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Abstract
1. Fungal traits can provide a mechanistic understanding of how wood- inhabiting 

fungi interact with their environment and how that influences community assem-
bly in deadwood. However, fungal trait exploration is relatively new and almost 
no studies measure fungal traits in their environment.

2. In this study we tested species-  and trait- environment relationships in repro-
ducing fungal communities inhabiting 571 Norway spruce (Picea abies) logs in 
55 isolated forest patches (0.1–9.9 ha) of different naturalness types, located in 
Northern boreal Sweden. The studied patches were (1) semi- natural set- aside 
patches within highly managed landscapes, or (2) old- growth natural patches lo-
cated in an unmanaged landscape. We tested species and trait relationships to 
deadwood substrate and forest patch variables. We measured mean fruit body 
size and density for each of the 19 species within communities.

3. Traits assembled in relation to log decay stage and forest patch naturalness, il-
lustrating the important role of deterministic environmental filtering in shaping 
reproducing wood- inhabiting fungal communities. Early decay stage communities 
had larger, less dense, annual fruiting bodies of half- resupinate type and were 
more often white- rot fungi. Species rich mid- decay stage communities had mixed 
trait assemblages with more long lived perennial fruit bodies of intermediate 
size, and both brown-  and white- rot fungi equally represented. Finally, late decay 
stage communities had smaller, denser and perennial fruit bodies, more often of 
the brown- rot type.

4. The relationships between the studied traits and decay stages were similar in 
both set- aside and natural patches. However, set- aside semi- natural patches in 
highly managed landscapes more frequently supported species with smaller, per-
ennial and resupinate fruit bodies compared to natural patches in an unmanaged 
landscape.

5. Synthesis. We found that log decay stage was the primary driver of fungal commu-
nity assembly of species and traits in isolated forest patches. Our results suggest 
that decay stage filters four reproduction traits (fruit body density, size, lifespan 
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1  |  INTRODUC TION

Community ecology theory aims to comprehend and predict how 
both abiotic and biotic species interactions influence the organisa-
tion and functioning of communities and functional traits are widely 
acknowledged as a valuable framework in this undertaking (Violle 
et al., 2007). An advantage of species traits lies in their direct asso-
ciation of an organism's performance under specific environmental 
conditions, thereby facilitating a deeper understanding of the mech-
anisms that govern species distributions and community changes 
(McGill et al., 2006; Violle et al., 2007). Communities restricted in 
space and time, such as those living in patchy and ephemeral re-
sources, provide insights to traits' influence in community assem-
bly (Abrego, 2022; Butterworth et al., 2023). Community assembly 
is often characterised as a ‘set of filters’, with dispersal serving as 
the initial filter, allowing species to reach the habitat, and followed 
by environmental (abiotic) and species interaction (biotic) filters 
(Leibold et al., 2004; Violle et al., 2012).

Studies of assembly in patchy resources often focus on dis-
persal filters, assuming that the primary restriction on commu-
nity assembly is the ability to access resources in space and time 
(Zambrano et al., 2019). Nevertheless, species growth, size, lifes-
pan, resource use and reproduction, as well as the environmental 
conditions within the patch, also play crucial roles in structuring 
patchy communities (Abrego, 2022; Butterworth et al., 2023; 
Zambrano et al., 2019). For example, the classic trait- based CSR 
framework proposed by Grime (1977), which categorises species 
as competitors (C), stress tolerators (S) or ruderals (R), often relies 
on traits related to competition, size and growth architecture, in 
addition to dispersal. Although the CSR framework was initially 
developed for plants, it has also been proposed to be relevant 
for wood- inhabiting fungi (Boddy & Hiscox, 2017; Lustenhouwer 
et al., 2020). Communities of wood- inhabiting fungi in patchy and 
ephemeral resources may be especially influenced by resource- 
use traits, such as capabilities to degrade wood and adaptability to 
different wood types, and reproductive traits, like fruit- body size 
and lifespan influencing spore production. This is particularly true 
when the colonising fungal species are recognised as effective 
dispersers (Norros et al., 2014). In such environments, there are 
more instances where establishment is constrained by conditions 
upon arrival and niche specialisation, such as the specific dead-
wood size, decay stage or moisture content, rather than dispersal 

ability (Moor et al., 2021). This is in line with deterministic theories 
in community ecology, which propose that local niche- based pro-
cesses, such as the ability of wood- inhabiting fungi to exploit spe-
cific wood decay stages, are primarily responsible for determining 
the patterns of species diversity and composition (Leibold, 1995). 
In contrast, more stochastic theories emphasise the significance 
of chance colonisation and random extinction (such as neutral the-
ory sensu Hubbell, 2005).

Wood- inhabiting fungi form species- rich communities in dead-
wood and have small airborne spores that can travel long distances 
(Norros et al., 2014). Studying fungal trait change in relation to en-
vironmental conditions of deadwood substrates, forest patches and 
landscapes, can help determine environmental filters and scales that 
have the strongest regulating force on their community assembly 
(Abrego et al., 2022). A common hypothesis is that environmental 
filters are more prevalent at coarser scales such as landscapes and 
forest stands, but have a diminishing relative influence towards 
the finer substrate scale, dominated by biotic interactions (Abrego 
et al., 2017; Mod et al., 2020). However, empirical evidence of fungal 
trait- environment relationships so far is limited and studies rarely 
include multiple scale dependencies of community assemblages (but 
see Abrego et al., 2017, 2022).

Finding generalities in processes structuring wood- inhabiting 
communities is challenging, in part because abiotic conditions and 
coexistence of fungal species in deadwood is dynamic. From a 
species- sorting perspective, it has been argued that fungal commu-
nity assembly should not be looked upon as a simple deterministic 
pathway but rather a complex dynamic mosaic (Boddy, 2001; Boddy 
& Hiscox, 2017). Deterministic species- environment interactions 
have been observed with certain species better adapted to certain 
environmental conditions (Krah et al., 2018; Nordén et al., 2013) 
and priority effects from biotic interactions (Lindner et al., 2011; 
Ottosson et al., 2014). In addition, dispersal limitation and stochastic 
demographics can influence random neutral processes (Boddy, 2001; 
Norberg et al., 2019; van der Wal et al., 2016). If assemblages of 
species and/or traits in communities diverge in response to identical 
environmental variables, it could indicate that stochastic processes 
(i.e. unpredictability in species arrival, establishment and death) are 
more influential drivers of community assembly than deterministic 
processes. Stochastic processes appear to play a particularly signif-
icant role in shaping wood- inhabiting fungal community assembly 
during early decay stages but diminish over time (Lunde, Jacobsen, 

and type) and one resource- use trait (white or brown rot). Our results highlights, 
for the first time, that communities with diverse fungal reproductive traits are 
maintained foremost across all deadwood decay stages under different forest 
naturalness conditions.

