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tored the spore production of 97 wood-inhabiting fungal species on 107 decaying

. Our analysis demonstrates clear species differences in seasonal patterns, with
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follow a diurnal pattern with a higher spore release rate during the night. Such
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recent model simulations.

4. The overall level of spore release was negatively correlated with spore size, pro-
viding new evidence that fungi face the classic trade-off of investing either in the
number or size of offspring.

5. We found that different species within the functional group of wood-inhabiting

fungi display alternative strategies in spore release timing and along the trade-off

between offspring size and number. Linking our findings to previously reported
correlations between spore size and other traits, we propose a new conceptu-

alization of life history strategies in wood-inhabiting fungi, with implications for

species' ability to survive the ongoing biodiversity crisis.
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1 | INTRODUCTION

Spatial processes are central in understanding the structure and dy-
namics of populations and communities from the landscape to global
scale. For sessile organisms, dispersal is coupled with reproduction
forming the paramount spatial demographic process (Nathan &
Muller-Landau, 2000; Wright et al., 2008). Dispersal and the rate
of reproduction determine gene flow and hence the genetic struc-
ture of populations and can affect species co-occurrence patterns
and interactions (Allbee et al., 2022; Alvarez-Garrido et al., 2019;
Bullock et al., 2002). In the ongoing biodiversity crisis (Secretariat
of the Convention on Biological Diversity, 2020), traits related to re-
production and dispersal can separate winners from losers through
their effect on species' vulnerability to habitat loss and fragmen-
tation (Hanski, 2005; Henle et al., 2004), migration and adaptation
capacities in the face of climate change (Clark et al., 2003; Lenoir
& Svenning, 2015) and invasive and pathogenic potential (Bebber
et al., 2014; Hastings et al., 2005). Indeed, in a recent global anal-
ysis of the link between traits and the current risk of extinction in
vertebrates and plants, Carmona et al. (2021) showed that large and
slowly reproducing species are likely to be among the first to be lost,
leading to ecological communities with lower functional diversity.
Dispersal in fungi has traditionally been viewed as passive—
beyond the control of individuals—and incredibly pervasive, with
millions of spores being transported by wind across great distances,
even between continents (Finlay, 2002; Wilkinson et al., 2012).
However, recent research has begun to challenge these assumptions.
While spores themselves do not generate or control their movement,
fungi have evolved many features that affect the probable flight time
and distance of their spores, and in that sense allow the control of
dispersal over evolutionary time-scales (Nathan et al., 2008). Such
features include aerodynamic properties of spores and fruit bodies
(Dressaire et al., 2016; Hussein et al., 2013; Norros et al., 2014) and
spore discharge mechanisms that can respond to environmental trig-
gers (Pringle et al., 2005; Roper et al., 2010). There is also increasing
evidence that despite their theoretically almost unlimited dispersal
potential, fungi can be limited by dispersal, as demonstrated for ex-
ample by isolation effects on the species richness of mycorrhizal
fungi (Peay et al., 2010) and the distribution shifts of mycorrhizal
fungi lagging behind their host plants (Alvarez-Garrido et al., 2019).
Dispersal limitation can occur even where some spores do arrive,
for example in the case of rare and specialized wood-inhabiting spe-
cies that require very specific conditions for establishment and thus
a high density of spores to hit the narrow windows of colonization
opportunity (Norros et al., 2012). Fungal dispersal has been iden-
tified as a research field attracting increasing interest, with wide
knowledge gaps (Chaudhary et al., 2022). At the moment, there is
no comprehensive understanding of different dispersal strategies

in fungi, although interest in the topic is increasing. For instance,
Aguilar-Trigueros et al. (2019) studied allometric relationships be-
tween spore size and other traits in arbuscular mycorrhizal fungi, and
found evidence for the classic trade-off between size and number of
offspring that is well documented in many other organismal groups
(Einum & Fleming, 2000; Harper et al., 1970; Leishman et al., 2000;
Primack, 1987).

One factor that may greatly reduce the scale of successful dis-
persal in fungi is vulnerability of spores to direct sunlight and other
atmospheric conditions (Norros et al., 2015; Rotem et al., 1985). A
recent modelling study demonstrated that restricted spore lifetime
can drastically affect the pattern of successful dispersal: if vulnera-
ble spores are produced during turbulent conditions (typical during
the day in many regions), they stay airborne too long and few ever
get back to ground alive (Lagomarsino Oneto et al., 2020). This high-
lights the role of the timing of propagule release as a key component
in a species' dispersal strategy (Reynolds, 2011; Savage et al., 2010,
2012; Schippers & Jongejans, 2005). However, quantitative empiri-
cal knowledge of species-specific spore release patterns in fungi is
limited.

