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ARTICLE INFO ABSTRACT
Editor: Sergi Sabater Fungi are among the most abundant and diverse organisms on Earth and play pivotal roles in global carbon processing,

nutrient cycling and food webs. Despite their abundant and functional importance, little is known about the patterns and
Keywo.rds: mechanisms governing their community composition in intermittent rivers and ephemeral streams, which are the most
gqulatl.cczlyph;mycetes common fluvial ecosystems globally. Thus far, it is known that aquatic fungi have evolved various life-history strategies
cological niche

. and functional adaptations to cope with drying. Nevertheless, some of these adaptations have a metabolic cost and trade-
Fungal biomass accrual . . . L. . .
Intermittent rivers and ephemeral streams offs between growth, reproduction and dispersion that may affect ecosystem functioning. Thus, understanding their eco-
Organic matter decomposition logical strategies along a gradient of drying is crucial to assess how species will respond to global change and to identify
Trade-offs meaningful taxa to maintain ecosystem functions. By combining in situ hydrological information with a niche-based ap-
proach, we analysed the role of drying in explaining the spatial segregation of fungal species, and we determined their
specialization and affinity over a gradient of drying. In addition, we estimated whether species niches are good predic-
tors of two key ecosystem processes: organic matter decomposition and fungal biomass accrual. Overall, we found that
annual drying duration and frequency were the most influential variables upon species niche differentiation across the
15 studied streams. Our cluster analysis identified four drying niche-based groups with contrasting distributions and re-
sponses over the drying gradient: drying-sensitive, partly tolerant to drying, generalist, and drying-resistant specialist. In
addition, we found that species belonging to the drying specialist group showed a weak contribution to both ecosystem
processes, suggesting trade-offs between drying resistance strategies and the energy invested in growth. Taken together,
our results suggest that increased water scarcity may jeopardise the capacity of aquatic fungi to guarantee ecosystem
functioning and to maintain biogeochemical cycles despite their ability to cope with drying.
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freshwater environments, 3870 fungal species have been described
(Calabon et al., 2022), and their biomass accounts for 95 to >99 % of the
total microbial biomass on decomposing plant detritus (Grossart et al.,
2019; Gulis and Suberkropp, 2003; Krauss et al., 2011). As such, fungi
play pivotal roles in maintaining multiple ecosystem functions and services,
including but not limited to global carbon processing, nutrient cycling and
energy transfer to higher trophic levels (Arias-Real et al., 2018, 2022b;
Besemer, 2015; Gessner et al., 2010; Manning et al., 2018). Despite their
abundance and functional importance, surprisingly, little is known about
the patterns and mechanisms governing fungal composition and diversity
in watercourses experiencing recurrent drying, i.e., intermittent rivers
and ephemeral streams (IRES), which are the most common fluvial ecosys-
tems globally (Datry et al., 2017; Messager et al., 2021). This lack of knowl-
edge hampers our ability to predict microbial community shifts in response
to environmental change and the consequences for ecosystem functioning
and global biogeochemical cycles.

Aquatic fungi (aquatic hypomycetes and aeroaquatic hyphomycetes)
are an ecological group of fungi that depends on aquatic habitats at least
for part of their life cycles (Grossart et al., 2019; Grossart and Rojas-
Jimenez, 2016). In addition to their reproductive systems, their coloniza-
tion and dispersal capacity rely on flowing water (Chauvet et al., 2016;
Duarte et al., 2015; El-Elimat et al., 2021; Grossart et al., 2022; Krauss
et al., 2011). Hence, the inherent dynamism of IRES - cycles with flowing
and drying phases-, may be challenging for them unless aquatic fungi pres-
ent morphological or functional adaptations that allow them to develop
their life cycles under these stressful conditions.