K E Y W O R D S
community dynamics, deadwood fungi, decomposition, forest naturalness, fruit- body, 
functional trait, saprotrophic, spore
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et al., 2022; Norberg et al., 2019; Song et al., 2017; van der Wal 
et al., 2016). However, accurately quantifying the roles of stochas-
tic processes in community assembly remains challenging, given 
the high variability of most environments. For example, changes in 
the net content and concentration of nutrients in deadwood occur 
with decay stage due to processes such as leaching, fragmentation 
and export to support the growth of fungal fruit bodies (Fukasawa 
et al., 2009; Harmon et al., 1994; Krankina et al., 1999). These pro-
cesses also influence the assembly of microbial communities during 
the deadwood life cycle (Fukami et al., 2010; Rajala et al., 2012; 
Rinne et al., 2016). While there is evidence suggesting that both de-
terministic and stochastic processes contribute to the dynamic and 
ever- changing nature of fungal communities within deadwood, this 
observational study primarily focuses on examining deterministic 
processes.

Managed forests tend to support species with smaller fruit bod-
ies compared to natural forests (Abrego et al., 2017, 2022; Bässler 
et al., 2014, 2016; Nordén et al., 2013). This is likely because fungal 
reproduction and fruit- body growth increase with greater deadwood 
volumes and the higher net content of resources available in natu-
ral forests compared to managed forests (Fukasawa, 2021; Nordén 
et al., 2013). However, one field study indicates that fruit bodies can 
be larger in semi- natural forests with less deadwood compared to 
natural old- growth forests with more deadwood, with these differ-
ences converging as forests age and deadwood increases (Dawson 
et al., 2020). Additionally, mean spore size has been shown to both 
decrease and increase in fungal communities as decay proceeds, 
leading to contrasting predictions of trait- environment relationships 
(Abrego et al., 2017, 2022). Given that the study of fungal functional 
traits is relatively new, it is crucial to test and establish core traits 
and measurements that provide meaningful insights for developing 
fungal community ecology theories (Aguilar- Trigueros et al., 2015; 
Dawson et al., 2019; Zanne et al., 2020).

This study investigates the traits (Table 1) of reproducing fun-
gal communities in 571 Norway spruce logs (downed deadwood 
substrates) located in 55 isolated boreal forest patches in Northern 
Sweden. Approximately half of the patches (n = 26) were semi- 
natural forest patches, influenced by historical selective logging and 
set- aside from management in recent decades within highly man-
aged landscapes (hereafter set- aside patches). The other half (n = 29) 
were old- growth forest natural patches never influenced by forest 
management and located in an unmanaged landscape (hereafter 
natural patches). We examined individual species occurrences, their 
reproductive and resource- use traits, red- listed status and species 
richness. We tested their relationships with log decay stage and vol-
ume, forest plot- scale (hereafter called patch scale since one plot 
was centred in each forest patch) summed log volume per hectare, 
patch area and proportion of clear- cut forest in the surrounding 
landscape. We tested if community assemblages of fungal species 
and traits follow the same pathways in relation to log and patch scale 
environmental variables in natural old- growth forest patches in an 
unmanaged landscape as in set aside semi- natural forest patches in 
managed landscapes. We analyse how much variation in the species 

responses to environmental variables measured at different scales 
can be attributed to variation in traits. In Table 1, we present a de-
tailed overview of the examined traits and their hypothesised re-
lationship with fungal function in relation to the environmental 
variables studied.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

We studied deadwood fungal communities in boreal forest patches 
that had been isolated through either natural or anthropogenic 
processes in Norrbotten County, in Northern Sweden (Berglund 
& Jonsson, 2003, 2005). Natural patches consisted of old- growth 
forest patches surrounded by open mire randomly selected within 
the Granlandet Nature Reserve (ca 27,000 ha), a landscape largely 
unaffected by forest management operations (Lövgren, 1986). 
Granlandet is primarily protected as a reference landscape for stud-
ying Norway spruce old- growth forest dynamics and fragmentation. 
It has no recreational access roads, but limited hunting is permitted 
within the reserve. The patches have no signs of forest fires or for-
est management activities (two cut stumps have been recorded in 
one of all 29 forest patch plots, likely cut by local hunters for fire 
wood), and patches have likely been in a natural old- growth state 
for many centuries with spruces attaining ages up to 300 years 
(Berglund & Jonsson, 2005; Lövgren, 1986). The mean deadwood 
volume was 30.7 ± standard deviation (SD) 18.5 m3 ha−1 in natural 
patches. We assume that extinction and colonisation have reached 
a dynamic equilibrium in these patches (Berglund & Jonsson, 2005). 
Consequently, the potential long- term impact of forest structure 
and patch area on species distribution and community assembly 
should be detectable. Anthropogenic set- aside patches consisted of 
randomly selected semi- natural forest stand patches located within 
the managed forest landscape surrounding the natural Granlandet 
Nature Reserve landscape. The set- aside patches were identified 
as having high biodiversity and/or conservation value, due to pres-
ence of old- growth forest indicator species and/or the forest struc-
ture and set- aside from management in the late 1990s (Berglund & 
Jonsson, 2005). These set- aside patches have been isolated from 
natural forests at different time points since clear cutting and in-
tensive forest management began in the region in the 1950s and 
up to the 1990s (Berglund & Jonsson, 2005). The set- aside patches 
have to different degrees been affected by historical selective log-
ging, but never clear cut (mean 5.6 ± SD 9.1 cut stumps recorded per 
0.13 plot). The mean deadwood volume was 19.2 ± SD 17.3 m3 ha−1 
in set- aside patches. All patches were dominated by Norway spruce 
(Picea abies), with bilberry dominating the understory layer, and with 
moist to mesic ground conditions on moraine soils. Surveying per-
mit for Granlandet Nature Reserve (525- 8301- 17) was issued by the 
Swedish County Administrative Board of Norrbotten and survey 
permit for one set- aside patch that was given protected status (Dnr 
2018:906) was issued by Jokkmokks Municipality.
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    |  5DAWSON et al.