In this study, we examine the rate and timing of spore pro-
duction in wood-inhabiting basidiomycete fungi. This polyphy-
letic group of fungi is characterized by small spores with very
low deposition rates (aerodynamic sizes typically in the range of
1-5 pm; Hussein et al., 2013) often produced in large quantities,
as evidenced by the familiar sight of a thick layer of spore dust
accumulated on or near large perennial fruit bodies of species such
as Ganoderma applanatum and Fomes fomentarius. The high num-
ber of small spores has been considered an adaptation to these
species' dependency on patchy, ephemeral and unpredictable re-
sources, with the high numbers ensuring that at least some spores
land on a suitable site (Kramer, 1982; Parmasto & Parmasto, 1992);
however, as for most fungi, there is no direct evidence for such hy-
potheses of evolutionary constraints and pressures. Many species
in this group have been shown to be vulnerable to sunlight (Norros
et al., 2015), which combined with their small size leads to the ex-
pectation that the time (and site) of spore release can be crucial
to avoid transport to higher layers of the atmosphere where they
could easily be retained for days or weeks (Lagomarsino Oneto
et al., 2020). High dispersal mortality could be one factor behind
the finding that several wood-inhabiting species have suffered
from habitat fragmentation more than expected based on the loss
of habitat area alone (Edman et al., 2004; Hottola & Siitonen, 2008;
Nordén et al., 2013; Penttild et al., 2006). On the other hand, some
species seem unaffected or even favoured by habitat fragmenta-
tion (Nordén et al., 2013), suggesting that different species exhibit
different life history strategies that predispose them for winning or
losing under human-induced pressures.
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We monitored the spore production of 97 wood-inhabiting
fungal species including polypores, corticioids and hydnoids on
107 decaying logs during two growing seasons (May-October) at
an old-growth forest site in Central Finland. Using these data, we
model the effect of environmental conditions and species traits on
the spore production rate per unit fruit body surface. At the species
level, we ask to what extent spore production is determined by a
seasonal pattern as compared to a diurnal pattern or daily variation
in weather conditions, and whether the quality of the woody sub-
strate is reflected in spore production. At the cross-species level,
we ask whether spore size and fruit body growth form are related
to species' spore production features. We discuss our results in the
light of other studies that have discovered correlations and trade-
offs related to life history traits in fungi and suggest future avenues
for a more complete understanding of fungal life history strategies
and their consequences for species' ability to survive the sixth mass
extinction.

2 | MATERIALS AND METHODS
2.1 | Study site and fruit body inventory

The research site (Kuusimaki, Muurame; N 62.22°, E 25.48°) is lo-
cated in the southern boreal vegetation zone (Ahti et al., 1968) in
Central Finland. It is a 108 ha large conservation site with a his-
tory of slash and burn cultivation in the nineteenth century and
abandoned around 1860s. At present, the forest is of high con-
servation value, mostly due to the occurrence of a high number of
threatened wood-inhabiting species. See more detailed descrip-
tion of the study site in Halme and Kotiaho (2012). The study area
is owned by the state of Finland, and we obtained a permission to
conduct the field work from the government's conservation ad-
ministrators (Parks & Wildlife Finland, Metsahallitus; permission
granted to Panu Halme).

This study was conducted utilizing a setup that was origi-
nally initiated to study the phenology of fungal fruiting (Halme
& Kotiaho, 2012) and to optimize monitoring methods (Abrego
etal., 2016). At the beginning of the study, each of the 107 study logs
(29 spruce, 30 pine, 30 birch, 18 aspen) was divided in 4 segments
of equal length. The diameter and decay class of each segment was
measured once in 2009 and once in 2010. A fruit body inventory was
conducted monthly from May to October in 2009 and 2010. In this
study, we used the data on polypores and sturdy, long-living corti-
cioid and hydnoid species. We selected these groups because spore
production measurements were easier to conduct reliably on their
hymenial surfaces than for example on the more delicate agarics.
Species identification was generally made in the field and verified
microscopically from a fruit body sample where necessary. Species
identification followed mostly Niemeld (2005) and Hjortstam
et al. (1988), and the nomenclature follows the Finnish Biodiversity
Information Facility database (von Bonsdorff et al., 2022). The list of
sampled species is given in Table S1 in Supporting Information.

2.2 | Spore production measurements

Spore production was measured by collecting spore prints on plas-
tic foil pieces that were attached by pins closely to the hymenium
(Figure 1a). Spores were allowed to settle on the foil pieces (3, 10 or
40cm?) for 14-48h, always spanning over at least one whole night.
Foil size was chosen according to the size of the sampled fruit body,
aiming to obtain as large a sample as possible with no part of the foil
left outside the hymenium, with the foil piece still fitting intoa 1.5 ml
or 5 ml sampling tube. We aimed at a spore collection time of 24 h;
however, the realized sampling times varied for logistic reasons, as
the sampling was fitted into a field campaign whose primary aim was
the repeated inventory of all basidiomycete fungi occurring on the
107 study trunks (Halme & Kotiaho, 2012). After collection, each foil
piece was suspended in 1 ml of 70% ethanol in a microtube to detach
the spores, and the concentration of spores in the resulting suspen-
sion was determined. Taking into account the volume of the suspen-
sion, the collection time and the surface area of the foil pieces, we
calculated the average spore production per square centimetre of
hymenium and per hour.