It has been observed that aquatic fungi are highly plastic and resistant
microorganisms (Coleine et al., 2022) with physiological and functional ad-
aptations that have emerged over evolutionary time (Baschien et al., 2006;
Belliveau and Bérlocher, 2005; Naranjo-Ortiz and Gabaldén, 2019). In-
deed, aquatic fungi have evolved numerous morphological and osmotic ad-
aptations, such as hydrophobic cell walls, which are more efficient in
reaching osmotic equilibrium during flow cessation and entering dormancy
during drying (Canhoto et al., 2021; Gongcalves et al., 2019; Jones and
Lennon, 2010; Kakumanu et al., 2013). Furthermore, previous studies
showed that hyphae may cross air-filled sediment pores to access nutrients
and water during drying (Cornut et al., 2014; Ghate and Sridhar, 2015;
Gionchetta et al., 2019) and that the composition of fungal communities
changes over drying gradients (Arias-Real et al., 2022b; Gionchetta et al.,
2020b; Mora-Gémez et al., 2018). Given that aquatic fungi can present dif-
ferent drying strategies depending on their eco-physiology, morphology
and life-history (Crowther et al., 2014; Graca et al., 2022), the effects of dry-
ing may differ depending on which species within the community are af-
fected, with implications for ecosystem functioning.

Aquatic fungi are capable of adapting rapidly to changing environmen-
tal conditions, which causes alterations in community structure and compo-
sition (Allison and Martiny, 2008; Wallenstein and Hall, 2012). However,
these compositional shifts may alter species contributions to ecosystem
functioning. These results may be due to physiological trade-offs between
growth, reproduction and dispersion (Graga et al., 2022). For instance,
the trade-off between resource use efficiency and maximum growth rate
for bacteria is well documented (Crump and Hobbie, 2005; Lipson et al.,
2009). To date, explaining the relationship between fungal diversity and
ecosystem function is based on two assumptions. The first is that fungal
communities have functional plasticity and are able to adjust their perfor-
mance (e.g., modifying their ability to use organic matter) to accommodate
drying. The other is related to functional redundancy, assuming that differ-
ent species with similar roles can substitute for one another with no effects
on ecosystem functioning (Allison and Martiny, 2008; Gionchetta et al.,
2020b). In addition, there is now unequivocal evidence that aquatic fungal
identity influences freshwater ecosystem processes (Duarte et al., 2006;
Handa et al., 2014; Seena et al., 2020). However, we know little about
how changes in naturally-assembled fungal communities influence ecosys-
tem functioning.

The ecological niche concept is a powerful framework to understand
how organisms respond to environmental gradients (Arias-Real et al.,
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2022a; Beaugrand et al., 2020; Green et al., 2008; Hutchinson, 1957). An
ecological niche defines and integrates two important types of ecological
information, the habitat conditions in which organisms can grow, survive
and reproduce, and the role of organisms in ecosystems, i.e., their ecologi-
cal function (Beaugrand et al., 2015; Sexton et al., 2017). Thus, understand-
ing the ecological niches of aquatic fungi along a gradient of drying is
crucial to assess how species will respond to global change and to identify
meaningful taxa to maintain ecosystem functions.

Thus, the main objective of this study is to gain deeper insight into the
ecological strategies of aquatic fungal species and their associations with
ecosystem functioning over a gradient of drying. To do so, we first analysed
the role of drying vs. non-hydrological abiotic factors in explaining the spa-
tial segregation of aquatic fungal species under a gradient of drying in 15
low-order streams. Second, we characterized their ecological niches by de-
termining their specialization and affinity over the drying gradient and its
environmental descriptors by identifying groups of species showing similar
niches and responses. Finally, to understand the relationship between spe-
cies drying niches and their contribution to ecosystem functioning, we in-
vestigated the association of each fungal species with two key ecosystem
processes (organic matter decomposition and fungal biomass accrual). In
Fig. 1, we show the expected spatial distribution of fungi over the drying
gradient and their associations with ecosystem functioning. We predict
that (i) drying will be the primary determinant of species spatial distribu-
tion, as water availability is the major limiting factor for the occurrence
and survival of aquatic fungi (Krauss et al., 2011; Manzoni et al., 2014;
Schimel et al., 2007); (ii) fungal species will aggregate into four main
niche-based strategies: generalist taxa able to develop their life cycles over
an ample range of drying conditions (Fig. 1a), drying specialist taxa with af-
finity for intermittent and ephemeral watercourses (Fig. 1b); partly tolerant
taxa with affinity for low-intensity drying conditions (Fig. 1c), and drying-
sensitive taxa with affinity for perennial watercourses (Fig. 1d); and finally
(iii) drying specialist and generalists will have lower associations with eco-
system functioning than drying-sensitive taxa and partly tolerant taxa as a
result of eco-evolutionary trade-offs (e.g., metabolic trade-offs) resulting
from their adaptation to recurrent drying (Fig. 1e).

