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Many plant and animal species are changing their latitudinal and/or altitu-
dinal distributions in response to climate change, but whether fungi show
similar changes is largely unknown. Here, we use historical fungal fruit
body records from the European Alps to assess altitudinal changes in
fungal fruiting between 1960 and 2010. We observe that many fungal species
are fruiting at significantly higher elevations in 2010 compared to 1960, and
especially so among soil-dwelling fungi. Wood-decay fungi, being depen-
dent on the presence of one or a few host trees, show a slower response.
Species growing at higher elevations changed their altitudinal fruiting pat-
terns significantly more than lowland species. Environmental changes in
high altitudes may lead to proportionally stronger responses, since high-
altitude species live closer to their physiological limit. These aboveground
changes in fruiting patterns probably mirror corresponding shifts in below-
ground fungal communities, suggesting parallel shifts in important
ecosystem functions.
1. Introduction
Ongoing climate change affects the functioning, productivity and distribution
of organisms [1–3]. Many species’ ranges have shifted polewards and upwards
in altitude as a response to warmer climates [4,5], as documented for birds [6],
plants [7–11], mammals [12,13] and insects [14,15]. However, other factors like
drought [16] and land-use/land-cover changes [17,18] may also cause shifts in
altitudinal distributions, and their relative contributions can be difficult to tease
apart from climate change [19]. Species with different traits, ecologies and dis-
tributions may show different responses [9]. For example, species with shorter
life cycles and better dispersal ability may show quicker responses to environ-
mental change [9,20]. It has also been shown that plant species with high
altitudinal distributions respond more strongly to climate changes than species
from lowland communities [9]. The resulting redistribution of species around
the globe is an urgent but challenging management concern [21].

In terrestrial ecosystems, fungi play pivotal roles as decomposers and recy-
clers of organic matter and mycorrhizal symbionts with plant roots. While the
activity of saprotrophic fungi reduces soil organic material and releases CO2

into the atmosphere, the activity of mycorrhizal fungi may have an opposite
effect, leading to enhanced carbon sequestration [22]. Different responses by
these two functional guilds to climate change could, therefore, have important,
though opposing, consequences for ecosystem processes, including carbon
sequestration and nutrient cycling. As for plants, soil fungal communities
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Figure 1. Overall trends in mean altitude of mushroom collections over time
for ectomycorrhizal species (EcM, green points), saprotrophic litter and soil
species (light blue points), and saprotrophic wood-inhabiting species (dark
blue points). There were significant trends over time for all groups.
(Online version in colour.)
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show marked turnover in species composition along altitudi-
nal gradients, as revealed by DNA-analyses of belowground
fungal communities [23–25]. However, no one has investi-
gated, to our knowledge, whether fungi are changing their
altitudinal ranges [26]. Since historical substrate samples are
not widely available, it is unfortunately not possible to ana-
lyse past distributional changes for fungi using DNA-based
approaches in their microbial stage (i.e. belowground or
within substrates).

Here, we take advantage of two national datasets of fungal
fruit body records from Switzerland and Austria, to explore
altitudinal distributions in mushroom occurrence between
1960 and 2010. We hypothesize that fungi, like many other
organismal groups, show signs of warming-induced,
upward altitudinal shifts over time (hypothesis H1). As
shown for plants [9], distributional shifts for fungi may also
be trait-specific and we hypothesize that ectomycorrhizal
(EcM) fungi show slower responses than the more free-living
saprotrophic fungi (H2). Saprotrophic species can be divided
into litter and soil versus wood-inhabiting fungi, where we
expect the latter group to likewise be more constrained by sub-
strate presence (i.e. dead wood of specific plants) and show a
slower response compared to litter and soil saprotrophs (H3).
Furthermore, since fungi residing and fruiting at higher alti-
tudes may be closer to their fundamental physiological limit,
we hypothesize that species residing at higher altitudes will
respond more strongly than species with lower distributions
(H4), consistent with patterns seen for some plants.
2. Material and methods
(a) Data
The high number and wide altitudinal range of fungal records
from Austria and Switzerland allowed us to study temporal
changes in fruiting patterns along an elevational gradient from
114 to 2599 masl (see maps and further data description in elec-
tronic supplementary material). The national fungal record
databases of Austria and Switzerland consist of collections
from a variety of sources, including professional mycologists
and herbarium data, as well as amateur but verified collections.
The identity of the collector for each record is not known, pre-
venting any statistical accounting for collector effects. We
analysed altitudinal changes in fruiting patterns of 5606 fungal
observations from the 118 most intensively collected species
from the Austrian and Suisse national datasets between 1960
and 2010 CE. We restricted our analyses to Agaricomycetes (i.e.
to basidiomycete species producing annual or perennial macro-
scopic fruit bodies). Only observations with proper annotation
of date and geographical coordinates were included. We further
split the data into ectomycorrhizal (EcM) species (56 species) and
saprotrophic (31 wood-decaying species and 31 litter and soil
species), with each species being recorded more than 904 times
(electronic supplementary material, table S1). The annotation of
nutritional modes, based on information from the FunGuild
database [27] as well as literature, is shown in electronic sup-
plementary material, table S1. There was an overall increase in
the number of fungal records during the period 1960–2010
(electronic supplementary material, figure S6.1), which may
influence the results (see discussion below and in electronic
supplementary material).