We note that the plastic foil is likely to make the microenviron-
ment of the covered hymenium more humid, which may artificially
increase the rate of spore release in our data. However, for our study
questions, we considered the risk of such a uniform bias a better
option than the alternative of leaving a clear gap between the hy-
menium and the foil, which would lead to spores escaping at varying
rates depending on spore size and weather conditions.

Spore prints were taken at each inventory in 2009 and 2010. For
each log segment, one spore print was taken from all study species
fruiting on the segment; thus, each species was represented by 1-4
samples per occupied log per visit. For each segment and species,
the foil piece was placed on a part of the hymenium that appeared
to be the most viable. Clearly dead fruit bodies were not sampled.
The spores were counted microscopically in a haematocytometer
in 2009 and for May-June in 2010. For the rest of the 2010 sam-
ples, we gained access to a particle counter that quantifies parti-
cles suspended in an electrolyte (Beckman Coulter Counter model
Z2, Beckman Coulter, Inc.), speeding up the counting process. As a
control, some of the Coulter counted samples were also counted mi-
croscopically to ensure the consistency of the data. The Coulter and
microscopic counts were consistent for samples with a moderate-
high spore concentration (a clearly distinguishable peak in the par-
ticle size distribution) but not for low-concentration samples. Thus,
low-concentration Coulter samples were reanalyzed microscopically
and, where different, the microscopic count was adopted as the
more reliable value.

For 2009 and 2010, weather data was obtained from the
Jyvaskyla airport weather station of the Finnish Meteorological
Institute (62.40°N, 25.67°E), 23km from the study site. In 2010, six
data loggers (HOBO U12-012, Onset Computer Corporation) were
also used to measure temperature, relative humidity, and light in-
tensity directly at the study site at 10 min intervals from May to
October. We also measured the precipitation at the site with a rain
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(a)

(b)
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'For each log i:

FIGURE 1 (a)Spore production was
measured by allowing spores to settle

on a piece of plastic foil pinned to the
hymenium of the fruit body (here Phellinus
tremulae). Photograph by Panu Halme. (b)
Directed acyclic graph (DAG) presenting
the structure of the hierarchical

model used to analyse the effect of
environmental factors and species traits
on spore production rate. Measured
variables are shown as rectangles, model
parameters as ellipsoids. The grey frames
indicate different hierarchical levels.
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gauge that was checked and emptied at approximately weekly inter-
vals from May to October 2010. Weather data for the sampling days
is shown in Figure S1 in Supporting Information.

For consistency, we adopted the weather data collected at
Jyvaskyla airport in the modelling described in the next section.
The relative humidity values measured at the study site in 2010
were generally higher than those at the urban environment of the
airport. However, the pattern of day-to-day variation was similar at
both sites; thus, we interpret the relative humidity covariate (D,) as
describing how humid the day was compared to other days, not as

a precise description of the microclimate experienced by the fungi.

2.3 | Modelling the effect of environmental
factors and species traits on spore production

When considering the population dynamics of wood-inhabiting
fungi, the smallest unit of interest is typically one substrate unit
(decaying log, standing tree or other type of wood), as it is not pos-
sible to assign fruit bodies growing on the same substrate unit to

ehEil '91185

Unexplained
variance in
day effect

Effect of day
covariates on
day effect

Variance-covariance matrix of species -specific
responses to log and day covariates & night-time

different individuals without genetic analyses. At any given time, the
total rate of spore production (spores h™Y) by the fruit bodies of a
given species growing on one substrate unit (here a decaying log) is
the product of the average spore production rate per unit area of the
spore-producing fruit body surface called hymenium (henceforth
called hymenial spore production rate; spores ecm 2 h™Y) and the area
of the hymenium (cm?) on the log. The hymenial spore production
rate and the hymenial area change at different time-scales and can
be affected by environmental effects in different ways. Our analysis
focused on the hymenial spore production rate, which has received
very little attention compared to the more abundant existing data on
fruit body abundance.

