic correlations. We considered that the existence of a 
phylogenetic signal was statistically supported if the posterior 
probability of ρ exceeding zero was at least 95%. We not that 
with the default prior, the prior probability of ρ exceeding 
zero is 50% (Ovaskainen and Abrego 2020).

Following Ovaskainen and Abrego (2020), we evaluated 
the explanatory powers of the probit models through AUC 
(Pearce and Ferrier 2000) and Tjur’s R2 (Tjur 2009) values. 
For the log-normal models, we measured explanatory power 
by the usual R2 of the linear model, whereas for the Poisson 
model we used a pseudo-R2. We then applied a variance-par-
titioning approach to quantify which proportion of the varia-
tion in the fruiting-body occurrences and counts could be 
attributed to the variables describing forest characteristics and 
climate. Variation attributed to these factors was compared 
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to that explained by the random effects (Ovaskainen  et  al. 
2017). From the fitted models, we predicted how fruiting 
fungal abundance and species richness varies with the focal 
environmental variables, using the constructGradient function 
of the R-package ‘Hmsc’ (www.r-project.org, Tikhonov et al. 
2020). For this purpose, we set all of the non-focal variables 
to their expected value (for continuous variables) or modes 
(for categorical variables) conditional on the value of the focal 
variable.

Results

The variance partitioning results revealed consistent pat-
terns among models (Table 1), indicating that the same 
environmental factors influence both the occurrences and 
abundances of fungal species. The fixed effects parts of the 
models explained ca three times more variance than the ran-
dom effects parts, suggesting that the predictors included 
captured most of the variation among areas, sites and years. 
Among the environmental variables considered, the effec-
tive heat sum showed the strongest effects, explaining on 
average 24.3% of the explained variance in fruiting species 
occurrence and abundance. The second most influential 
variable was forest age, explaining on average 19.7% of the 
explained variance. The dominant tree species explained 
then on average 14.9% of the explained variance, and forest 
type 13.0%. 

In the variance partitioning applied to the univariate 
model of species richness, however, most of the variance was 
explained by the dominant tree species (explaining 22%) and 
effective heat sum (20%), followed by forest age (10%) and 
forest type (10%). Among the random effects, most varia-
tion was captured at the site level for the presence–absence 
part of the models (explaining 10.2% of the explained vari-
ance), while the variation explained by the area and year was 
smaller (explaining 7.1 and 6.6%, respectively). 

For models of abundance conditional on presence, the 
amount of variance explained by each of the three random 
effects was roughly similar (9.8–12.8%). In the species rich-
ness model, the random effects explained a larger amount of 
variance than they did in the hurdle models, with the site, 
year and area explaining 22, 11 and 6%, respectively, of the 
explained variance.

The absolute amount of explained variance was on aver-
age 17.0% for the presence–absence part of the models and 
57.5% for the abundance (conditional on presence) part of 
the hurdle models (Table 1). This nominal difference in the 
degree of determination does not, however, indicate that 
explaining whether a given fungal species will occur as fruit-
ing bodies would per necessity be any more challenging than 
explaining the abundance of such fruiting bodies once we 
know that the species is present. The discrepancy in numbers 
can equally well be attributed to the fact that the former is 
measured in terms of Tjur’s R2 and the latter by R2, and that 
the two currencies are not directly comparable. The absolute 
amount of explained variance for species richness was high, 
i.e. 69%.

In line with the variance partitioning results, the regression 
parameters measuring how the species responded to the envi-
ronmental variables revealed statistically supported responses 
to the effective heat sum for most species (Fig. 2). This result 
was consistent for both the presence–absence and abundance 
conditional on presence models. For the effective heat sum, 
the responses to the first order term were positive, while to the 
second order term were negative. This result indicates that the 
phenology of fungi (when and in which abundance a given 
species fruits) peaks after a particular effective heat sum has 
been exceeded (Fig. 3a–b). At the level of individual species, 
this is seen in that the occurrence probability of most species 
increases until the end of the season, with only a minority of 
the species reaching their peak earlier (Fig. 3c). For the pres-
ence–absence part of the models, most species also showed 
statistically supported responses to forest age (Fig. 2a), with 

Table 1. Variance partitioning of the HMSC models. The numbers show the proportion (unit %) of explained variance captured by each of 
the variables included in the models. The last column shows the total amount of variance explained by the models (unit %).