(b) Statistical analysis
We used linear mixed-effects models (LMM) to quantify how the
fruiting elevation of individual fungal species and nutritional
modes vary over time and depending on species life-history
characteristics. Two primary models were used: (i) an LMM
with a random effect for species, and temporal trends conditional
on nutritional modes (EcM, litter/soil decomposers, and wood
decomposers); and (ii) an LMM with species-specific temporal
trends and species level random intercepts. The response vari-
able in each model was the mean altitude of mushroom
fruiting for each species in each year, and the predictor variable
was year of collection. We chose to model changes in the mean
altitude of species because it is likely to be less sensitive to out-
liers arising from inconsistent sampling effort, and core
distributional shifts have been found to correlate with other
aspects such as leading edges [26]. All models were fitted in a
Bayesian framework using the brms package [28] in R [29],
which uses Stan software [30] for parameter estimation. To quan-
tify the significance of the trends over time, the probability that
the posterior distribution of each regression coefficient over-
lapped zero was calculated. Model code and further
explanation is given in the appendix and on github (https://
diezj.github.io/fungi-altitude/).
3. Results and discussion
When considering all 118 species together, as well as parti-
tioned into EcM and saprotrophic species, we observed
trends towards upward shifts in mean altitude of fruiting
during the period 1960–2010 (figure 1). These trends aver-
aged 2.2m yr−1 for EcM species and litter/soil saprotrophs,
and 0.66 m for wood decomposers. When analysed for
species-specific responses, many individual species also
showed significant trends towards increased elevation of
fruiting over time (figure 2). Hence, in support of our first
hypothesis (H1), many fungi, like other organismal groups
[5], show signs of an increased altitudinal distribution,
which might be associated with recent warming. From the
late nineteenth century until the end of the twentieth century,
temperatures in the Alps have risen at a rate about twice the
Northern Hemispheric mean, amounting to a total annual
mean temperature increase of about 2°C [28–30]. Precipi-
tation changes, however, vary across regions, periods and
season [31]. However, there have also been significant
changes in land use and land cover across the Alps during
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Figure 2. Species-specific trends over time in the mean altitude of fruiting, where species are grouped according to their nutritional modes/ecology. Means and 95%
credible intervals are shown; species to the right of the zero-line tended to be collected at higher elevations over the period 1960–2010 CE. (Online version in colour.)
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the last century, which could also have contributed to the
observed changes. Alpine farming and forest pasturing
were, for centuries, depressing the upper tree line, but since
the mid-twentieth century, alpine farming has declined con-
siderably [17]. In parallel, the forest area has increased,
especially on abandoned agricultural land.
Since EcM fungi are closely associated with plants and
likely constrained by their host plant distributions, we
assumed that EcM fungi might have a slower upward shift
compared with the more free-living saprotrophic fungi
(H2). In contrast to this expectation, EcM fungi and litter
and soil saprotrophs showed rather similar responses
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Figure 3. Species-specific relationships between the altitudinal trend over time (y-axes) and species’ (a) mean altitude of fruiting and (b) their altitudinal range.
The trends over time (y-axes) are the slopes of regression models relating mean altitude to year, between 1960 and 2010. This shows how much the species are
moving up or down in altitude on average (moving up if slope is greater than 0 and down if slope <0). (Online version in colour.)
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Figure 4. Results from a null model suggesting that the observed significant trend in altitude through time is not spurious due to the increased sampling over time.
We randomized 1000 times the years of collections while maintaining the skewed sampling intensity through time for each species, and ran mixed-effects models
with species random effects and a fixed effect of year. (a) Distribution of slopes estimated from null models, along with true slope (blue). (b) In green are model
runs with p < 0.05. Blue lines represent the values calculated on the raw dataset (in b, p < 0.001). (Online version in colour.)
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(figure 2). Out of 56 EcM species, 47 species increased in alti-
tude over time (26 of these significantly so; p < 0.05).
Likewise, most litter and soil saprotrophs also increased in
altitude over time (26 out of 31; 16 being statistically signifi-
cant). However, out of the 31 wood-decomposer species,
many of which have long-lasting annual or perennial fruit
bodies (26), only 19 showed a positive slope (7 being signifi-
cant). Hence, wood-decomposer fungi, and especially those
forming longer-lasting fruit bodies, showed slower or nega-
tive response, in support of our hypothesis H3. Many
wood-decomposers are host-specific or bound to a few
plant species, which could partly explain their more restricted
responses in upward movement.

