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Abstract: Aquatic fungi are highly diverse organisms that play a critical role in global biogeochemical
cycles. Yet it remains unclear which assembly processes determine their co-occurrence and assembly
patterns over gradients of drying intensity, which is a common stressor in fluvial networks. Although
aquatic fungi possess drying-specific adaptations, little is known about how functional similarity
influences co-occurrence probability and which functional traits are sorted by drying. Using field
data from 15 streams, we investigated how co-occurrence patterns and assembly processes responded
to drying intensity. To do so, we determined fungal co-occurrence patterns, functional traits that
best explain species co-occurrence likelihood, and community assembly mechanisms explaining
changes in functional diversity over the drying gradient. Our results identified 24 species pairs with
positive co-occurrence probabilities and 16 species pairs with negative associations. The co-occurrence
probability was correlated with species differences in conidia shape and fungal endophytic capacity.
Functional diversity reduction over the drying gradient is generally associated with non-random
abiotic filtering. However, the assembly processes changed over the drying gradient, with random
assembly prevailing at low drying intensity and abiotic filtering gaining more importance as drying
intensifies. Collectively, our results can help anticipate the impacts of global change on fungal
communities and ecosystem functioning.

Keywords: aquatic hyphomycetes; co-occurrence patterns; drying events; flow intermittence;
functional diversity; functional traits

1. Introduction

Aquatic hyphomycetes are one of the most diverse groups of aquatic fungi that influ-
ence multiple freshwater ecosystem functions [1–3]. In particular, these microorganisms
process large amounts of terrestrial and aquatic detritus (i.e., leaf litter, leaves, needles,
twigs, and branches of terrestrial plants) [1], becoming essential players in carbon process-
ing [4–6], nutrient cycling [7], and energy transfer to higher trophic levels [8,9]. Among
freshwater habitats, aquatic fungi are primarily found in streams and rivers [2,10] because
their reproductive systems and dispersal capacities rely on flowing water [11–13]. Flu-
vial ecosystems are now exposed to increasing duration and frequency of drying events
due to climate change and overexploitation of freshwater resources [14,15], thus posing
a risk to aquatic hyphomycete biodiversity and their functional contribution. Therefore,
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understanding the ecological mechanisms that shape fungal communities in response to
drying is required to anticipate and mitigate biodiversity loss and functional changes in
freshwater ecosystems.

Currently, more than half of the global draining networks present watercourses that
dry out at some point during the year [16], and their spatial extent is expected to increase be-
cause of water scarcity and climate change [17,18]. Thus, intermittent rivers and ephemeral
streams (IRES) offer an unparalleled opportunity to explore changes in functional diversity
and community assembly mechanisms over drying gradients. Studies based on functional
traits provide new research avenues to understand how drying events affect aquatic fungal
communities by revealing their mechanisms to cope with drying [19,20]. For instance,
trait sorting is expected to explain compositional changes during dry–wet cycles [21,22],
favoring species with drying-resistant features. Specifically, some aquatic fungi have a
short life cycle that enhances reproductive capacity [23] and has specialized strategies for
resistance against desiccation stress [24]. An additional challenge to survive in drying
watercourses is to protect and disperse mycelia and propagules [5,25,26]. To date, it is
known that aquatic fungi can cope with drying conditions as endophytes in roots exposed
to water and within riparian vegetation (e.g., on leaves and in tree holes) [13,26–29]. Fur-
thermore, their hyphae may cross air-filled sediment pores to access nutrients and water
during drying [30], with the potential to survive on the streambed sediment or hyporheic
zone. Drying-mediated shifts in functional trait composition can modify biotic interactions
and species co-occurrence patterns, thus affecting community assembly and ecosystem
functioning [31]. However, little is known about which fungal traits are sorted by drying
events and which assembly processes determine changes in fungal communities over the
drying gradient.