We adopted a hierarchical community modelling approach
(Ovaskainen & Soininen, 2011; Royle & Dorazio, 2006) related to the
more comprehensive Hierarchical Model of Species Communities
(HMSC; Ovaskainen et al., 2017; Tikhonov et al., 2020), to quantify
the effect of the time of year, environmental factors and species
traits on hymenial spore production rate (Figure 1b). In this ap-
proach, we model each response variable at the level of individual
species, and then combine the species-specific models into a single
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Intercept spruce pine birch aspen diam

Intercept

Sporesiz
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decay decay*2 vyear day# day#"2 rain RH night

FIGURE 2 Community level results of the hierarchical community model. The figure illustrates the average level (intercept) of and

the effect of species traits (rows) on the environmental responses (columns) of spore production rate. Red or blue colours respectively
indicate positive or negative effects of each trait on each environmental response, and the three levels of colour intensity correspond to
three different levels of posterior probability: >95%, 90%-95% or 80%-90%. Corresponding species-level results are given in Figure S2 in

Supporting Information.

community level model. Thus, we analyse the effect of environmen-
tal covariates on each species as well as the influence of species
traits on such responses in a single model fitting. Below, we briefly
describe the main components and covariates included in the model;
for a more detailed description including equations see Appendix S1
in Supporting Information. The model was implemented in Wolfram
Mathematica 11 (Wolfram Research, Inc.).

Hymenial spore production rate was modelled on the condition
of presence, that is a zero value means that spore production was
measured from a live fruit body but the rate was below the detec-
tion threshold imposed by our counting method. By contrast, logs
with no live fruit bodies were not included as observations of spore
production for the species in question. To allow the inclusion of the
zero values, we added one counted spore to all microscopy counts
and the smallest nonzero value given by the Coulter counter to all
raw Coulter counts (140 spores ml™) prior to the log-transformation.

We assumed that for each species the environmental determi-
nants of spore production of species h at a given time can be divided
into two additive effects: the effect of the log i on which the fruit
bodies are growing (4,) and the effect of the measuring day j (5hj)
(Figure 1b). Furthermore, we allowed hymenial spore production rate
to vary between day and night by including the explanatory variable
Yhiik, the proportion of night-time (time between sunset and sunrise)
in the spore collection period. At the log level, we included three
covariates: tree species (L,; categorical variable), log-transformed
basal diameter (L,) and decay class (L;), the last two as measured in
the first study year 2009. Decay stage was measured as an ordered
categorical variable with values 1-5, but for simplicity, we modelled
it asif it were continuous, including also a second order term to allow
for a maximal spore production at an intermediate decay stage.

The time of year can influence biological processes directly, as in
seasonal biorhythms induced by changes in day length, or indirectly
through seasonal patterns in weather conditions such as tempera-
ture and precipitation. However, many weather variables, such as
daily mean temperature, are tightly correlated with the time of year.
The effect of the time of year and these weather variables are very
difficult to separate in our data, which covers only 2years. Thus, in

addition to the year (D,; O for the first year, 1 for the second year)
and the time of year (D,, defined as the calendar day), we included
only two weather-related day-level covariates: the sum of the pre-
cipitation in the 24 h preceding the start of the measurements (D,)
and the residual mean relative humidity of the measuring day, after
accounting for the correlation of relative humidity with calendar day
(D4). We included a square term of calendar day in the model to
allow a unimodal seasonal pattern.

At the community level, we modelled the effect of species traits
on the species-specific responses to the environmental covariates
defined above (Figure 1b). We included two species traits as covari-
ates in our model, with trait data derived from taxonomic literature
(Hjortstam et al., 1988; Niemela, 2005): spore size (T1; measured as
the log-transformed spore volume) and fruit body growth form (T,;
two categories: pileate or resupinate).

We estimated the model parameters using a Bayesian MCMC ap-
proach (Gelman et al., 2004). Before model fitting, we standardized
all covariates to zero mean and unit variance. We used uninformative
conjugate priors that allowed the posterior distributions to be Gibbs
sampled directly from the conditional posterior distributions. The
priors and sampling distributions for the estimated parameters are
given in Appendix S1.

We note that our model assumes that similarity in the spore re-
lease patterns of different species can arise through similar traits but
is independent of the species' phylogenetic relatedness. To control
for the effect of shared phylogeny on the results a posteriori, we
performed Pagel's version of phylogenetic generalized least squares
(PGLS) regression (Pagel, 1999; as recommended by Revell, 2010) of
the estimated level of spore release against the relevant traits. This
analysis is related to an OLS regression with phylogenetically inde-
pendent contrasts but additionally optimizes the error structure of
the residuals based on an estimate of the strength of the phyloge-
netic signal (the parameter X; usually between 0 and 1). As the exact
phylogenetic relationships of our study species remain unresolved,
we used a taxonomy (Index Fungorum, http://www.indexfungorum.
org/) with equal branch lengths as a proxy for the phylogeny. The
analysis was performed using the packages ape (Paradis et al., 2004)
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and pHyToOLs (Revell, 2012) for the R statistical computing environ-

ment (R Development Core Team).