2.2  |  Fungal survey

In the autumn of 2017 we surveyed wood- inhabiting fungal fruit 
bodies present on Norway spruce logs originating within circular 
0.13 ha plots at the centre of 26 set- aside patches (0.08–6.7 ha) and 
29 natural patches (0.17–9.9 ha) (Dawson et al., 2020). All logs with 
≥10 cm diameter and ≥1 m length originating within sample plots 
were surveyed for fruit bodies. We recorded all polypore species 
along with six corticoid species considered important indicator and 
decomposer species in old- growth forest communities (Asterodon 
ferruginosus, Cystostereum murrai, Laurilia sulcata, Phlebia centrifuga, 
Stereum sanguinolentum and Veluticeps abietina). Polypores and cor-
ticoids, as pileate and resupinate fruit body types, are especially 
suitable for studying forest naturalness responses in communities 
inhabiting Norway spruce (Purhonen et al., 2021) and also provide 
more reliable results for community composition comparison from 
single surveys (Abrego et al., 2017). Earlier fruit- body surveys com-
bined with molecular inventories of fungal mycelial abundance in the 
deadwood show that the most abundant mycelium form fruit bodies 
(Kubartová et al., 2012; Ovaskainen et al., 2013). It is therefore rea-
sonable that the fruit body size and density of the dominant fruiting 
species studied here, to some extent also reflect the species mycelial 
size and resource acquisition in the deadwood. Whilst we acknowl-
edge that the presence of fungal fruit bodies does not give complete 
information about the fungal species succession, it provides mean-
ingful information from a trait and species association perspective 
(Saine et al., 2020). The species nomenclature follow the Swedish 
taxonomic database Dyntaxa (www. artfa kta. se).

2.3  |  Replication statement

Scale of inference

Scale at which the 
factor of interest is 
applied

Number of 
replicates at the 
appropriate scale

Species and traits in 
communities

Logs in forest patches 571 logs in 55 
forest patches

2.4  |  Environmental variables

We used six environmental variables in our analysis: log decay 
stage, log volume, summed log volume per hectare, forest patch 
area, natural patch versus set- aside patch, and clear cutting in the 
immediate surrounding 1 km. For individual downed logs sampled 
within plots, decay stage was categorised into early (deadwood hard 
and >50% bark remaining), mid (deadwood hard or starts to soften 
with smooth texture and <50% bark remaining) or late (deadwood 
soft with small crevices, pieces or wood fragments lost and the 
outline of the log can have started to become deformed), based on 
McCullough (1948). The individual log volume (m3) was calculated 
using the Fraver et al. (2007) conic- paraboloid formula. For indi-
vidual 0.13- ha plots, the summed log volume per hectare (m3 ha−1) 

was calculated. Patch area (ha) and the proportion of surrounding 
land within 1 km of the patch that experienced clear cutting in the 
10 years prior to the survey was calculated using desktop geospa-
tial analyses (Dawson et al., 2020). No environmental variables were 
strongly correlated (r ≤ 0.6).

2.5  |  Selected functional traits

We assessed species traits that we considered functionally impor-
tant for dispersal (spore volume; μm3), resource- use (rot type), and 
reproduction (fruit body size, density, lifespan and type). Mean fruit 
body size (mm3) and dry density (mg/mm3) per species were meas-
ured in the field and laboratory. Measurements and samples were 
taken from one randomly selected log and up to three random ma-
ture fruit bodies of each species growing on each log. A total of 164 
fruit bodies were measured, with a mean of nine fruit bodies meas-
ured per species. Young undeveloped and overmature decaying fruit 
bodies were not measured. Data were collected from each species 
in every set- aside patch and from 11 out of the 29 natural patches 
(Dawson et al., 2019, 2020). Fruit bodies were randomly selected by 
numbering the fruit bodies from one end of a log to the other and 
randomly selecting numbers and corresponding fruit bodies. Mean 
spore volume (μm3) and categorical traits such as rot type, fruit 
body lifespan and type were sourced from the literature (Nordén 
et al., 2013). No trait or attribute were strongly correlated (r < 0.5). 
A conservation attribute, red- listed status of a species, was also in-
cluded as it is relevant for management and conservation, and these 
species are often resource specialists in terms of deadwood amount 
and quality (SLU Artdatabanken, 2020).

2.6  |  Preparation of data and statistical analyses

We included species that occurred in three or more patches (28 of 
45 species) for which we had complete trait information (19 of 28 
species, see Table S2 for species omitted due to rarity and/or lack 
of trait measurements). These 19 species contained 93% of all oc-
currences (i.e. defined as species found fruiting on individual logs), 
which is above the 80% recommended for trait analyses (Pérez- 
Harguindeguy et al., 2013). In total, there were 745 fruit- body occur-
rences across 571 logs in the dataset that was analysed statistically 
(Table S3).

We analysed the data with hierarchical modelling of species 
communities (HMSC; Ovaskainen et al., 2017), which is a joint spe-
cies distribution modelling (JSDM) framework (Warton et al., 2015) 
that enables the integration of data on species occurrences or abun-
dances, environmental variables, species traits and phylogenetic 
relationships (Ovaskainen et al., 2017). In the HMSC analyses, the 
ny × ns response matrix Y consisted of presence- absences of the 
ns = 19 species observed in the ny = 571 surveyed logs. We mod-
elled Y using a probit link function and included a matrix X of envi-
ronmental variables at the scale of the log and the patch (i.e. sample 
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6  |    DAWSON et al.

plot), respectively. At the log scale, we included the log transformed 
log volume and the decay stage classified as early, mid, or late. At the 
patch scale, we included the log transformed summed deadwood 
volume per hectare, the log transformed area of the patch, the pro-
portion of land immediately surrounding patches within 1 km that 
had been clear cut within the 10 years prior to the survey (clear cut-
ting), and patch type classified as natural or set- aside patch. Further, 
a latent variable approach was used to have a patch- scale random ef-
fect to account for the grouping of logs within patches (Ovaskainen 
et al., 2017). All continuous explanatory environmental variables 
were scaled (subtracting the mean and dividing by the standard de-
viation) to improve model performance and facilitate interpretability 
of model outputs.