Aquatic fungi are commensal microorganisms that establish rich communities and can
show positive, negative, or neutral co-occurrence patterns between species [19,32]. These co-
occurrence patterns simultaneously reflect the interactions between organisms (i.e., biotic
interactions that depend on the identity and life strategies of organisms) and environmental
effects (i.e., abiotic or environmental filtering) [33]. Specifically, co-occurrence patterns
may reveal the extent to which groups of organisms share habitat preferences [32] and the
extent of interspecific interactions (i.e., interactions occur when the presence/absence of a
species has some influence on the occurrence of another). In addition, other factors, such as
organism dispersal and colonization capacities, can influence co-occurrence patterns [34,35].
Such patterns are expected to change over abiotic stress gradients (e.g., the stress gradient
hypothesis) [36,37]. Community assembly processes reflect two opposing forces that oc-
cur simultaneously, which stabilize communities and maintain diversity and ecosystem
functioning [33,38]. First, functionally similar species can be constrained when they show a
strong overlap in resources, leading to competitive exclusion [39]. This limiting similarity
mechanism tends to reduce competition by diversifying niches, resulting in higher func-
tional diversity than expected by chance [40]. Second, species can be more functionally
similar than expected by chance when abiotic filtering constrains the range of successful
functional trait profiles in a community [41]. However, evidence of fungal species inter-
actions and assembly processes are based on manipulative experiments in which fungal
diversity and abiotic variations are artificially reduced [20,42,43]. Consequently, the degree
to which drying affects the assembly processes of fungal communities in IRES and the
associated alterations in their taxonomic and functional diversities remain unclear. Thus,
realistic studies exploring the co-occurrence patterns and assembly processes of naturally
assembled communities along drying gradients are crucial for predicting the consequences
of flow reductions in freshwater ecosystems.

Using aquatic fungal communities collected from 15 streams, we investigated how
co-occurrence patterns and assembly processes changed across a wide gradient of annual
drying, ranging from 0 to 340 dry days. The specific objectives of this study were (1) to
characterize the co-occurrence patterns of aquatic fungi over the drying gradient by de-
termining the number of species pairs with positive, negative, and neutral co-occurrence
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patterns; (2) to assess which functional traits best correlate with species co-occurrence
probabilities; and (3) to explore which assembly processes (limiting similarity and abiotic
filtering) explain changes in functional diversity along the drying gradient. Overall, we
hypothesized that traits conferring resistance to desiccation would mediate fungal species
assembly patterns, which are expected to shift from the prevalence of limiting similarity or
random assembly to strong abiotic filtering as drying intensifies.

2. Materials and Methods
2.1. Sampling Sites and Study Area

The sampling sites included 15 low-order and independent streams located in eight
main river basins in the Catalonia region (NE Spain, Table S1). The selected sites covered
a drying gradient, whereby the annual drying duration ranged from 0 to 340 days and
a frequency of drying up between one and eight times per year. Primary local land uses
include forest, scrubland, grasslands, and extensive agriculture (i.e., olive groves and
vineyards), which characterize the study area (CORINE Land Cover 2006, buffer ~1 km).
The climate of the region is typically Mediterranean with dry and warm summers, and
precipitation occurs mainly during the spring and autumn. Fieldwork was conducted from
February 2016 to February 2017 (see details in Section 2.2).

2.2. Hydrological and Drying Stress Characterization

The hydrological conditions of each sampling location were based on the daily varia-
tion in the streambed temperature and water level of the sampled spots. To estimate the
annual hydrology of the study sites (i.e., from February 2016 to February 2017) one year
prior to the sampling campaign, we placed temperature and water level data loggers at
each sampling site (ACR SmartButton Logger, MicroDAQ, Concord, NH, USA; Solinst
Levelogger Gold Model 3001, Solinst, Georgetown, ON, Canada). Data loggers recorded at
hourly intervals for one year. Once the temperature data were retrieved, we performed
a fifth-order moving average to smoothen the daily differences. We standardized each
value with a fixed value per month, using data from field observations, data from meteoro-
logical stations (Servei Meteorològic de Catalunya; http://www.meteocat.es, accessed on
10 December 2022) near each site, and water level data from leveloggers. We corrected the
occasional similarity between streambed temperature and air temperature during autumn
and spring using precipitation data from meteorological stations. Once the data loggers
were retrieved, we calculated the annual drying duration as the total number of zero-flow
days within a year [44].

2.3. Aquatic Fungi Assemblages and Fungal Traits

Conidia of aquatic fungi (i.e., aquatic hyphomycetes) were sampled immediately after
the rainy season in February 2017 to ensure that all streams were in the flowing phase.
We collected fungal conidia samples with a sterile spoon from freshly accumulated white
foams within 100 m stretches in each stream. Foams concentrate aquatic fungal spores,
offering a cost-effective opportunity to characterize the structure and diversity of aquatic
fungi [45]. Foams were then transferred to sterile glass bottles and fixed with formaldehyde
(4%). Once in the laboratory, 5 mL of each foam sample was filtered through 5 µm pore-size
membrane filters (Cellulose Nitrate Membrane Filters, Whatman), and stained with a 0.1%
Trypan Blue solution in lactic acid. The surface of the filter was then scanned under a light
microscope (400x) and whenever possible, aquatic fungi were identified at the species level
based on their conidial morphology and dimensions. Aquatic fungal species were recorded
as presence–absence data.