3 | RESULTS

Observed spore production rate varied between the detection
threshold ca. 3 spores cm™ h™* and a maximum of ca. 1.5 million
spores cm™ h™L. The results of the community model are shown
in Figure 2 (community-level results) and Figure S2 in Supporting
Information (species-level results). Most of the species had a sig-
nificant seasonal pattern in spore production (Figure 3, Figures S2
and S3). There were also clear species-specific differences in the

seasonal timing of spore production (Figure 3, Figure S3). For the
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majority of species, peak production occurred in July (36 species,
e.g. Antrodia serialis) or August (22 species, e.g. Phellinus ferrugineo-
fuscus), but several species also demonstrated an earlier seasonal
timing (11 species with maximum in May, e.g. Fomes fomentarius, 10
species with maximum in June) (Figure S2). Note that as May was the
earliest measuring time, the exact timing of the peak production of
spring-sporulating species (whether in May or earlier in the spring)
could not be determined for these species (Figure 3c,d). Spore pro-
duction peaked in the autumn months (17 spp. in September, 2 spp.
October) only for species with annual fruit bodies that appear late in
the season (e.g. most Postia species). As seen from the statistically
supported (>95% posterior probability) positive effect of spore size
on the second order effect of calendar day (Figure 2), species with

larger spores generally had a less pronounced unimodal seasonal

FIGURE 3 The seasonal patternin
spore production rate (spores/cmz/h)

in four example species that showcase
the two contrasting seasonal patterns in
our data set: summer/autumn producers
with a unimodal seasonal pattern (a, b)
and spring producers with a decreasing
seasonal pattern over the observed period
(c, d). The solid and dashed lines show

the posterior median and 95% credibility
interval of model predictions in which
other covariates were set to their average
level. The small blue dots show individual
observations (i.e. individual plastic foil
pieces as shown in Figure 1a) and the large
black dots show observed daily means.
The seasonal patterns of all species

are shown in Figure S3 in Supporting
Information. Photographs by Teppo Helo.
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pattern. The negative effect of pileate growth form on the first order
effect of calendar day (Figure 2) indicates that pileate species tended
to have a decreasing seasonal pattern. In other words, species with
large spores and pileate fruit bodies generally tended to peak earlier
in the season.

Spore production rate was generally higher for samples for which
a higher proportion of the collection occurred during the night. We
interpret this as a signal of a diurnal pattern in spore release, with
higher spore production rate during the night than during the day.
The effect of night-time was statistically supported (>95% posterior
probability) at the community level (Figure 2) and for 16 of the 97
species at the species level (Figure S2). Spore production also had a
generally positive response to residual relative humidity and a neg-
ative response to the amount of rain in the preceding 24 h (Figure 2,
Figure S2). Nonzero day-level random effects were rare, but there
were a few cases of “good days” (and “bad days”) on which several
species had a higher (or lower) spore production than expected
based on the weather conditions included in the model.

Pileate species had a higher level of spore production in our
data set, as seen from the negative effect of pileate growth form
on the intercept, i.e. the overall level of spore production (Figure 2).
Moreover, species-specific spore size was strongly correlated with
the species-specific level of spore production: the larger the spores,
the fewer spores were produced (Figure 2, Figure 4a). The total
volume of produced spores (species-specific spore volume * spore
number) was constrained around 100-200 (median value 127) pL
spores cm2ht (Figure 4b). The most notable exception from this
rule was Ganoderma applanatum, which was able to produce clearly
more, ca. 800 pL sporescm™2h™L. The negative relationship between
spore number and size remained highly significant (p = 0) in the
post-hoc PGLS regression, with a moderate-low phylogenetic sig-
nal (Pagel's 4 = 0.40), indicating that spore size and number change
together along the phylogeny and their relationship is not an arte-
fact caused by independent phylogenetic structure in spore size and
number (Figure S4 in Supporting Information).

Spore production rate was different for fungi inhabiting different
tree species (Figure 2, Figure S2). Spore production rate was gen-
erally the lowest on pine and the highest on aspen. This seems to
be mostly caused by interspecies variation instead of intraspecies
variation within those species that inhabit several tree species. By
contrast, log diameter and decay class did not have a strong effect
on spore production in our data set. There were very few nonzero
log-level random effects, that is, spore production was generally not

particularly high or low on specific individual logs.

4 | DISCUSSION

Our spore production monitoring revealed several interesting pat-
terns at both community and species levels. The ecologically most
relevant results are (1) the confirmation of species-specific differ-
ences in the timing of spore release with respect to environmen-

tal conditions, time of day and season, (2) the negative correlation

between the overall level of spore release and spore size, which
indicates a number-size trade-off in wood-inhabiting fungi and has
interesting implications for the study of fungal life history strategies.
Below, we first discuss each of these main results in a designated
subsection. We then outline possible future directions in the study
of different life history strategies in fungi, discussing also the rel-

evance of this work for the conservation biology of fungi.