Similar to Dawson et al. (2020), species traits and phylogenetic re-
lationships were used for modelling the relationships between X and 
Y (Abrego et al., 2017; Ovaskainen et al., 2017). Traits used in the T 
matrix are described above. These included log transformed fruit- body 
size, fruit- body density, spore volume, decay type (brown or white 
rot), fruit- body lifespan (annual or perennial), fruit- body type (pileate, 
resupinate or half- resupinate), and red- listed status (least concern 
or red- listed following SLU Artdatabanken, 2020). Following Abrego 
et al. (2017) and Dawson et al. (2020), as no quantitative phylogeny 
existed, we used as a proxy for the phylogenetic correlation matrix 
C a taxonomical correlation matrix, constructed from the five levels 
of class, order, family, genus and species, and assuming equal branch 
length for each level.

We fitted the model using the Hmsc R package (Tikhonov 
et al., 2020) with default prior distributions. The sampled poste-
rior distribution consisted of 150,000 MCMC iterations, of which 
50,000 iterations were discarded as burn- in. We ran two MCMC 
chains and thinned by 100, giving a posterior distribution sample size 
of 1000 per chain. We assessed the convergence of the two MCMC 
chains visually.

We evaluated the explanatory powers of the occurrence probit 
model through species- specific area under the curve (AUC) val-
ues, which were then averaged across the species to obtain the 
model- specific metric. To compute explanatory power, we made 
model predictions based on the model fitted to all data. The fitted 
joint species distribution model was also used to assess the scale 
dependency in the trait- level responses of the species to the en-
vironmental variables (Abrego et al., 2017). We utilised a variance 
partitioning technique to determine the proportion of variability 
in the occurrences of species that could be ascribed to the en-
vironmental variables at the log-  and patch- scales in contrast to 
that explained by the random effects, following the methodology 
proposed by Ovaskainen et al. (2017). Next, we calculated the pro-
portion of variation in the species' response to environmental vari-
ables that could be accounted for by the variation in their traits 
(Abrego et al., 2017).

With our analysis, we aimed to answer if traits, as well as 
species richness and occurrence probabilities of red- listed spe-
cies, differed with log decay stage and between natural and set- 
aside patches. To answer these questions, we predicted species 

communities on logs within patches based on 2000 draws (1000 
draws from each chain) from the joint posterior distribution of the 
fitted model, with additional non- focal environmental variables 
held constant at their observed mean values (Dawson et al., 2020). 
For example, when making the hypothesis for set- aside patches, 
we set the log volume, summed log volume, patch area, and sur-
rounding clear- cutting to their mean values in this subset of the 
data. We compared predictions for species richness, red- listed 
species occurrence probability, as well as trait values (i.e. commu-
nity weighted mean values of continuous traits and occurrence 
probabilities of categorical traits). We considered an observed dif-
ference to have moderate or strong statistical support if the pa-
rameter of interest was greater in one case (i.e. log decay stage or 
naturalness patch type) than in another with at least 90% or 95% 
posterior probability, respectively.

3  |  RESULTS

There were 800 fruit- body occurrences of 45 species on the 571 
logs and 745 occurrences of the 19 species in the dataset modelled. 
Trichaptum abietinum was the most common species, with 145 fruit- 
body occurrences on 145 logs. The most uncommon species was 
Skeletocutis stellae with only three occurrences. The mean number 
of occurrences across all logs sampled for a species was 39 and the 
median was 33 (Tables S2 and S3).

3.1  |  Trait- environment relationships

We found a strong influence of fruit- body traits on the occur-
rence of fungal species across the studied environmental variables. 
Predictions with the fitted model revealed that across all tested en-
vironmental variables, the variation in traits explained a fair amount 
(34%) of the overall variation in the 19 species' response to all en-
vironmental variables. Model predictions showed that traits had a 
particularly strong influence on the species' response to log decay 
stage (explaining 54%–73% of the variation in species' response to 
different decay stages) and patch naturalness (explaining 50% of 
variation). Compared to later decay stages, early decay stage logs 
hosted larger (Figure 1a), less dense (Figure 1b), and short- lived an-
nual fruit bodies (Figure 1c), more likely white- rot fungi (Figure 1d) 
of half- resupinate fruit- body type and the lowest probability of re-
supinate fungi (Figure 1e). Mid- decay stage logs also hosted less 
dense fruit bodies than late decay stages, more long lived perennial 
fruit bodies of intermediate mean size, and with both brown-  and 
white- rot fungi and all fruit- body types represented (Figure 1a–e). 
Late decay stage logs were associated with smaller, denser and per-
ennial fruit bodies, of all fruit- body types, which were more likely to 
be of the brown- rot type. Spore volumes were generally small, but 
we found that spores were larger in late decay stages compared to 
mid decay stages, although this difference was only supported in 
set- aside patches (Figure 1f).
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    |  7DAWSON et al.

Mid and late decay stage logs in set- aside patches had slightly 
higher species richness and occurrence probabilities of red- listed 
species compared to natural patches (Figure 1g,h). Early and mid- 
decay stage logs in set- aside patches generally hosted species with 
smaller fruit- bodies (Figure 1a) and fruit- bodies were more often 
of the perennial type (Figure 1c), compared to natural patches 
where species with annual fruit- bodies were more likely to occur. 
White- rot fungi were more likely to occur on late decay stage logs 
in natural patches, compared to set- aside patches where brown- 
rot fungi were more likely to occur (Figure 1d). The occurrence 

probability of resupinate (uncapped) fungi was lowest in the early 
decay stage in both set- aside and natural patches, but was over-
all higher in set- aside forest patches compared to natural patches 
(Figure 1e).