Response variable
Model 
characteristics

Fixed effects Random effects
Explanatory 
power

Forest 
age

Forest 
type

Dominant 
tree

Effective 
heat sum Site Area Year

Presence–absence No singleton 
species, no 
phylogeny

20 14.3 14.9 25.8 10.7 7.5 6.8 16.8 Tjur R2 
and 87 AUC

Abundance conditional 
on presence

No singleton 
species, no 
phylogeny

19.8 11.8 12.8 26.7 9 9.7 10.2 50 R2

Presence–absence No singleton 
species, 
phylogeny 
included

21.6 12.8 18.4 24.5 9.7 6.7 6.3 17.2 Tjur R2 
and 87 AUC

Abundance conditional 
on presence

No singleton 
species, 
phylogeny 
included

17.2 13.1 13.3 20 16.6 9.9 10 65 R2

Species richness All species included 10 10 22 20 22 6 11 69 pseudo R2
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Page 7 of 14

many species preferring the oldest forests and roughly equally 
many species preferring forests of intermediate age (Fig. 3d, f ).  
The occurrence of nearly half of the species showed statisti-
cally supported responses to forest type and dominant tree 

species (Fig. 2a), with most of these species preferring Picea-
dominated MT forests (Fig. 3g, i, Supporting information). 
For the abundance models, fewer statistically supported 
responses were detected (Fig. 2b). Nonetheless, the results 

Figure 2. Mean posterior regression parameters measuring the species-specific responses of fungi to each of the environmental covariates 
included in the presence–absence (a) and abundance conditional on presence (b) models. The phylogeny of the species is shown on the 
left-hand side, with the tips representing the fungal species and the estimated phylogenetic signal parameter ρ shown inside each tree. In 
the first (response) matrix, blue colors indicate negative responses and red colors positive responses with ≥ 0.95 posterior probability. The 
variance-partitioning plots show the variance explained by each focal variable (see legend) in relation to the explained variance. Bar plots on 
the right-hand side show proportions of variance explained by the models (Tjur’s R2 for the presence–absence and R2 for abundance con-
ditional on presence model).
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Page 8 of 14

Figure 3. Predicted species richness and abundance of fungal fruiting bodies per survey and site combination in relation to effective heat 
sum (a, b), forest age (d, e), dominant tree species (g, h), and forest type (i, j), based on the fitted joint species distribution models. In (c, 
f ), the lines show the predicted species-specific responses to effective heat sum and forest age, respectively. In (a, b, d, e), the lines show the 
predicted relationship, the shaded areas the 95% credible intervals of the predicted relationship, and the dots the raw data. In (g–j), the 
boxes show the predicted relationship, the bars the 95% credible intervals of the predicted relationship, and the dots the raw data. All pre-
dictions were generated by setting all of the non-focal variables to their expected value (for the continuous variables) or modes (for the 
categorical variables) conditional on the value of the focal variable.
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were generally consistent with those of the presence–absence 
parts of the models (Fig. 3h). The main difference between 
the two model types (occurrence vs abundance conditional 
on presence) was that abundances of most species were either 
independent of forest type or higher in VT forests (Fig. 3j), 
and that the abundances of fruiting bodies did not depend on 
forest age (Fig. 3e).

The phylogenetic signal parameter ρ, which measures 
whether related fungal species responded similarly to the 
environmental conditions, was high and statistically sup-
ported (with posterior probability for positive value ≥ 0.95). 
For the models of presence–absence, the posterior mean of ρ 
was 0.58, and for models of abundance conditional on pres-
ence, the posterior mean of ρ was 0.89. Thus, closely related 
species responded more similarly to the environmental vari-
ables considered than one would expect in the absence of a 
phylogenetic signal (Fig. 2).