2. Material and methods
2.1. Study sites

This study was conducted at 15 independent streams located in eight
river basins of the Mediterranean climate with low human impact along a
wide intermittent gradient (drying duration between 0 and 340 days within
a year and drying frequency between 1 and 7 periods within a year) in
Catalonia (NE Spain). The studied stream orders vary between three and
four over an altitudinal range of 100 to 655 m.a.s.l. The primary land
uses at the riparian scale were forest, scrubland, grasslands and extensive
agriculture (mainly olive groves and vineyards) (CORINE Land Cover
2006 data in a buffer area of 1 km around each sampling site) (Appendix
A, Table Al). Furthermore, poplar (Populus nigra L.), alder (Alnus glutinosa
(L.) Gaertner) and evergreen oak (Quercus ilex L.O.) were the dominant
riparian vegetation types.

2.2. Survey of aquatic fungi

We sampled aquatic hyphomycete conidia just after the rainy season in
February 2017 to ensure that all streams were in the flowing phase. We col-
lected samples of white freshly accumulated foam from different locations
within 100 m stretches in each stream with a spoon. The foam was then
transferred to sterile glass bottles (25 ml), fixed with formaldehyde (4 %),
and transported to the laboratory. Once in the laboratory, 5 ml of each
foam sample, with the corresponding suspensions of conidia, was filtered
through 5 pm pore-size membrane filters (Cellulose Nitrate Membrane
Filters, Whatman). The retained conidia were stained with 0.1 % Trypan
Blue solution in lactic acid. Then, we scanned the surface of the filter
under a light microscope (400 X ) and identified all aquatic hyphomycete
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Fig. 1. Hypothetical expectations of fungal taxon richness responses of each drying niche-based group to a drying gradient (a—d) and the expected association of each drying
niche-based group with ecosystem functioning (e; the curve represents the distribution frequency of individual species' and the expected association with each ecosystem

process: organic matter decomposition and fungal biomass accrual).

species based on conidial morphology and dimensions until the lowest pos-
sible taxonomic level (mainly species). Aquatic hyphomycete species were
documented as present/absent.

To avoid spurious results, only 38 taxa (from the total of 74 taxa), which
occurred at least in two sites out of 15 (occurrence = 13 %), were consid-
ered for statistical analyses (see below).

2.3. Characterization of ecological niches and strategies of aquatic fungi

Ecological niches were calculated in a multidimensional space built
upon two different aspects of the drying process (annual drying duration
and frequency) and five additional abiotic descriptors that may influence
fungal species occurrences (temperature, conductivity, and concentrations
of soluble reactive phosphorus, dissolved inorganic nitrogen and dissolved
oxygen). To calculate annual drying duration and frequency, one year be-
fore our biological sampling (February 2016), we placed temperature and
water level data loggers on each streambed to measure the daily variation
in streambed temperature (Arias-Real et al., 2021), which allowed us to
infer water presence (Appendix B). Abiotic features were characterized up
to three times (February 2016, September 2016 and February 2017) at
each stream location, when surface water was present. Conductivity,
water temperature, pH and dissolved oxygen were measured using a porta-
ble probe (YSI Professional Plus Multiparameter Instrument, USA). We fur-
ther collected water samples to quantify the concentrations of dissolved
inorganic nitrogen (DIN: N-nitrate + N-nitrite + N-ammonium) and solu-
ble reactive phosphorus (SRP) (Appendix C).