Decay stage had the highest number of statistically supported 
hypotheses concerning relationships with fungal traits (Table 2). 
Except for log decay stage and patch naturalness, no other trait-  
or attribute- environment relationship that we tested was statis-
tically supported. As such, traits explained a relatively small part 
of the variation among species niches in terms of their occurrence 

F I G U R E  1  Predicted values from the fitted HMSC model for log- scale community- weighted mean trait values of (a) fruit- body size and 
(b) fruit- body density, in relation to log decay stage and forest patch naturalness type. The model also predicts the occurrence probability 
of (c) perennial fungi, (d) white- rot fungi, (e) different fruit- body types (with supported differences indicated in text next to the graph), (f) 
community- weighted mean spore volume, (g) species richness and (h) the occurrence probability of a red- listed species. Box and whisker 
plots show the distribution (0.025, 0.25, 0.5, 0.75 and 0.975 quantiles) of the predicted species communities based on draws from the 
joint posterior distributions. Differences between decay stages are denoted by symbols: ** indicates a strongly supported difference and * 
indicates a supported difference. A black asterisk represents differences between decay stages for both patch types, while a grey asterisk 
represents differences between patch types within decay stages. A purple triangle signifies a supported higher occurrence probability of 
red- listed species in mid decay stages compared to late decay stages in natural patches. Two orange triangles indicate a strongly supported 
larger spore volume in communities of late decay stages in set- aside patches. F.b. = fruit body, NP = natural patch and SP = set- aside patch, 
and Res = resupinate.
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8  |    DAWSON et al.

probability in relation to individual downed log's volume (15%), 
summed log volume per hectare (19%), forest patch area (21%) and 
clear cutting in the surrounding area (35%). With limited statisti-
cal support for any of these relationships, we only include them in 
Figure S1.

There was no evidence for a phylogenetic (taxonomic) signal 
on the species' occurrence responses to the environmental con-
ditions, beyond that explained by the included traits. The results 
suggest that the 19 species analysed primarily respond individu-
ally to environmental variation through the studied traits, rather 
than exhibiting dependencies based on taxonomic relatedness 
among the species. Given the small size of the dataset consist-
ing of only 19 species, this outcome was expected. Measured as 
averaged species specific AUC values, the explanatory power 
of the models was sufficient at 0.81 for making inferences 
(Figure S2).

3.2  |  Species- environment relationships

The majority of strongly supported relationships were between 
species occurrence and decay stage, with most species occurring 
in mid or late decay stages (Figure 2). There were a few exceptions 
to this, with Amylocystis lapponica, Leptoporus mollis, Phellinus 

chrysoloma, Stereum sanguinolentum, Trichaptum abietinum and 
Trichaptum fuscoiolaceum fruiting more likely in the early decay 
stages. The occurrence probability of several species increased 
with log volume, including Fomitopsis and Trichaptum species. 
The occurrence probability of red- listed F. rosea and Phellinus fer-
rugineofuscus increased with forest patch area and was higher in 
set- asides than in natural patches A few species, including Butyrea 
luteoalba, F. rosea and Veluticeps abietina, exhibited lower occur-
rence probability with increasing proportion of clear- cut forest in 
the surrounding landscape.

3.3  |  Partitioning variance in species occurrence 
into environmental variables

Log decay stage explained most of the variance (mean 44.8%) in 
species occupancy (Figure 3). The second most important variable 
was the proportion of surrounding clear- cut forest area within 1 km 
(mean 12.3%), followed by the random variation among patches 
(11.7%) and then patch area (9.7%). The set- aside patch versus natu-
ral patch variable explained a low part of the variance (mean 8.0%). 
The deadwood volume of the individual log and summed log volume 
per hectare explained the least variance with mean values of 7.3% 
and 6.1%, respectively.

TA B L E  2  Results for the hypothesised trait and conservation attribute relationships of wood- inhabiting fungi with the studied 
environmental variables, as presented in Table 1 and Table S1.

Trait Log decay stage (↑)

Log volume & 
summed log 
volume (↑) Patch area (↑)

Clear- cut forest 
within 1 km (↑) Forest patch naturalness

Spore volume H ↓↑: SP ↑ mid to late 
decay & NP →

H ↑ NO 
SUPPORT

NO HYPOTHESIS H ↓↑ NO SUPPORT H ↓↑ NO SUPPORT

Rot type H1 Brown rot ↓ FALSE: ↓ 
H2 White rot ↑ FALSE: ↑

NO 
HYPOTHESIS

NO HYPOTHESIS NO HYPOTHESIS NO HYPOTHESIS. White rot ↑ 
mid to late decay in NP

Fruit- body size H ↓ TRUE: ↓ H ↑ NO 
SUPPORT

H ↑ NO SUPPORT H ↓ NO SUPPORT H SP ↓ & NP ↑ TRUE: SP ↓ & 
NP ↑

Fruit- body 
density

H ↓ FALSE: ↑ H ↑ NO 
SUPPORT

H ↓↑ NO SUPPORT H ↓↑ NO SUPPORT H ↓↑ NO SUPPORT

Fruit- body type H1 Pileate ↓ FALSE: → H2 
Half- res. ↑ FALSE: ↓ H3 
Resup. ↑ TRUE: ↑

H1 Pileate ↑ 
NO SUPPORT
H2 Half- 
res. →↓ NO 
SUPPORT H3 
Resup. →↓ NO 
SUPPORT

H ↓↑ NO SUPPORT H ↓↑ NO SUPPORT H1 Pileate SP ↓ & NP ↑ FALSE: 
SP & NP → H2 Half- res. SP ↑ 
& NP ↓ FALSE: SP & NP → H3 
Resup. SP ↑ & NP ↓ TRUE: SP ↑ 
& NP ↓

Fruit- body 
lifespan

H1 Perennial ↓ FALSE: ↑ 
H2 Annual ↑ FALSE: ↓

H1 Perennial ↑ 
NO SUPPORT
H2 Annual ↓ 
NO SUPPORT

H ↓↑ NO SUPPORT H ↓↑ NO SUPPORT H1 Perennial SP ↓ & NP ↑ FALSE: 
SP ↑ & NP ↓ H2 Annual SP ↑ & 
NP ↓ FALSE: SP ↓ & NP ↑