We also wanted to assess whether species residing at
higher altitudes show stronger responses compared to species
with lower elevation distributions (H4). In support of this,
species with higher altitudinal distributions show stronger
upward shifts (figure 3a). Likewise, species with broader
altitudinal ranges also had larger upward shifts in altitudinal
fruiting patterns (figure 3b). Again, we observed similar
trends for EcM and saprotrophic fungi for these relationships.
The distribution of high-altitude species may be close to their
physiological limit and they may therefore respond strongly
under environmental change. Species residing at higher alti-
tudes may also be better adapted to temperature stress and
frost compared to low altitude species experiencing more
stable conditions. Due to their putative higher stress toler-
ance, high-altitude species may be more responsive to
environmental change. A similar trend has been observed
for plants [18], where warmth-demanding plants did not
move upward more frequently than expected by chance,
while snow-bed species have become more common on sum-
mits. In support of the generality of this trend, it has been
observed that plant species having a mountainous distri-
bution shifted more drastically in altitudinal distribution
compared with plants with more ubiquitous distributions
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[9], and lowland species experience a greater ‘lag’ in
responses due to higher climate velocity in less topographi-
cally steep terrain [32,33]. However, the stronger shift in
fruiting patterns of high-altitude fungi could also simply be
due to an anomalous warming at higher elevations for the
Alps [34], and not because of differences in intrinsic species
traits.

Assessing range shifts based on historical observations is
complicated by the potential for sampling biases [35,36]. In
this dataset, there has been a large increase in the number
of records of most of the 118 species during the period
1960–2010 (electronic supplementary material, figure S6.1),
and if the sampling effort has systematically moved upwards
during the same period, this may help explain the observed
patterns. However, we observed no significant relationship
between the number of observations of a species and its esti-
mated trend of change (slope) over time (electronic
supplementary material, §6.1), indicating that intensity of
sampling per se did not appear to affect the estimated
trends. Additionally, if changes in altitudinal sampling be-
haviour is a strong driver for the observed patterns, one
might expect rather uniform responses across species,
which was not the case; although most species show an
increase in mean fruiting elevation, some species show an
opposite pattern. The observed variation in species-specific
responses corresponds well with what have been observed
earlier in fungal phenology studies [37], and underlines that
analysis on a community level (figure 1) can mask highly
variable species-specific responses (figure 2). Furthermore,
the proportion of collections that were made above the
mean elevation did not increase over time, suggesting no sys-
tematic bias toward higher elevation collections over time
(electronic supplementary material, §6.2). Finally, a null
model, in which year of collection was randomized within
species collections, suggested that the observed altitudinal
trend over time is not the result of biased sampling (figure 4).

Notably, fungal fruit body collections are presence-only
data and represent only a small, though important, part of
the fungal life cycle connected to sexual reproduction. How-
ever, we expect that patterns observed using large datasets of
fruit body records stretching over longer periods in time also
reflect parallel changes in belowground activity and distri-
butions, since these fungi complete their life cycle and
establish by spores spreading from the fruit bodies. DNA-
based analysis is now a critical tool in fungal ecology for
directly analysing belowground communities [38], but since
soil samples have not been collected and preserved over simi-
lar time periods, historical fruit body observations are
currently the only way to assess long-term altitudinal
changes in fungal fruiting.
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