We calculated niche specialization and affinity for each aquatic fungal
taxon using the Outlying Mean Index (OMI) (Dolédec et al., 2000). OMI
analysis is a multivariate coinertia analysis to describe species niches
along environmental gradients where the main advantage is the lack of as-
sumption about the shape of species response and the equal weight attrib-
uted to all sites, regardless of their species richness. We calculated niche
specialization and affinity for each aquatic fungus using the ade4 R pack-
age. Niche specialization (OMI) represents the deviation between the
mean habitat conditions of a species and the average habitat conditions
along a flow intermittence gradient. The OMI ranges from 0 to 100,
where greater OMI values represent a more specialized strategy for a

given portion of the gradient as opposed to generalist strategies (low OMI
values). Niche affinity is represented by the first axis (drying axis) and sec-
ond axis (non-hydrological environmental axis) of the multidimensional
space (Heino and Gronroos, 2014; Tales et al., 2004) (see Results).

To identify groups of species with similar ecological niches, taxa were
assigned to their drying specialization and affinity through a k-means clus-
tering procedure. The ecological niche variables were standardized before
analysis. We evaluated the statistical performance (sum of squares) and
ecological meaning of a range of potential clusters, representing two to
ten ecological niche-based groups of aquatic fungi. Finally, we retained
the cluster splitting taxa into four drying niche-based groups, as they
showed a good explanatory capacity (sum of squares = 69 %) and coherent
ecological grouping in the flow intermittence gradient: drying-sensitive,
partly tolerant, generalist and drying-specialist taxa.

2.4. Associations of aquatic fungal identity with ecosystem processes

We quantified two key ecosystem processes in which aquatic fungi play
a key role: organic matter decomposition and fungal biomass accrual. We
calculated temperature-corrected decomposition rates (degree days, dd ~*
(Stout, 1989)) from Populus canadensis wood sticks after 90-360 days of in-
cubation following an exponential model (Petersen and Cummins, 1974).
We determined fungal biomass accrual based on changes in the ergosterol
concentration of each wood stick (Gessner, 2020) and using a conversion
factor of 5.5 mg of ergosterol per gram of fungal mycelium (Gessner and
Chauvet, 1993). Biomass accumulation was expressed in mg of fungal bio-
mass per gram of stick dry mass (methodological details in Appendix D).

To estimate species' association with each ecosystem process (EP), we
determined mean differences in ecosystem processes between sites where
the species occurred and sites where the species was absent as follows:

Species association with an EP = EPpresence — EPabsence-

These values represent a proxy of species associations with ecosystem
functioning under realistic field conditions. Although this correlative
approach does not allow to tease apart abiotic and individual species
effects on ecosystem functioning (van der Plas, 2019), it provides a
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complementary perspective in comparison with manipulative, reductionist
approaches by i) covering multiple fungal species from naturally-assembled
communities, and ii) integrating realistic abiotic and biotic interactions af-
fecting species occurrences and their effects on ecosystem functioning.

3. Results
3.1. Fungal ecological niches and strategies over the drying gradient

Over the drying gradient, aquatic fungi varied in their taxonomic rich-
ness (12-30 taxa). The results from the outlying mean index (OMI) showed
that the first OMI axis explained 41.3 % of the total explained marginality
of species distribution and was related to annual drying duration (r, =
0.65) and drying frequency (r, = 0.64). The second OMI axis explained
24.1 % and was related to conductivity (r, = —0.51), SRP (1, = —0.58)
and DIN (r, = —0.61). Fungal species show contrasting strategies over
the drying gradient, which were evidenced through different combinations
of drying specialization (OMI) and affinity (OMI Axis 1) (Table 1, Fig. 2).