4.1 | The timing of spore release in
wood-inhabiting fungi

Environmental conditions, season and the time of day all affected
the rate of spore release in our data. It is notable that while the sea-
sonal patterns varied between species, the direction of the effect
of environmental factors and diurnal timing was generally consist-
ent across species. For instance, several species released spores
predominantly during the night and under humid conditions, while
no species showed the opposite response with high statistical sup-
port. This suggests that the constraints of shared morphological and
physiological features (e.g. the ballistospore discharge mechanism;
Fischer et al., 2010; Pringle et al., 2005) determine the general envi-
ronmental responses but different timing emerges either from sub-
tle variations in the responses or by internal biorhythms achieved
through unknown mechanisms. Manipulative experiments are ulti-
mately needed to reveal the critical mechanistic triggers behind the
patterns.

One example of an environmental response that would merit a
closer mechanistic look in future work is the negative effect of rain
on spore production rate, which was contrary to our expectations
and appears to be in inconsistent with the positive effect of relative
humidity. One possible explanation is that spores are released most
effectively when humidity first rises beyond some critical level after
adrier period, after which the release rate starts to drop as the spore
reserves become exhausted and the internal production rate starts
to limit the process. In this case, rain in the preceding 24 h would in-
dicate that the peak release rate was in fact reached before the start
of the sampling. Another possibility is that rain during the sampling
itself (correlated with rain in the preceding 24 h) led to some spores
being lost from the plastic foil pieces.

Theoretical studies describe a trade-off between earlier repro-
duction, resulting in less vegetative growth, and later reproduction,
when more vegetative growth has taken place, allowing for a higher
rate of reproduction (Cohen, 1971, 1976). Also, the length of co-
occurring vegetative and reproductive growth is expected to vary be-
tween species, which is potentially related to variability in the length
of the growing season. Many wood-inhabiting fungi have robust pe-
rennial fruit bodies that can live for several years and would seem
to give the species the potential to sporulate at any time of the year,
since the requirement for extensive vegetative growth per grow-
ing season is relaxed. Interestingly, in our data all such species had
their spore production peak either in the spring, midsummer or late
summer—and not in the autumn when the diversity and abundance
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FIGURE 4 (a) Trade-off between spore size and number. The
solid line shows the median predicted response of spore production
level to spore size, while the black dots show the average spore
production level estimated for each species, with other covariates
at their average levels. The dashed lines and error bars show the
95% credibility intervals of the predictions. (b) Species-specific
spore output volume obtained by multiplying species-specific spore
volume by the median predicted spore production level under
average conditions. The outlier species with high spore output (ca.
800pL ecm™?h™Y) is Ganoderma applanatum.

of annual species are the highest (Halme & Kotiaho, 2012). One can
hypothesize that for many species the conditions for either dispersal
or establishment are in fact as good or better earlier in the season
than in the popularly known “prime mushroom time”". This is consis-
tent with an earlier study based on aerial samples, indicating that
fungal and especially ascomycete diversity in the air is highest in
early summer months (Abrego et al., 2018). Ongoing global efforts to
map the airborne diversity of fungi (Abrego et al., 2020; Ovaskainen
et al., 2020) will bring a wealth of new information on such seasonal
patterns and their variation between regions and fungal groups.
Airborne spore monitoring or field sampling covering the whole
year would also be required to confirm the exact timing of the peak
production, particularly for the spring-sporulating species. While the
snow cover at our study site typically persists until May, it is possi-
ble that perennial fruit bodies free of snow (particularly on standing
trees) start sporulating considerably earlier. In the semiquantitative
whole-year monitoring of polypore spore production performed by
Nuss (1975) in temperate Central Europe, several perennial species

remained active throughout the year, whenever the temperature
was above the freezing point.

It is well established that the timing of propagule release can
have a major effect on the airborne dispersal pattern, particu-
larly on the probability of long-distance dispersal (Jongejans &
Telenius, 2001; Savage et al., 2010; Schippers & Jongejans, 2005;
Soons et al., 2004). For fungal spores, an empirical demonstration
of this effect is difficult to achieve due to the poor detectability of
spores and the large spatial scale of their dispersal caused by their
small size (Wilkinson et al., 2012). However, recent work based on
atmospheric model simulations has highlighted the effect of both
diurnal (Lagomarsino Oneto et al., 2020) and seasonal timing (Wang
et al., 2021) on fungal dispersal. Lagomarsino Oneto et al. (2020)
showed that diurnal timing can be critical for species whose spores
are vulnerable to atmospheric conditions such as sunlight, including
many wood-inhabiting fungi (Norros et al., 2015). According to the
simulations of Lagomarsino Oneto et al. (2020), vulnerable spores
should be released during the night to maximize survival, and the
diurnal patterns in our data are consistent with this result. Similar
modelling approaches could be adopted to assess how fungal disper-
sal is affected by the seasonal variation in atmospheric conditions
(including irradiance and the probability of rain) and canopy condi-
tions (more deposition surface provided by deciduous trees during
the summer) in our study region. This would bring new mechanistic
insight into the reasons behind the seasonal patterns we discovered.