Discussion

If phylogenetically related species respond similarly to their 
environment, then more similar species are more likely to co-
occur more often in the same communities (Davies 2021). 
Conversely, if sharing the same traits causes related species to 
interact more negatively, then similar species are less likely to 
co-occur (Liu et al. 2012, Treseder et al. 2014). The conse-
quences of these general assembly processes will be particu-
larly accentuated for any organism associated with the fruiting 
bodies of particular fungi. For such species, resource availabil-
ity will per necessity be patchy and ephemeral in space and 
time (Hanski 1989, O’Connell and Bolger 1997, Epps and 
Arnold 2019, Butterworth et al. 2023) – with phylogenetic 
imprints potentially adding to the challenges. While many 
fungivores may have adopted taxon-level generalism as a bet-
hedging strategy to safeguard against local unavailability of 
the fruiting bodies of particular fungal species (Põldmaa et al. 
2016, Koskinen et al. 2022), the efficacy of such genus- or 
family-level host specialization will vary with the strength 
of phylogenetic imprints on the environmental responses of 
fungal fruiting – on whether related fungal species resemble 
each other in their responses to environmental properties and 
phenological cues that facilitate or suppress fruiting. In this 
study, we assessed whether the production of fruiting bodies 
by ectomycorrhizal forest fungi shows phylogenetic conserva-
tism in relation to seasonality and local forest characteristics. 
Drawing on a set of more than a hundred macrofungal spe-
cies, we modelled the distribution and abundance of fruit-
ing bodies in space and time. We found strong patterns of 
seasonal change, signaled by an imprint of effective heat sum. 
Of site-level features, the dominant tree species emerged as 
the most important environmental factor influencing com-
munity structure, along with forest age. Importantly, while 
different fungal species responded unequally to their shared 
environment, a strong phylogenetic signal was evident across 
the species-level responses (Fig. 2). All of these patterns come 
with strong implications for fungus-associated taxa. Below, 

we will discuss each one in turn, starting from the environ-
mental responses before turning to patterns of response-shar-
ing among related taxa (i.e. phylogenetic imprints).

Factors shaping the communities of fungal fruiting 
bodies

Phenological differences among fungal taxa – within and 
between seasons and years – are known to structure the 
assemblages of fruiting bodies (Pinna et al. 2010, Sato et al. 
2012). Our analyses, however, revealed a strong effect of the 
effective heat sum but a relatively weak effect of the year 
(Table 1, Supporting information). Effective heat sum had a 
clear effect on predicted species richness and on the predicted 
abundance of fruiting bodies, with the diversity and number 
of fruiting bodies generally increasing during the late sum-
mer and early autumn (Fig. 3a–c). However, the fruiting of 
many species peaked before the end of the sampling period. 
The lack of strong interannual variation in fruiting fungal 
communities (cf. Straatsma et al. 2001, Straatsma and Krisai-
Greilhuber 2003) may perhaps be attributed to the fact that 
our study only included data from two consecutive years. As 
for other organismal groups, longer time series data may be 
needed to robustly capture interannual differences in fruiting 
fungal communities (Heegaard et al. 2017, White 2019).

Against the backdrop of seasonal change, we found pro-
nounced impacts of site-level forest characteristics, whereas 
location as such (as captured by main area and site) appeared 
less important for fungal alpha diversity and abundance 
(Supporting information): Site explained more out of the 
explained variation in the presence–absence and abundance 
models than did the main area (Table 1, Fig. 2), and variation 
among the main areas appeared predominantly attributable 
to differences in the availability of different forests (Fig. 1).