Our cluster analysis identified four drying niche-based groups that
showed contrasting distributions over the drying gradient (Fig. 3). The
first drying niche-based group was made of drying-sensitive
(i.e., perennial-flow specialists) with high sensitivity to drying stress
(mean OMI: 43.82; mean tolerance: 48.73; mean OMI Axis 1: —0.97)
(Table 1; Fig. 2). This drying niche-based group included five taxa showing
significant departures from average drying affinity (Lunulospora curvula,
Clavariopsis azlanii, Tumularia aquatica, Triscelophorus acuminatus and
Clavariopsis aquatica) (Table 1; Fig. 2). The second drying niche-based

Table 1
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group (partly tolerant) included taxa with a wider distribution over the dry-
ing gradient (mean OMI: 21.2) and a certain tolerance to short drying pe-
riods (mean tolerance: 63.8; mean OMI Axis 1: —0.81) (Table 1; Fig. 2).
This drying niche-based group included six taxa (Campylospora
chaetocladia, Cylindrocarpon sp., Margaritispora aquatica, Helliscella stellata,
Tetracladium furcatum and Fusarium sp.) (Table 1; Fig. 2). The third drying
niche-based group encompassed 22 generalist taxa showing the widest
distributions over the drying gradient (mean OMI: 7.77, mean tolerance:
71.56; mean OMI Axis 1: —0.18) (Table 1; Fig. 2). This drying niche-
based group included terrestrial species (e.g., Alternaria sp.) (Table 1;
Fig. 2). Finally, the fourth drying niche-based group was made of drying
specialists (mean OMI: 13.16, mean tolerance: 76.32; mean OMI Axis 1:
0.56) (Table 1; Fig. 2). This drying niche-based group included Volucrispora
graminea, Tetrachladium marchalianum, Mycocentrospora acerina and
Isthmotricladia sp. We found higher drying tolerance in generalists and
drying-resistant specialists (Table 1).

3.2. Responses of aquatic fungal ecological niches to drying

Generally, aquatic fungal richness showed a decline in sensitive and
partly tolerant taxa over the drying gradient, but partly tolerant taxa
showed less pronounced declines (Fig. 4a). Indeed, sensitive taxa tended
to disappear in streams with >100 dry days within a year, whereas partly
tolerant taxa were able to survive in streams with >100 dry days within a
year (Fig. 4b). Generalist taxa experienced moderate positive or negative
responses, whereas drying specialist taxa showed weak or moderate

Fungal species' ecological strategies (drying niche-based group), specialization (OMI), affinity (OMI Axis 1; annual drying duration and frequency), and associations with or-
ganic matter (OM) decomposition (k, dd ') and fungal biomass (FB) accrual (mg FB gDM ~ ) of aquatic fungal taxa over the drying gradient. Taxa with greater association
with ecosystem functioning are in bold (OM decomposition >0.0010 dd~*; fungal biomass > 5 mg FB gDM ). NA indicates taxa for which niche features could not be

calculated because they appeared at all sites.

Taxon Ecological strategy Specialization (OMI)

Association with FB
(mg FB gDM ™ 1)

Association with OM
decomposition (dd 1)

Affinity (OMI Axis 1)

Lunulospora curvula Sensitive 33.8
Clavariopsis azlanii Sensitive 44.0
Tumularia aquatica Sensitive 64.2
Triscelophorus acuminatus Sensitive 44.0
Clavariopsis aquatica Sensitive 33.1
Campylospora chaetocladia Partly tolerant 19.1
Cylindrocarpon sp. Partly tolerant 22.8
Margaritispora aquatica Partly tolerant 25.6
Helliscella stellata Partly tolerant 25.2
Tetracladium furcatum Partly tolerant 13.3
Fusarium sp. Partly tolerant 21.2
Anguillospora crassa Generalist 4.4
Fusarium culmorum Generalist 1.9
Heliscus submersus Generalist 5.8
Stenocladiella neglecta Generalist 2.7
Alatospora pulchella Generalist 1.8
Lemoniera cornuta Generalist 5.7
Tricladium angulatum Generalist 3.1
Lemoniera terrestris Generalist 8.0
Lemoniera alabamensis Generalist 12.5
Anguillospora rossea Generalist 8.7
Articulospora tetracladia Generalist 17.7
Filosporella annelindica Generalist 30.7
Tetracladium maxiliforme Generalist 2.9
Tetracladium setigerum Generalist 9.0
Heliscus lugdunensis Generalist 10.0
Anguillospora longissima Generalist 20.9
Alternaria sp. Generalist 0.7
Diplocladiella scalaroides Generalist 2.8
Anguillospora furtiva Generalist 3.7
Lemoniera aquatica Generalist 18.0
Alatospora acuminata Generalist 0.0
Flagellospora curvula Generalist 0.0
Volucrispora graminea Specialist 16.2
Tetrachladium marchalianum Specialist 3.9
Mycocentrospora acerina Specialist 14.9