4.2 | Trade-off between the size and number of
offspring and its implications for life history strategies
in wood-inhabiting fungi

We found that species with larger spores produce them in smaller
numbers. This general trade-off between the size and the num-
ber of offspring has been shown in animals and plants (Dalling &
Hubbell, 2002; Einum & Fleming, 2000) but, to our knowledge, only
once before in the fungal kingdom (arbuscular mycorrhizal fungi;
Aguilar-Trigueros et al., 2019). The relatively constant total volume
of produced spores suggests that there are fundamental physi-
ological constraints limiting spore output. The most notable outlier
from the constant, Ganoderma applanatum, belongs to a genus that
is widely known to produce a very high number of spores (Grinn-
Gofron & Strzelczak, 2011), but there are no studies explaining this
phenomenon. Ganoderma species are characterized by thick-walled,
pigmented spores which do not superficially appear less costly to
produce than spores of other taxa. Possibly Ganoderma are espe-
cially efficient in transforming the derived resources to spore pro-
duction, but the specific underlying physiological features remain to
be discovered.

The trade-off between spore size and number provides a new
key piece in the puzzle of how the traits of fungi are combined into
different strategies that are adaptive under different conditions.
As illustrated in Figure 5, spore size is a central trait that has been
previously shown to be correlated with several other traits across
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FIGURE 5 Summary of the reported correlations between spore size and other traits in wood-inhabiting fungi. A hypothesis of two
contrasting life history strategies is emerging from the patterns (see Box 1). References: (1). The present study, (2) Norros et al. (2015),

(3) Hussein et al. (2013), (4) Norros et al. (2014), (5) Meerts (1999) (note: considers all Agarics, not specifically wood-inhabiting fungi), (6)
Kauserud et al. (2008), (7) Parmasto and Parmasto (1992), (8) Norros and Halme (2017) (note: stronger correlation reported between spore
release height and parasitic/saprotrophic lifestyle than with spore size) and (9) Nordén et al. (2013); “fragm.” refers to habitat fragmentation.

wood-inhabiting and other basidiomycete species. Species with
large spores tend to have more viable spores (Norros et al., 2015),
they have high deposition rate (Hussein et al., 2013) and thus shorter
probable residence time and dispersal distance (Norros et al., 2014),
larger fruit body size (Kauserud et al., 2008; Meerts, 1999) and their
nutritional mode is more often parasitic (Kauserud et al., 2008;
Parmasto & Parmasto, 1992). Moreover, spore size has been related
to the species-specific response to large-scale habitat fragmen-
tation: species vulnerable to fragmentation tend to have smaller
spores (Nordén et al., 2013). We propose that these correlations
stem from the existence of different life history trait syndromes
or strategies. Specifically, we hypothesize that life history strate-
gies of wood-inhabiting fungi fall along the axis from saprotrophic
species that colonize dead wood to parasitic species infecting live
trees (Box 1). According to this hypothesis, specialized saprotroph
strategy in a continuous forest landscape favours many small spores
for tracking the ephemeral resource. Conversely, a parasitic strat-
egy with more colonization opportunities but a higher need for re-
sources to overcome host defences would favour large spores. This
interpretation of the reported trait correlations is obviously specula-
tive and oversimplified, but it can provide a starting point for a more
refined characterization of life history strategies and their empirical

confirmation.
4.3 | Future directions in the study of life history
strategies of wood-inhabiting fungi

The establishment stage in the life cycle of wood-inhabiting fungi
remains particularly poorly understood (Halbwachs et al., 2015).

How and at what stage (live/recently dead/decayed) do different
species enter the wood, and what is the germination and coloniza-
tion probability of an individual landing spore? The starting point
for any testing of our hypothesis is the placement of species along
the parasitic-saprotrophic axis (Figure 5). It is straightforward
to identify species fruiting on living trees as parasitic (although
even these may in fact decay dead parts of living trees) but other
species could infect live trees while delaying fruiting until the
tree has died. Molecular methods such as eDNA metabarcoding
from wood samples provide new tools for a more comprehen-
sive understanding of fungal colonization and succession in wood
(Ovaskainen et al., 2013). Manipulative experiments introducing
and following the colonization of new substrate under controlled
conditions while monitoring fungal species composition in the air
(Abrego et al., 2018; Ovaskainen et al., 2020) would be particularly
useful for uncovering the factors determining the first steps of
colonization.