Red- list status H1 Red- listed ↑ FALSE: 
SP → & NP ↓

H ↑ NO 
SUPPORT

H ↑ NO SUPPORT H ↓ NO SUPPORT H1 Red- listed SP ↓ & NP ↑ 
FALSE: SP ↑ NP ↓

Note: Green boxes = supported relationships, yellow boxes = partly supported relationships and orange boxes = opposite relationships to the 
hypothesis. White boxes denote the many unsupported relationships or no hypothesised relationship. Arrow ↑ = increasing or higher, → = no trend or 
difference and↓ = decreasing or lower. H = hypothesis, SP = set- aside patch, NP = natural patch, Half- res. = half- resupinate and Res = resupinate.
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4  |  DISCUSSION

4.1  |  Assembly of fungal species and traits with 
decay stage and patch naturalness

We found that log decay stage was the primary driver of com-
munity assembly of species and traits of wood- inhabiting fungi 
in isolated forest patches, adhering to theories of deterministic 
niche- based assembly processes. The decay stage was strongly 
associated with four reproduction traits (fruit- body density, size, 
lifespan and type) and one resource- use trait (rot type), although 

these traits were also filtered by patch naturalness. Communities 
of natural patches in an unmanaged landscape hosted larger mean 
fruit- body sizes and higher occurrence probabilities of annually 
fruiting fungi, compared with communities of set- aside patches 
in managed landscapes. While patch naturalness often influenced 
traits (Figure 1), it generally did not relate as strongly to individual 
species' occurrences (Figures 2 and 3). This is likely because traits 
are more directly linked to how well organisms perform or function 
in relation to patch naturalness and their conditions. Our theory 
that fungal traits could potentially explain community assembly 
beyond species identity was only partially supported, that is in the 

F I G U R E  2  Estimated species- specific mean posterior regression parameter values (beta values) for which the 95% posterior 
strongly support a relationship between the species' occurrence and each of the environmental variables included in the HMSC model. 
Environmental variables at log scale were mid and late decay stage (early as reference) and log volume and patch- scale variables were the 
summed log volume per hectare, proportion of clear- cut area in the surrounding 1 km, forest patch area and set- aside patches (natural 
patches as reference). Purple colours indicate negative responses and yellow colours positive responses with ≥0.95 posterior probability. 
The intensity of the colour represents the posterior mean estimate of the parameter (variables were scaled for comparison). Species with 
recent name changes are A. serialis (new name Neoantrodia serialis), Ant. sin. = A. sinuosa (Amyloporia sinuosa), F. rosea (Rhodofomes roseus), P. 
chrysoloma (Porodaedalea chrysoloma), P. ferrugineofuscus (Phellinidium ferrugineofuscum) and P. viticola (Fuscoporia viticola). Red- listed species 
are marked in bold.

F I G U R E  3  Proportion of variance 
explained by each environmental variable 
for each species' occupancy in the 
communities studied (for full species 
names and recent name changes, see 
Figure 2). The mean explained variance (in 
%) across species is shown in the legend. 
Red- listed species are marked in bold.
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10  |    DAWSON et al.

case of patch naturalness, but not decay stage which was strongly 
related to both species and traits. We discuss the specific trait-  and 
species- environment relationships in greater detail in the subse-
quent sections.

4.2  |  Trait- decay stage relationships

Traits were more effective in explaining differences in how fungal 
species responded to log decay stage (54%–73%) compared to their 
responses to summed log volume per hectare (19%), patch area 
(21%), and proportion of surrounding clear cutting (35%) at the patch 
scale. However, patch naturalness was an exception, where fungal 
traits explained a significant portion of the variation (50%). This is in 
agreement with Abrego et al. (2022), who found that complexes of 
correlated traits, such as fruit- body type correlated to multiple other 
fruit body morphological traits, explained more of the variation in 
the substrate- scale responses (decay stage) of wood- inhabiting 
fungi than the forest- site responses (forest area, macroclimate and 
connectivity). However, fungal trait studies in temperate European 
beech (Fagus sylvatica) forests (Abrego et al., 2017, 2022) and boreal 
forests (Purhonen et al., 2020) have established relatively few sta-
tistically supported individual trait- environment relationships. In our 
study, decay stage had the highest number of statistically supported 
hypotheses concerning relationships with fungal traits (Table 2). In 
agreement with our hypothesis, mean fruit- body size decreased with 
increasing decay stage. This may result from reduced or more unreli-
able deadwood resources with increasing decay stage (e.g. Bässler 
et al., 2014, 2016; Halbwachs et al., 2016; Nordén et al., 2013). 
Wood- inhabiting fungal communities are well known to follow suc-
cessional dynamics during decay related to both changes in dead-
wood resources, microclimate, and biotic interactions (Abrego 
et al., 2017; Ottosson et al., 2014; Rajala et al., 2015).

As deadwood decays, density decreases and moisture content 
increases, making the substrate more physically heterogeneous with 
greater niche availability in a spatially non- uniform way, at least during 
mid- decay stages before resources are depleted (Boddy, 2001; Hart 
et al., 2023). This, in turn, allow for higher diversity, competition 
and filtering of species and traits (Boddy, 2001). Opposite to our 
original hypotheses, fruit- body density and perennial species in-
creased in communities of late decay stages. This could potentially 
result from multiple factors, including evidence suggesting that late 
decay stages often exhibit high moisture levels and concentrations 
of nitrogen. This may alleviate nitrogen limitation in deadwood, a 
factor known to influence microbial composition at the end of the 
deadwood life cycle (Rajala et al., 2012; Rinne et al., 2016). While we 
did not directly assess the nutrient content of deadwood or fungal 
fruit bodies in this study, future investigations into fungal commu-
nity traits would benefit from including measurements of nutrient- 
acquisition traits. Additionally, there may be competitive advantages 
associated with durability and longevity, allowing species to exploit 
resources over extended periods and reproduce primarily in late 
decay stages when resources become more limited. This has been 

demonstrated in studies such as that of Phellopilus nigrolimitatus 
(Kubartová et al., 2012; Ovaskainen et al., 2013). Furthermore, an 
investment in fruit- body structure and toughness may enhance 
protective functions (Halbwachs et al., 2016; Krah et al., 2022). 
However, the potential advantages in terms of competition with 
other fungi, protection against fungivores and survival in late decay 
deadwood warrant further research.