To characterize their functional traits, based on published literature, we compiled
a database including six traits related to resistance to drying (Table 1). In particular, we
selected the primary lifestyle, decay substrate, habitat, preference for tree-holes availability,
endophyte capacity, and conidia shape, which included 20 trait categories for the 71 species
found across the gradient (Table 1) [27,30,46–49].

http://www.meteocat.es
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Table 1. Functional traits selected, including trait categories and their expected relationship with
drying based on published literature. Positive or negative relationships with drying are indicated by
the “+” or “−” symbols, respectively.

Trait Category Relationship Drying Effect References

Primary lifestyle

Litter saprotrophic −

Drying causes early leaf abscission affecting their
basal resource

[50–52]

Wood saprotrophic +

Plant pathogenic +

Mycoparasite +

Decay substrate

Litter −

Root +

Wood +

Habitat
Aquatic −

Drying favors non-aquatic fungi [52,53]
Non-aquatic +

Tree-holes
Yes + Tree-holes offer an alternative aquatic habitat

during drying [28,54,55]
No −

Endophyte capacity
Yes + Capacity to inhabit plant roots or leaves provides

independence from drying [26,27,56,57]
No −

Conidia shape

Branched −

Conidia/spore shape determines fungal dispersal
ability within streambed sediments, which allows
them to survive during the dry phase and become

physiologically active in the wet phase

[13,26,29,30]

Tetraradiate −

Filiform +

Sigmoid −

Compact −

Clove-shaped −

Spore shape Ascospores +

2.4. Data Analysis

We calculated co-occurrence patterns along the drying gradient based on the pres-
ence/absence records of aquatic fungi for each site, using the cooccur R package and
function. This function uses a probabilistic model to estimate the likelihood of each species
pair occurring less or more often than expected, assuming independent species distri-
bution [58,59]. In this analysis, we identified positive associations when the observed
frequency of co-occurrence was significantly higher than expected, negative associations
when the observed frequency was significantly lower than expected, and random as-
sociations when their probability was not significant from the model [58]. To infer the
mechanisms driving positive and negative co-occurrence, fungal species were classified into
four groups (drying sensitive, partly tolerant, specialist, and generalist) using a k-means
clustering procedure based on their niche specialization and affinity [60]. These variables
were obtained using an Outlier Mean Index (OMI) analysis. OMI analysis describes species
niches along environmental gradients, assuming equal weights at all sites, regardless of
their species richness [61].

To explore the functional dissimilarity across fungal species, we used principal coor-
dinate analysis (PCoA) based on a fuzzy-coded adapted Gower dissimilarity matrix [62]
derived from the six fungal traits. We retained the first seven functional axes because they
explained 82.1% of the Gower dissimilarity matrix, ensuring an appropriate representation
of this 7-dimensional space [63].

To evaluate which fungal traits influenced the co-occurrence probability, we applied
Mantel-tests (vegan R package) [64]. We first correlated the probability of occurrence of each
pair of fungal species with their functional dissimilarity based on each of the six functional
traits. To do so, we calculated a matrix of species-by-species functional dissimilarities for
each trait using the fuzzy-coded adapted Gower index [62]. A positive association between
the probability of species occurrence and their functional dissimilarity indicates that species
with lower functional similarities tend to co-occur more frequently, which is congruent
with the limiting similarity mechanism.
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To analyze whether the community assembly processes (limiting similarity vs. abiotic
filtering) changed over the drying gradient, we calculated a functional diversity metric
(functional richness) and performed null models. Functional richness was calculated as the
hypervolume filled by each community in the 7-dimensional trait space (PCoA). Functional
richness increases in the presence of extreme trait combinations, which is a proxy for trait
range. These analyses were conducted at two scales: communities (n = 15) and commu-
nity aggregations, considering three meaningful segments over the drying gradient [65]:
permanent-flow watercourses (annual dry days = 0, n = 5), intermittent streams (annual
dry days ranging from to 1–200, n = 7), and ephemeral streams (annual dry days > 200,
n = 3). These thresholds have proven useful in distinguishing the main ecological strategies
of animal and microbial communities over the drying gradient [60–65]. In addition, these
two scales were used to understand the main community assembly process in response to
drying (community) and whether this mechanism is maintained at the three main segments
of the gradient (community aggregations). Then, based on the 7-dimension functional trait
space, we quantified the functional richness [66] of the 15 communities and their three ag-
gregations over the drying gradient (permanent-flow, intermittent streams, and ephemeral
streams). Finally, to determine whether the assembly processes changed over the drying
gradient, we first compared the observed functional richness of the three aggregations
with those obtained for 999 randomly assembled communities. Second, we compared
the drying effects (estimated as Spearman’s correlation coefficients) between the observed
and randomized functional richness of the 15 communities. This procedure allowed us
to understand whether drying reduced the functional diversity more than expected by
chance over the entire gradient (abiotic filtering). For each of the 999 randomizations, we
randomly reassigned functional traits to each species (maintaining constant community
richness and species occurrence) and calculated the functional richness. We examined the
statistical significance of the null model by determining the standardized effect sizes (SES)
and the proportion of randomized values that were below or above the observed values at
α = 0.05. Positive and significant p-values may indicate limiting similarity (more functional
diversity than expected by chance), whereas negative and significant p-values may reflect
abiotic filtering (less functional diversity than expected by chance).