Airborne eDNA metabarcoding also allows the testing of a few
specific hypotheses arising from the proposed idea of contrasting

life history strategies. These include at least the following:

e Vertical gradient in airborne species composition. If saprotrophic
species have evolved adaptations such as low fruiting height and
night-time spore release to avoid being transported high in the at-
mosphere, this predicts a steeper vertical gradient in saprotrophic
than parasitic species, with a lower proportion of saprotrophic
spores escaping to the free atmosphere above the forest canopy.

e Patterns of variation in airborne species composition. If sapro-
trophic species are successful in avoiding mixing with the free
atmosphere, we should see a more homogeneous distribution of
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BOX 1 Trait patterns suggest contrasting
dispersal optimization between saprotrophic and
parasitic life history strategies in wood-inhabiting
fungi.

We summarize the reported correlations between spore
size and other traits in Figure 5. These patterns suggest
that saprotrophic and parasitic wood-inhabiting fungi
demonstrate different life history strategies with different
priorities for dispersal. We explain this hypothesis by the
narrative below.

Saprotrophic species produce a large number of small
spores in order to track their ephemeral resource in the
surroundings (Parmasto & Parmasto, 1992). Individual
spores do not carry much resources and are not long-lived
(Norros et al., 2015) but their large number ensures that
some arrive on the preferred substrate alive. Their small
size helps them spread within the surrounding forest even
when they are released very close to the ground in the still
night air (Norros & Halme, 2017). These species are vul-
nerable to habitat fragmentation (Nordén et al., 2013), as
their spores cannot survive long in the atmosphere, mak-
ing the colonization of isolated habitat patches difficult.
Moreover, some of the species may require specific con-
ditions for establishment (e.g. wood of a specific type and
decay stage or decayed by a certain predecessor species,
Nordén et al., 2013), making the windows of colonization
opportunity very narrow and difficult to hit by the highly
diluted spore rain from a distant source, particularly if the
species is rare in the landscape and thus the overall “spore
pressure” in the air is low (Norros et al., 2012).

By contrast, the parasitic species have large spores that
contain more resources needed to overcome host defences
(Kauserud et al., 2008). Their large size and spore release
in the canopy (Norros & Halme, 2017) also helps their
deposition within the canopy (Hussein et al., 2013; Norros
et al., 2014), enabling the spores to infect trees through
damaged branches. Spring release makes it likelier for the
spores to deposit on branches instead of leaves; moreover,
there may be a higher abundance of fresh wounds in the
canopy caused by snow in the past winter. Habitat frag-
mentation is less critical for these species as their spores
are more robust and survive longer in the atmosphere and
as their colonization opportunities (live trees) are more

abundant in the landscape.

parasitic species vs. more local variation in saprotrophic species in
the air.

e Seasonal patterns in airborne species composition. If parasitic
species benefit from springtime spore release, there should
be a corresponding seasonal shift in the airborne community

composition. Air monitoring could also reveal the more precise
starting time of spore release during the early spring, not cov-
ered by our on-site monitoring which was limited to the snow-free

season.

Finally, understanding how different traits are linked into different
dispersal and life history strategies in fungi could enable predicting how
different fungal species react to anthropogenic changes, particularly
habitat fragmentation and climate change (Chaudhary et al., 2022).
Our data provides many starting points for hypotheses, experiments
and other work on the topic. One critical question is how different
seasonal strategies of spore release are equipped to cope with climate
change induced changes in the onset and conditions of different sea-
son. For example, spring-sporulating species may start sporulating ear-
lier, which could lead to the exposure of their spores to higher levels of
UV radiation in the atmosphere. Spring-producing species could also
be faced with increasingly hot, dry summers during their establishment
phase. Such question will require increasing attention in future work.

5 | CONCLUSIONS

In this study, we have demonstrated that spore release in different
species of fungi follows clearly different biorhythms or responds dif-
ferently to environmental triggers, even within one group of fungi
sharing a common resource. Moreover, we have shown that the
total spore output in terms of volume per unit time and fruit body
surface area is constrained, but different species divide this volume
differently in fewer large or more small spores, consistently with the
size-number trade-off described in other groups of organisms. Both
spore size and the timing of spore release are predicted to have a
strong effect on species' dispersal patterns, suggesting that these
traits are evolutionarily fine-tuned to optimize colonization of new
resources. Taken together with other reported correlations between
traits, evidence is accumulating that life history features of fungi
do not vary randomly but correspond to specific strategies, which
can be differently predisposed to extinction under anthropogenic
pressures. A more mechanistic understanding of fungal dispersal
and other life history processes is needed to achieve a better under-

standing of the different strategies and their consequences.
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