Among site-level characteristics, the dominant tree spe-
cies emerged as a factor highly influential in structuring the 
presence and abundance of fungal fruiting bodies (Table 1, 
Supporting information). The strong influence of the domi-
nant tree species is likely reflective of mycorrhizal fungus–
tree associations (Newton and Haigh 1998, Bruns 2002, 
Tedersoo et al. 2008). However, reflecting the fact that the 
preferred symbiont plant species and the level of specialization 
varies across fungal species (Newton and Haigh 1998, Bruns 
2002, DeBellis et al. 2006, Ishida et al. 2007, Tedersoo et al. 
2009), we found great variation in how the species responded 
to the dominant tree species (Fig. 2). Nonetheless, we note 
that from our data it is not possible to separate the indirect 
effect of factors with an impact on tree species composition 
from direct effects of tree species composition as such. Despite 
wide transect- and taxon-level variation, Picea-dominated 
sites generally harbored higher fruiting body diversity than 
did Pinus-dominated forests (Fig. 3g, Supporting informa-
tion). In this context, the effect of dominant tree species 
may reflect a higher diversity of other forest tree species in 
Picea-dominated forests. In our focal area, even managed 
Picea-dominated forests often contain a mixture of, for 
example, Betula and Populus species, each of which partner 
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with their own mycorrhizal symbionts (Salo et al. 2005). The 
higher abundance of fruiting bodies in Picea-dominated for-
ests (Fig. 3h), in turn, is apparently indicative of a general 
diversity–productivity relationship (Mittelbach  et  al. 2001, 
Straatsma  et  al. 2001), since spruce is competitively stron-
gest on comparatively nutrient-rich soils (Lahti and Väisänen 
1987, Tonteri et al. 1990, Levula et al. 2003). Furthermore, 
spruce forests will often come with a substantial element of 
deciduous trees. Since such trees facilitate nutrient cycling 
(Melvin  et  al. 2015), they may perhaps affect fungal fruit-
ing. However, higher abundances of fruiting bodies in Picea-
dominated forests may also be due to higher soil moisture, as 
also shown to stimulate fruiting in forest fungi (Boddy et al. 
2014, Bose et al. 2022).

In comparison with the effect of the dominant tree spe-
cies, the impact of local forest type on the composition and 
abundance of fungal fruiting bodies was less obvious (Table 
1, Fig. 3i, j). The Finnish forest type classification is based on 
the composition of the understory vegetation, and forest type 
is thus reflective of a full syndrome of local productivity and 
soil properties, such as average pH and nutrient status (Lahti 
and Väisänen 1987). Hence, the generally Pinus-dominated 
VT type represents xeric habitats with often acidic, poor sandy 
soils, while MT-type Pinus or Picea-dominated forests are 
more mesic and productive. It is well known that soil chemis-
try will directly affect soil-fungal communities (Saarsalmi and 
Mälkönen 2001, Toljander et al. 2006, Tedersoo et al. 2009, 
2014, Erlandson et al. 2016). In our study, the understory 
vegetation had a relatively small effect on the fruiting fungal 
communities compared to the dominant tree species. This 
apparently contradictory result might be due to the fact that 
our study is based on fruit-body surveys, which compared to 
DNA-based surveys (Tedersoo et al. 2008, 2014, Kim et al. 
2021) are more biased toward ectomycorrhizal taxa with 
stronger symbiotic links with tree species. 

As expected, forest age had a strong effect on the fruiting fun-
gal communities. For the presence–absence part of the models, 
most species showed positive responses to the first term and 
negative responses to the second term of forest age (Fig. 2a), 
indicating that the occurrence of fruiting bodies peaks at par-
ticular forest ages (Fig. 3d, f ). While this result may at first 
glance seem surprising, it matches other studies showing high-
est fungal species richness in forests of a given age (Twieg et al. 
2007, Tomao et al. 2020). Modern intensive forestry practices 
reduce landscape-level average forest age (Kuuluvainen 2009, 
Kuuluvainen et al. 2012), which in turn reduces the diversity 
of forest-dwelling fungi. The impact of intensive forestry was 
also reflected in our study, as forests between 80 and 100 years 
of age were largely absent from our study areas. It is notewor-
thy, however, that forest age had no discernible effect on the 
overall abundance of fruiting bodies (Fig. 3e). This result may 
be attributable to the lack of very young forests from our study 
design. Including recently clear-cut forests in our study design 
most likely would have added variation in fruiting body diver-
sity and abundance, because most forest-dwelling ectomycor-
rhizal fungi are killed after clear-cutting (Sterkenburg  et  al. 
2019, Tomao et al. 2020, Kim et al. 2021).