3. Results

The studied streams covered a wide drying gradient, from permanent rivers (i.e.,
absence of zero-flow days within a year) to ephemeral streams (with a maximum of
340 zero-flow days and eight zero-flow periods within a year). The mean drying duration
was 91.1 zero-flow days, and the mean drying frequency was 2.1 zero-flow periods. A total
of 71 fungal species were found in the 15 sampled streams and their occurrence patterns
varied among sites, revealing a maximum occurrence of 30 species in a permanent stream
and a minimum of 12 species in the most ephemeral stream. Among the 71 fungal species,
Alatospora acuminata and Flagellospora curvula occurred at all the sites.

3.1. Co-occurrence Patterns of Aquatic Fungi

The co-occurrence analysis included 810 species pairs (out of 2485) that co-occurred in
at least two sites. Non-random co-occurrence patterns covered 5.2% of the total, and were
present in 42 pairs of species pairs. Among them, 3.1% of species pairs showed significant
positive associations (i.e., more co-occurrences than expected, assuming an independent
species distribution), whereas 2.1% depicted a significant negative association (i.e., fewer
co-occurrences than expected, assuming an independent species distribution) (Figure 1).
The majority of species pairs showed random co-occurrence patterns (94.8%).
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Figure 1. Heatmap showing significant co-occurrence probabilities among pairs of aquatic fungal
species across the drying gradient. Colored squares next to species names represent their drying
preferences and specializations: drying sensitive (pink), partly tolerant (blue), specialist (red), and
generalist (green) [60]. Note that the black square indicates no information regarding the drying
preference and specialization.

The species showed contrasting co-occurrence patterns depending on their drying
niches (Figure 1). Whereas positive co-occurrences dominated in pairs, including either
sensitive or partly tolerant species, drying specialists only displayed negative co-occurrence
patterns. In contrast, generalists showed intermediate patterns with similar proportions
of positive (8) and negative (7) co-occurrences. Sensitive species showed positive co-
occurrences patterns with other drying-sensitive (3), partly tolerant (5), and generalist
species (3). The sensitive species showing the most positive co-occurrence was Lunulospora
curvula (4). Sensitive species showed negative co-occurrence patterns in only two cases,
and both were associated with drying specialist species. Species that were partly tolerant
to drying showed positive co-occurrence patterns in combination with drying-sensitive
(5) and generalist species (6). Campylospora chaetocladia and Helliscella stellata were partly
tolerant species with more positive co-occurrences (four each). Drying specialists showed
negative co-occurrence patterns, mainly in association with generalists (4). The drying
specialist Tetrachladium marchalianum most frequently shows negative co-occurrence with
other species (5). Among generalists, Tetrachladium maxiliforme showed the most positive co-
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occurrences (4), whereas Alatospora pulchella showed the most negative co-occurrences (7).
All negative co-occurrence patterns for species pairs with similar drying niches occurred
among generalists. Examples include the pairs formed by A. pulchella and A. acuminate, and
A. pulchella and Anguillospora crassa.