Isthmotricladia Specialist 17.7

-0.89 0.0007 7.22
-1.11 0.0012 8.46
-0.74 0.0013 14.10
—-1.11 0.0012 8.46
—1.00 0.0005 2.99
—0.90 0.0006 6.94
-0.82 0.0010 6.51
—1.04 0.0013 5.04
-0.87 0.0011 8.79
—0.60 0.0009 10.05
—0.58 —0.0001 1.01
-0.41 0.0000 9.37
0.01 0.0002 6.64
—0.40 0.0011 10.06
-0.34 0.0011 9.44
-0.22 0.0007 9.08
-0.28 0.0003 0.10
-0.15 0.0008 2.61
-0.31 —0.0004 4.52
-0.11 0.0013 5.22
-0.27 0.0001 3.43
—0.63 0.0005 7.46
-0.09 —0.0017 —4.30
-0.12 —0.0005 3.01
-0.27 0.0002 3.55
—0.46 0.0015 4.99
-0.17 0.0007 3.85
-0.14 0.0007 8.34
-0.27 0.0009 4.94
0.13 —0.0006 —3.43
0.50 0.0000 2.24
0.00 NA NA
0.00 NA NA
0.50 0.0005 —0.80
0.26 —0.0005 —3.63
0.40 0.0008 —1.60
1.08 —0.0003 —0.39
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Fig. 2. Specialization (OMI; a) and affinity (OMI Axis 1; b) of aquatic fungal species over the drying gradient. The different colours represent the four drying niche-based

groups. Horizontal bars (b) represent the drying niche breadth (drying tolerance).

increases over the drying gradient (Fig. 4a). Both were able to appear even
in ephemeral streams with >200 dry days within a year (Fig. 4b).

3.3. Associations of fungal ecological strategies with ecosystem processes

Fungal species showed contrasting associations with organic matter de-
composition and fungal biomass accrual, where most species showed inter-
mediate values and few of them had larger positive or negative associations
(Fig. 5). We observed that species that belong to drying-sensitive and partly
tolerant niches had higher contributions to organic matter decomposition
(mean effects: 0.0010 and 0.0008 dd ~*, respectively) and fungal biomass
accrual (mean effects: 8.24 and 6.39 mg FB gDM ~ %, respectively), than gen-
eralists (mean effects on decomposition: 0.0003; mean effects on FB:
4.56 mg FB gDM 1) (Table 1). Drying-specialists had the lowest association
with both ecosystem processes, eventually exhibiting a negative correla-
tions with fungal biomass accrual (mean effects on decomposition:
0.0001; mean effects on FB: —1.61).

4. Discussion

Our findings confirm that drying emerges as the dominant abiotic factor
regulating the composition of aquatic fungi in IRES. In parallel, our results
reveal four groups of aquatic fungi showing contrasting distributions and
responses over the drying gradient: drying-sensitive, partly tolerant to dry-
ing, generalist and drying-specialist. We also found that species belonging

to sensitive and partly tolerant niche-based groups had a potentially higher
contribution to both ecosystem processes than generalists and drying
specialists, suggesting a functional trade-off between drying-resistant
strategies and the energy invested in growth and reproduction. Taken to-
gether, our results suggest that increased drying may jeopardise aquatic
fungal capacity to guarantee ecosystem functioning and to maintain bio-
geochemical cycles despite their ability to cope with drying.