As hypothesised, fruit- body traits can potentially have multiple 
functions (e.g. reproduction, dispersal and protection) and there 
may be trade- offs between functional traits that explain the decay- 
dependent assembly of these organisms (Boddy & Hiscox, 2017; 
Dawson et al., 2019). According to Grime (1977), potential trade- offs 
could exist between highly competitive, short lived, fast- growing 
and fast- decaying R- selected species and stress- tolerant, long 
lived, slow- growing and poor- decaying C-  and/or S- selected spe-
cies (Lustenhouwer et al., 2020). Reproductive traits characterising 
wood- inhabiting fungi of early decay stage (larger, less dense, and 
more often short- lived annual species), agrees strongly with eco-
logical theories of R- selected species (Grime, 1977). These include 
rapid spore germination, growth, high investment in reproduction, 
and low investment in persistence traits within the resource (Boddy 
& Hiscox, 2017). Large fruit- body size has been proposed as a C- 
selected and/or S- selected life strategy, with higher competitive-
ness, stress tolerance (e.g. to desiccation and predation pressure) and 
chance of survival for longer periods (Bässler et al., 2014; Halbwachs 
et al., 2016; Krah et al., 2022). Early decay stage deadwood may rep-
resent microclimatically and chemically stressful habitats, but the 
large fruit- body sizes measured in our study more likely reflect re-
productive advantages where larger spore- producing surface areas 
(hymenium) leads to higher reproduction and dispersal capacity. The 
lower density and higher probability of annual fruit- bodies in early 
decay stages also support an alignment with the life strategies of 
R- selected species. In comparison to fruit- body size, the dry fruit- 
body density likely correspond more closely to resource investment 
in reinforcing hyphal structure with protective (e.g. structural sup-
port and protection against rain, desiccation, heat, insolation and 
predators) and provisioning (water and nutrients to hymenium, bait 
for vectors, spore production) functions (Halbwachs et al., 2016). 
We found a tendency for smaller spore size in mid decay stages 
compared to late decay stages, although only strongly supported in 
set- aside patches. This could be indicative of an r- selected strategy. 
Smaller spores are often produced in greater numbers, which aligns 
with the strategy of maximising reproductive output to exploit tem-
porary or less stable environments. Norros et al. (2023) summarised 
that smaller spore size may be correlated to several other traits (e.g. 
more spores, low spore viability, low deposition rate, larger fruit 
bodies, higher sensitivity to fragmentation) that are typical for sensi-
tive saprotrophs tracking rare colonisation opportunities. We could 
detect similar patterns for larger fruit- body size and greater species 
richness, although not for the occurrence of red- listed rare species, 
in mid decay stage compared to late decay stage.

Several studies have found that species with pileate fruit bod-
ies occur mostly in early mid- decay stages (Abrego et al., 2017, 
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    |  11DAWSON et al.

2022; Bässler et al., 2014; Nordén et al., 2013). Our results differed 
from these findings, probably because we divided this group fur-
ther into pileate (capped) and half- resupinate (a resupinate with a 
pileate part) fruit- body types. In doing so, we found strong support 
for half- resupinate fruit- body types in early decay stages possibly 
indicating a trade- off for efficient capture of resources in the outer 
sapwood (e.g. white- rot Trichaptum species), where the cap protect 
the spore- bearing structures and the resupinate part maximises 
the size of the spore- bearing tissue. However, further compara-
tive studies on the functional performance of different fruit- body 
types are needed to better understand their functional biomechan-
ics (Lapichino et al., 2021), relation to abiotic and biotic filtering 
(Dawson et al., 2019; Halbwachs et al., 2018). For example, the ar-
thropod diversity is higher in fruit bodies with a larger surface area- 
to- volume ratio (resupinates), suggesting that colonisation via a large 
surface area is crucial to maintain arthropod populations and poten-
tial spore vectors (Lunde, Birkemoe, et al., 2022).

Contrary to our hypothesis, the proportion of reproducing 
white- rot fungi decreased with decay stage, while brown- rot fungi 
increased. Our original hypothesis was partly based on Rajala 
et al. (2015), who found a succession from brown- rot to white- 
rot communities using DNA sequencing data of fungal mycelia in 
Norway spruce wood (Table S1). Our focus on the dominant repro-
ducing species likely accounts for the difference in results. To gain 
deeper insights, it would be beneficial to refine and relate various 
resource- use traits to species' metacommunity dynamics (Moor 
et al., 2021), such as the prevailing rot types or nutrient acquisition 
of colonising and extinct species in communities, with increasing 
decay stage. Nonetheless, our results provide valuable insights, be-
cause the dominant wood rot types alter the physicochemical prop-
erties of deadwood, which affects carbon sequestration in forests 
(Lustenhouwer et al., 2020) and can have indirect long- lasting cas-
cading impacts on forest biodiversity (Fukasawa, 2021).

4.3  |  Patch naturalness relationships

Set- aside patches more often filtered for species with smaller, peren-
nial and resupinate fruit- bodies compared to natural patches. Hence, 
fruit- body size, type and lifespan were linked to the responses of 
wood- inhabiting fungi to relatively small variation in naturalness 
from semi- natural forests in managed landscapes to natural forests 
in an unmanaged landscape. Our results partially agree with ear-
lier studies that found forest management filters out species with 
large and long- lived fruit- bodies (Abrego et al., 2017, 2022; Bässler 
et al., 2014, 2016; Nordén et al., 2013). More generally, the role of 
increasing forest naturalness (e.g. long structural continuity, high 
connectivity, and less intensive land use) has been illustrated as an 
important driver of the occurrence (Nordén et al., 2013) and dy-
namics (Moor et al., 2021) of specialised wood fungi, and the oc-
currence of pileate and resupinate morpho- groups inhabiting spruce 
(Purhonen et al., 2021). Further research is needed to establish con-
clusive evidence for the performance of the traits presented in this 