3.2. Functional Dissimilarity and Co-occurrence Patterns across Fungal Species

Fungal species were ordered in a functional space of seven dimensions that explained
82.1% of the original variance (Figure 2, see Table S2 for further details). The first axis
explained 24.0% of the variance and was positively correlated with litter saprotrophic
lifestyle (r = 0.54) and negatively correlated with plant pathogenic lifestyle and endophyte
capacity (r = −0.60 and r = −0.88, respectively). Axis 2 explained 15.2% of the variance and
was positively correlated with plant pathogenic lifestyle (r = 0.50) and negatively correlated
with a litter saprotrophic one (r = −0.75). Axis 3 explained 12.0% of the variance and was
positively correlated with branched conidian shape (r = 0.67), whereas axis 4 explained
11.7% of the variance and was positively correlated with non-aquatic habitat (r = 0.82). Axis
5, explaining 7.7% of the variance, was negatively correlated with tree-holes (r = −0.71) and
axis 6 explained 6.17% of the variance, being positively correlated with wood saprotrophic
lifestyle (r = 0.58). Axis 7, which explained 5.3% of the variance, was positively correlated
with the conidian tetraradiate shape (r = 0.79).
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Figure 2. The PCoA ordination describes the functional space (blue) of the 71 aquatic fungal species
and illustrates the reduction in functional diversity across the increased drying conditions from
locations with permanent flow (light red polygon) to those with intermittent (dark red polygon) and
ephemeral (yellow polygon) flow.

Increased drying conditions reduced functional diversity in such a way that fungal
communities located in habitats with permanent flow occupied a wider functional space
than communities inhabiting intermittent rivers and ephemeral streams (Figure 2).



Diversity 2023, 15, 289 8 of 14

Among all six fungal traits, species functional dissimilarities based on conidia shape
(Mantel r = 0.13, p = 0.004) and fungal endophytic capacity (Mantel r = 0.07, p = 0.033)
significantly influenced co-occurrence patterns (Table S2). As such, those species pairs with
lower similarity in terms of conidia shape and endophytic capacity tended to co-occur
more frequently across the drying gradient.

3.3. Functional Diversity and Community Assembly across the Drying Gradient

Null models showed that communities occurring in permanent watercourses (annual
dry days = 0) had more functional richness than expected by chance (SES = 1.79, p = 0.010),
whereas communities occurring at ephemeral sites (annual dry days >200) had less func-
tional richness than expected by chance (SES = −1.67, p = 0.045). Communities inhabiting
intermittent streams (annual dry days between one and 200) showed functional values
indistinguishable from null expectations (SES = −0.73, p = 0.237) (Figure 3).
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Figure 3. Plots showing the responses of aquatic fungal species functional richness (right panel) and
taxonomic richness (left panel) to annual drying duration (annual dry days). Spearman correlation
(rS) and significance are also shown (**: p-value < 0.05, ***: p-value < 0.01). Functional richness and
species showed a positive and significant correlation (rS = 0.76; p-value: 0.001).

Drying caused a stronger decline in functional richness (rS = −0.81, p < 0.001) than
in species richness (rS = −0.55, p < 0.006) (Figure 3). Over this drying gradient, functional
richness declined more than expected by chance (SES = −1.94, p = 0.007).

4. Discussion

Our results demonstrated that drying stress shapes the co-occurrence and assembly
processes of aquatic fungi. We found that only a fraction of fungal co-occurrence was
non-random and that conidia shape and endophytic capacities explain the probability of
species co-occurrence. In addition, our null model results indicate that drying intensity
controls species co-existence by switching assembly processes over the drying gradient.
Thus, competition-avoiding strategies limit species similarity in permanent-flow commu-
nities resulting in a functional diversification, whereas stress-avoiding processes under
intense abiotic filtering cause a drastic loss of functional diversity. Collectively, our find-
ings can help to better understand the effects of drying on aquatic communities and the
consequences for ecosystem functioning.

4.1. Fungal Co-occurrence Patterns over the Drying Gradient

We found that the co-occurrence patterns of fungal species were strongly influenced
by their drying preferences and specialization. Positive interactions were more common for
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fungal species occurring at low drying intensities, as more habitats were likely to be present
as well as less competitive exclusion; therefore, taxonomic and functional diversity were
maximized. Although species inhabiting diverse environments are expected to compete
more strongly for resources [33,40], our results showed stronger support for facilitative
interactions for sensitive and partly tolerant species [67,68]. To avoid competition, fungal
species might have promoted the spatiotemporal segregation of their niches by focusing
on different organic substrates [69,70]. Such microhabitat partitioning could give rise to
strong complementarity and foster organic matter cycling, biomass production, and en-
ergy transfer to higher trophic levels of the ecosystem level [5,8,43]. In contrast, negative
interactions among generalists may reflect potential competitive interactions [60]. Some
studies have found that generalist species tend to be more competitive than specialists, thus
giving rise to competitive exclusion [71]. The fact that drying specialists only displayed
negative interactions with drying-sensitive and generalist taxa could also be explained by
species segregation due to different habitat preferences [72]. The persistence of natural
stressors over geological time fosters species specialization for short portions of the stress
gradient [73,74], promoting community differences explained by species turnover [5,75].
From an eco-evolutionary perspective, thriving in stressful environments provides advan-
tages, such as reduced competition, but also requires specific adaptations and increased
energy consumption to cope with stress [76,77]. Specifically, drying has a negative effect on
the performance of aquatic fungi [3,78,79], affecting their reproductive capacity [13] and
survival, depending on the availability of organic substrates [26].