Phylogenetic signal in the assembly of fungal 
fruiting body communities: consequences for 
fungivores and ecosystems

We found that species-level responses to forest character-
istics, space, and time are strongly structured with respect 
to the phylogenetic relationships among fungal taxa – a 
pattern suggestive of phylogenetic niche conservatism 
(Losos 2008, Wiens et al. 2010). Likewise, previous stud-
ies have suggested that related groups of soil-inhabiting 
mycorrhizal fungi may respond similarly to environmental 
conditions: Chen et  al. (2017) demonstrated that arbus-
cular endomycorrhizal taxa show low specialization but 
clear phylogenetic signal with respect to associations with 
woody hosts, while Hibbett  et  al. (2000) showed that 
fungus–host associations are more labile across ectomy-
corrhizal groups. However, only few studies have so far 
probed for a phylogenetic signal in how fungal commu-
nities respond to environmental constraints (Abrego et al. 
2022, Bässler et al. 2022). Here, our study offers a semi-
nal contribution by building on a quantitative phylogeny, 
rather than on using taxonomy as a proxy for relationships 
among taxa (cf. Kauserud et al. 2012). 

From the perspective of consumers associated with fungal 
fruiting bodies, a phylogenetic signal in the fruiting of fungi 
will further amplify variation in resource availability: if sev-
eral species of fruiting bodies occur together under similar 
(favorable) conditions, then it also means that they will also 
each be absent under other (unfavorable) conditions. While 
arthropods feeding on fungal fruiting bodies are rarely spe-
cialized on particular host species, many fungivores feed on 
sets of related fungal hosts (Orledge and Reynolds 2005, 
Põldmaa  et  al. 2016, Koskinen  et  al. 2019). Such clade-
level specificity was also revealed by Koskinen et al. (2022), 
who found the overall similarity of arthropod communities 
to decrease with an increasing phylogenetic distance among 
fungal hosts. For consumers specializing on particular fun-
gal taxa or clades, non-random responses of entire fungal 
clades to spatiotemporal variation in environmental condi-
tions will therefore introduce further unpredictability in 
resource availability: not only are fruiting bodies as such 
short-lived and patchily distributed, but the occurrence and 
abundance of entire host groups is further clumped in time 
and space. 

However, phylogenetic niche conservatism in ectomycor-
rhizal fungi also has wider implications for forest ecosystems. 
At the species level, the production of visible fruiting bodies 
above ground is a short-term phenomenon that is reflective 
of earlier, long-term processes below ground (Kauserud et al. 
2010, Kim  et  al. 2021). While these processes are invis-
ible to a human observer, understanding how species-level 
responses are constrained by the phylogenetic relationships 
among forest fungi is central for predicting how decom-
position, nutrient cycling, and symbioses with forest trees 
will change as a result of anthropogenic environmental 
changes (Abrego  et  al. 2022, Bässler  et  al. 2022). Clearly, 
the nature of our current data prevents us from providing 
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in-depth inference of such effects: what we explored were 
patterns in the occurrence of fruiting bodies, as providing 
evidence only for the presence but not the absence of fun-
gal mycelia. Here, the ever-increasing availability of molec-
ularly-based assessment of fungal occurrence (Pauvert et al. 
2019, Tedersoo et al. 2022), as combined with comprehen-
sive phylogenetic trees (Varga  et  al. 2019, Li  et  al. 2021, 
Kim et al. 2023) will greatly facilitate studies incorporating 
phylogenetic data into analyses of fungal community ecol-
ogy. Overall, our findings show how evolutionary history 
and ecological context are weaved together in shaping mod-
ern communities, highlighting the need for ecophylogenetic 
approaches (Davies 2021) in research on plant–fungus–fun-
givore networks.
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