In accordance with our first hypothesis, we found that drying duration
and frequency were the most influential variables upon aquatic fungal
niche differentiation even when we considered the background of environ-
mental variability. These results are aligned with previous studies showing
that aquatic fungal communities experience shifts in richness and composi-
tion when exposed to drying (Arias-Real et al., 2022b; Gionchetta et al.,
2020a; Schreckinger et al., 2021). Moreover, it is recognized that the
occurrence and survival of aquatic fungi are controlled by environmental
factors, such as oxygen availability (Medeiros et al., 2009), temperature, in-
organic nutrient concentration and conductivity (Duarte et al., 2017;
Goncalves et al., 2016; Gulis et al., 2019; Larned et al., 2010; Pascoal
et al., 2005), which are affected during flow reduction and drying. The
fact that most aquatic fungi are highly responsive to changes in nutrient
concentrations, water availability and UV radiation together with their in-
timate association with the substrate they colonize reinforces the idea of
drying as the main driver of aquatic fungal distribution. Nonetheless,
these variables, which were represented by the second OMI axes, were
less influential in fungal species distributions than the drying descriptors.
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Fig. 3. Distribution of the four drying niche-based groups over gradients of drying
affinity (OMI Axis 1) and specialization (OMI). Drying niche affinity is
represented by the first axis of the drying space, which was positively correlated
with annual drying duration and dying frequency.

In addition, the distribution of aquatic fungi depends on their dispersal
and colonization capacity, which may be constrained during flow cessation
and drying (Duarte et al., 2015; Gessner et al., 2010; Gulis, 2001; Read
et al., 1992). In terrestrial ecosystems, dispersal limitation is more impor-
tant than abiotic filtering (deterministic process) in shaping fungal commu-
nity structure (Cline and Zak, 2014). Microbial dispersal can be favoured by
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certain conidial traits that enhance mobility and passive transport (Evans
et al., 2017). This suggests that the size and shape of conidia may be rele-
vant for aquatic fungal distribution over the drying gradient. For instance,
species with filiform spores, such as Flagellospora curvulla or Angillospora
longissima (generalist niche-based group), are able to disperse in interstitial
water by moving into the sediments to protect their mycelia and propagules
during drying (Ghate and Sridhar, 2015). However, species with branched
(Clavariopsis aquatica and Triscelophorus acuminatus), tetraradiate
(Clavariopsis azlanii), sigmoid (Lunulospora curvula), and fusiform/rhomboid
compact (Tumularia aquatic) morphologies have lower dispersal capacity in
sediment, making them more vulnerable to drying (Cornut et al., 2014).
Our analyses found four ecological strategies that segregated over the
drying gradient, matching our second hypothesis. As found for other
stressors, such as salinity or pollutants, long-term exposure to recurrent
drying events has favoured the development of ecological strategies that
segregate niches and taxa over the drying gradient (Grossart et al., 2022;
Gutiérrez-Canovas et al., 2013). In our study, we found that some species
specialized in both extremes of the gradient (drying sensitive vs. drying spe-
cialists) or develop different degrees of tolerance that made them capable to
tolerate a wider range of drying conditions (partly tolerant to drying and
generalists). Previous studies have demonstrated that communities can
shift towards a more drying specialized community able to develop specific
drying-resistant life strategies (Jones and Lennon, 2010; Shade et al.,
2012). These community changes are characterized by a decrease in taxa
sensitive to drying and an increase in the proportion of generalists and spe-
cialists over the drying gradient (Allison and Martiny, 2008; Gionchetta
et al., 2020b; Wallenstein and Hall, 2012). For instance, in our study,
Leotiomycetes were largely dominated by generalists and drying specialist
niche-based group, which include several endophytes and root symbionts
(Quandt and Haelewaters, 2021; Selosse et al., 2008). In fact, we observed
that >35 % and 25 % of generalists and drying specialist niche-based
groups, respectively, are root endophytes. This reinforces the idea that
some aquatic fungi could have a dual life cycle, including a terrestrial
phase as an endophyte with some dormant structures or in roots exposed
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Fig. 4. Bar (a) and scatter (b) plots responses of each drying niche-based group to annual drying duration.
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Fig. 5. Histograms and boxplots showing the frequency distribution of aquatic fungal associations with organic matter decomposition (a) and fungal biomass accrual (b).