study, as well as for other functional traits, over a broader range of 
boreal forest environments (including managed forests). Moreover, 
relatively few species (Antrodia serialis, Fomitopsis rosea, P. ferrugi-
neofuscus and Veluticeps abietina) were more likely to be found on 
logs in set- aside patches than natural patches (Figure 2), and these 
four species may have been particularly influential on trait- patch 
naturalness results. The forest history of set- aside patches, origi-
nally part of a much larger intact forest area, suggests that com-
munity members and traits may still be transitioning towards a new 
equilibrium. Encouragingly, logs within set- aside patches exhibited a 
higher species richness and likelihood of hosting red- listed species 
compared to natural patches in the unmanaged reference landscape. 
Consistent with earlier research (Timonen et al., 2011), these results 
indicate that the deadwood in set- aside patches effectively supports 
species- rich fungal communities, including red- listed species. The 
increased likelihood of red- listed species in set- aside patches can be 
partially attributed to the presence of red- listed species such as F. 
rosea and P. ferrugineofuscus within set- asides. Notably, these were 
the only species positively associated with increasing patch area, 
suggesting that their presence in set- aside patches may reflect these 
patches' historically larger intact forest areas. The two species are 
also among the most abundant and least specialised red- listed spe-
cies in our study (SLU Artdatabanken, 2020). Hence, it is important 
to note that the rarest and most specialised species were not in-
cluded in this study (Table S2), which may also influence these find-
ings. Even though species richness was higher on logs in set- aside 
patches, the mean species richness of all red- listed species per plot 
was 4.0 in set- aside patches and 7.2 in natural patches (see Table S2). 
This difference is likely due to the lower average amount of dead-
wood in set- aside patches (19 m3/ha) compared to natural patches 
(31 m3/ha) in our study. We did not test if variables other than decay 
stage and patch naturalness were associated with log- level fungal 
species richness. However, earlier research has shown that both the 
local amount of deadwood within patches and the potential source 
habitat in the surrounding landscape are important drivers of wood 
fungal richness in boreal forest patches (Junninen & Komonen, 2011; 
Kärvemo et al., 2021).

4.4  |  Unsupported environmental relationships

The large number of unsupported hypotheses (Table 2) for patch- scale 
summed log volume, patch area, and clear- cutting in the surrounding 
1 km do not agree with the standard hypothesis of environmental 
filters being more prevalent at coarser scales (e.g. Mod et al., 2020). 
These results may stem from various factors and many of our trait 
hypotheses were exploratory in nature, reflecting the limited stud-
ies and knowledge regarding trait performance in the field. Similar 
to Abrego et al. (2022), these coarser scale variables may indeed 
not be very influential on fungal trait assemblages. Alternatively, we 
may need larger sample sizes and/or a greater environmental gradi-
ents to observe some of the trait differences. These relationships 
are also expected to be heavily reliant on different fungal groups, 
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particularly relating to dispersal capacities and habitat specialisation 
(Moor et al., 2021; Nordén et al., 2013; Purhonen et al., 2021), and 
need to be tested for a broader range of fungi. Moreover, in order 
to disentangle the influence of stochastic processes to these results, 
experimental approaches are needed. Intraspecific variation of traits 
within fungal species may also account for the lack of supported hy-
potheses, especially since intraspecific variation of fungal traits is 
very large compared to other organisms (Dawson & Jönsson, 2020). 
At last, we were unable to address the time between colonisation 
and fruiting in our study, raising questions about whether late decay 
stage fruiters were present in the deadwood since early decay 
stages or if they colonise later. This area requires further exploration 
(see Kubartová et al., 2012; Ovaskainen et al., 2013).

Both the volume of individual downed logs and the summed vol-
ume of logs per hectare are considered strong determinants of oc-
currence (Nordén et al., 2013) and colonisation (Moor et al., 2021) 
of fungal old- growth indicator species and fruit- body morphological 
traits (Abrego et al., 2017; Bässler et al., 2014). Yet, they both had a rela-
tively small impact in our study system, similar to Abrego et al. (2022). 
This is likely because our forest patches had relatively high summed 
log volumes per hectare, above or close to the 20 m3 ha−1 threshold 
suggested important for maintaining polypore diversity (Junninen & 
Komonen, 2011). Furthermore, as shown by Dawson et al. (2020) the 
patch- scale trait composition of semi- natural set- aside forests in this 
study area have converged with natural patches over time. The lack 
of strong effects could also be because we focused on coarse logs 
(>10 cm diameter) which hold more uniform communities compared 
to smaller substrates (Juutilainen et al., 2011).

5  |  CONCLUSIONS

In this study, we show that fungal reproductive traits and environmen-
tal filters, particularly log decay stage and forest patch naturalness, 
influence the assembly of wood- inhabiting fungal communities. We 
found relationships between four fungal reproductive traits and one 
resource- use trait with log decay stage. These results indicate that 
deterministic niche- based processes play an important role in the as-
sembly of species and traits, although we could not disentangle the 
stochastic components in community assembly. Fungal fruit- body 
traits can have multiple functions in terms of reproduction, dispersal, 
and protection, and our results indicate there may be trade- offs be-
tween functional traits that explain the observed decay- dependent 
assembly of communities. The observed trait- decay stage relation-
ships followed the same trajectories in forest patches of different nat-
uralness type, illustrating that fungal reproduction traits can capture 
assembly processes related to deadwood decomposition in different 
forest environments. Patch naturalness did nonetheless modulate this 
response within decay stages, where semi- natural set- aside patches 
in managed landscapes more often filtered for species with smaller, 
perennial and resupinate fruit- bodies compared to natural patches in 
an unmanaged landscape. Taken collectively, these insights not only 
deepen our understanding of fungal ecology and function but also 

emphasise the utility of trait- based approaches for comprehend-
ing community assembly dynamics across a spectrum of ecological 
contexts. Future studies should explore, preferably by field studies 
as well as experimental approaches, these and other fungal traits to 
better understand their functional performance and relation to abi-
otic and biotic filtering in community assembly (Fukami et al., 2010). 
Future studies should strive to measure fungal traits across a broad 
environmental spectrum, taking into account intraspecific trait vari-
ation. Additionally, exploring the role of fungal traits in metacommu-
nity dynamics—such as the colonisation, persistence, and extinction of 
species—will enhance our current understanding of wood- inhabiting 
community assembly processes and theories. Investigations into the 
role of biotic interactions in deadwood ecosystems will also contribute 
significantly to advancing our knowledge in this field.
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