Differences in conidia shape and endophytic capacity were the best predictors of
co-occurrence probability among fungal species pairs. This result reinforces the role of func-
tional traits mediating species co-occurrence along stress gradients [35,80,81]. Specifically,
these traits seem to provide drying resistance by conferring advantages in such stressful
environments, thus potentially allowing them to thrive under abiotic filtering mechanisms
that shape community assembly. In this context, some conidia shapes, such as filiform
spores, may be passively transported into sediments during dry periods [12,82–84], which
represents a major challenge for aquatic fungi dispersal during flow cessation. On the other
hand, endophytic capacity explained species co-occurrences to some extent, supporting the
hypothesis that certain aquatic fungi could have a dual life cycle as a desiccation-resistance
life strategy in IRES [13,28]. It is well known that aquatic fungi have evolved different
life-history strategies in response to drying as a result of specialized physiological and life-
history traits. In this way, a dual life cycle and functional adaptations such as hydrophobic
cell walls have emerged as potentially successful strategies to cope with drying [24,85,86].

4.2. Assembly Processes of Fungal Communities over the Drying Gradient

Our results showed a clear shift in community assembly patterns over the drying
gradient. Specifically, limiting similarity patterns gave rise to over-dispersed trait profiles in
permanent-flow streams, whereas abiotic filtering limited the trait range in most ephemeral
streams (>200 dry days). These contrasting assembly processes seem to mirror a strong
change in the dominant forces shaping community assembly, consistent with the Stress
Gradient Hypothesis [36,37]. Under benign conditions, competition for resource acquisition
is the main challenge for species and niche diversification can be a successful strategy for
stabilizing communities and avoiding competition [33,38]. When stress intensifies, biotic
interactions tend to weaken and abiotic stress becomes the major filter [87,88]. Drying
stress can act on either individual traits or trait combinations [89,90] resulting in increased
functional similarity among species, which reduces functional diversity.

We also found that drying caused a functional trait decline greater than expected by
chance and that species loss seemed to disproportionally reduce functional richness. These
patterns indicate that the most functionally unique species of aquatic fungi are rapidly
extirpated by drying [91], resulting in functional homogenization of the communities under
stressful drying conditions. Because of their dependence on extreme trait values, functional
richness reductions are ideal for identifying the loss of functionally unique species [66]. In
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addition, these results suggest reduced functional redundancy of aquatic fungi, which may
tend to show contrasting trait profiles to avoid competition. Other studies exploring the
relationship between taxonomic and functional diversity in microbes also found reduced
functional redundancy [92,93], but this is far from a universal rule [94]. Our results are
also relevant to understanding the functional consequences of biodiversity loss in a climate
change context, where drying events are more intense and frequent. Loss of functional
diversity can partly explain the reductions in organic matter decomposition, biomass
production, and reproductive capacity in fungal communities exposed to drying [22,95].
Both manipulative and observational studies have found that niche complementarity
effects across fungal species play a critical role in enhancing ecosystem functioning [5,43].
In addition, reduced functional redundancy can be related to stronger functional sensitivity
to biodiversity loss [96].

Taken together, our findings show that species co-occurrences and assembly processes
are strongly influenced by drying intensity and that functional traits mediate their responses
to drying. We also found that drying caused a reduction in functional diversity, explained
by non-random trait sorting, which can compromise stream functioning as drying events
become more intense and frequent as climate change intensifies. This study can help to
better understand the responses of communities and ecosystem functioning to drying
stress in the context of widespread increases in flow reduction and intermittency across
fluvial networks.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/d15020289/s1, Table S1: Geographical and basin characterization of the
studied sites; Table S2: Pearson correlation coefficients between functional space PCoA axes and
original trait categories.
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