to water, which could be a desiccation-resistance life strategy that allows
them to survive in IRES (Bérlocher, 2009; Lusk, 2008; Sridhar, 2009).

Although fungi are ubiquitous and resistant (Coleine et al., 2022), our
study showed that IRES are inhabited by generalists and few well-
adapted (drying-specialized) fungi. Thus, the generalist niche emerged as
a successful strategy in IRES as occurred with other natural stressors
(Arribas et al., 2018). The dominance of generalist taxa within communi-
ties suggests that evolution had selected those traits able to cope with
stressful conditions but also to be successful when flow returns. This behav-
iour may be explained by a combination of complementary traits that
enable niche complementary and species coexistence (Naeem and Wright,
2003).

Matching our third hypothesis, we found that drying niches exhibited
contrasting associations with ecosystem processes, with drying resistant
taxa (partly-tolerant to drying, generalist and drying specialists) showing
lower values. This can be explained because drying adaptations such as
down regulation of metabolic activity or entry in dormancy involve meta-
bolic cost (Frossard et al., 2012; Gessner et al., 2010), which can reduce spe-
cies performance. Indeed, we showed that species belonging to the drying-
sensitive and partly tolerant niche-based groups might include the most
productive taxa, suggesting a trade-off between fungal biomass production
vs. efficiency to cope with drying. On average, taxa belonging to dying-
sensitive and partly tolerant niche-based groups showed the highest associ-
ations with organic matter decomposition. Thus, variation in fungal

community composition was accompanied by changes in fungal ecological
strategies with possible consequences for ecosystem processes. The skewed
distribution of freshwater fungal species towards positive values (Fig. 5)
may reflect that both complementarity and selection effects are important
to sustain ecosystem processes (Duarte et al., 2006). As such, our results
complement previous research showing that fungal richness correlates pos-
itively with organic matter decomposition and fungal biomass accrual
(Arias-Real et al., 2020, 2022b; Gessner et al., 2010).

In particular, extreme association values may indicate the existence of
keystone species with disproportionately large effects on ecosystem
functioning (Duarte et al., 2006), which might display a drying sensitive
behaviour. Thus, the combination of highly performing taxa and niche
complementarity in streams with permanent flow may explain the higher
levels of ecosystem functioning. Our estimation of multi-species associa-
tions with two ecosystem processes provides a realistic perspective that
complements insights obtained from manipulative approaches that focused
on a reduced number of taxa and environmental conditions (Duarte et al.,
2006; Graca et al., 2022).

However, we need to consider some limitations which are inherent to
the correlative nature of our approach. For example, the estimation of asso-
ciations with ecosystem functioning might be overestimated in rich com-
munities, where complementarity effects also influence ecosystem
processes. Also, our correlative approach cannot tease apart the influence
of abiotic variation in species performance.
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Future studies, including functional metagenomics and trait-based ap-
proaches, may enable a better predictive capacity of aquatic fungi contribu-
tion to ecosystem functioning under field conditions.

5. Conclusions

Our study contributes to a better understanding of how drying stress can
alter fungal communities and their contribution to ecosystem functioning.
Combined with high-resolution hydrological, our niche-based approach re-
sult can be helpful to analyse the ecological adaptation of fungi to drying
and, consequently, to understand how aquatic fungi will respond to the ex-
pected increase in drying duration and frequency. Our study revealed that it
is critical to understand aquatic fungal patterns across drying gradients to
better understand how ecosystems respond to global change and to include
aquatic fungi in global biogeochemical models.
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