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ABSTRACT

Aim: Understanding the joint influence of natural disturbance regime, connectivity and biogeography on the seasonal variation
of community structure.

Location: Drying river networks (DRN) in Europe.

Time Period: Present.

Major Taxa Studied: Aquatic macroinvertebrates.

Methods: We analyse the taxonomic and trait structure of 638 macroinvertebrate communities sampled across 125 reaches with
perennial and intermittent streamflow, surveyed in six DRNs across Europe, up to six times over 1 year.

Results: Richness and trait diversity of macroinvertebrate communities decreased with increasing drying frequency, but in-
creased with spatio-temporal connectivity in reaches with long drying events. Communities experiencing frequent drying events
had higher relative abundance of taxa with a long lifecycle and drying resistance traits. Communities experiencing long drying
events compensated by high spatio-temporal connectivity, and had more taxa with high fecundity and high dispersal ability.
Taxa richness peaked in summer but that pattern was more prominent when drying frequency was high. Trait diversity de-
creased throughout the year, showing increasing abiotic stress as the year progressed. Communities changed from communities
of mobile, fecund, short-lived taxa in spring and autumn to communities of long-lived taxa in summer. However, when drying
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frequency increased, autumn communities shifted towards communities of long-lived taxa. Macroinvertebrate community trait

structure changed across Europe. It opposed communities from Mediterranean and/or upland DRNs (with more fecund and

mobile taxa) to lowland DRNs (with more long-lived taxa).

Main Conclusions: Frequency and duration of drying events and spatio-temporal connectivity drive divergent macroinverte-

brate community structures, suggesting the presence of an ecological threshold that explains the variability of disturbed ecosys-

tems across broad spatial scales. These factors also influence seasonal variations, with macroinvertebrate communities shaped

by distinct trait-filtering processes throughout the year based on drying frequency. Ultimately, spatio-temporal connectivity

plays a crucial role in sustaining species richness and trait diversity in reaches experiencing intense drying.

1 | Introduction

Global change is profoundly altering natural disturbance
regimes and seasonal climatic variability, with dramatic ef-
fects on biological communities (Harris et al. 2018; Heino
et al. 2009). Natural disturbances—recurring events that
cause sudden population mortality (Jentsch and White 2019;
Miller et al. 2011) modify abiotic conditions, altering niche
processes and disrupting habitat connectivity, which in-
fluences dispersal (Jacquet et al. 2022). Seasonal variability
causes temporal fluctuations in environmental conditions, af-
fecting species' life cycles and interactions (Mellard et al. 2019;
Pau et al. 2011). Integrating these factors in the analysis of
communities and understanding how they vary across biogeo-
graphical regions is essential to accurately forecast biodiver-
sity responses to climate change (Holyoak et al. 2020; Tonkin
et al. 2017).

Drying river networks (DRNs) provide an ideal system for study-
ing these ecological processes. Representing a significant por-
tion of global river systems, DRNs are crucial to maintaining
biodiversity and ecosystem functions but face growing threats
from global change (Messager et al. 2021). Intermittent reaches
within DRNs experience drying events (i.e., flow cessation and
resumption), which fragment networks and reduce hydrological
connectivity, creating a shifting mosaic of wet and dry patches
(Cafiedo-Argiielles et al. 2015; Cunillera-Montcusi et al. 2023).
Consequently, DRN communities are shaped by both stochastic
and deterministic processes.

If stochastic processes prevail, meta-community theory
(Leibold et al. 2004) predicts that intermittent reaches tend
to host species-poor, randomly assembled communities due to
local extinctions during drying events and stochastic recolo-
nisation upon flow resumption (Pineda-Morante et al. 2022;
Sarremejane, Mykré, et al. 2017). Loss of hydrological connec-
tivity exacerbates these effects by limiting dispersal, promot-
ing ecological drift and reducing community richness (Carrara
et al. 2014; Jacquet et al. 2022). Conversely, if deterministic
processes prevail, drying and connectivity regimes will drive
differences in macroinvertebrate trait structure, that is, mean
trait values and trait diversity (Crabot, Polasek, et al. 2021;
Gauthier et al. 2021). Some taxa have adapted to drying
events by evolving resistance or resilience traits, and they are
expected to be in higher proportion in intermittent reaches.
For instance, macroinvertebrates, may endure dry phases
through diapause or resistant life stages (e.g., eggs, cocoons).
Based on community trait assembly theory (HilleRisLambers
et al. 2012; Spasojevic et al. 2014), drying events should filter

macroinvertebrate species with adequate resistance traits,
thus decreasing community trait diversity. However, mac-
roinvertebrates may also exhibit resilience traits (e.g., high
dispersal ability, high fecundity or short generation times)
that allow for rapid recolonisation once flow resumes (Datry
et al. 2016; Sarremejane, Cafiedo-Argiielles, et al. 2017). Well-
connected intermittent reaches should support both resilience
and resistance-adapted taxa, resulting in higher trait diver-
sity compared to isolated intermittent reaches (Chester and
Robson 2011).

Knowledge gaps remain regarding how DRN macroinvertebrate
communities assemble across different drying regimes and bio-
geographical regions (but see Crabot, Mondy, et al. 2021; Vander
Vorste et al. 2021). Community assembly may vary across inter-
mittence regimes according to the frequency and duration of dry-
ing events. These variations are driven by climatic factors—such
as the prolonged and frequent drying events characteristic of
Mediterranean climates (Bonada et al. 2007; Tonkin et al. 2017)—
or by geomorphological differences (Foulquier et al. 2024; Vander
Vorste et al. 2021). However, the distinct effects of the frequency
versus duration of drying events on the taxonomic and trait struc-
ture of macroinvertebrate communities across large spatial scales
remain unexplored. Additionally, evolutionary legacies may in-
fluence community structure across DRNs, as Mediterranean
taxa have experienced river intermittence since at least the last
glaciation, whereas temperate taxa have only recently faced sim-
ilar conditions. Mediterranean macroinvertebrate taxa had more
time to evolve traits to cope with extended summer drying and
high flow periods in spring/autumn. Thus, communities from
Mediterranean DRNs likely support a higher number of taxa with
resilience or resistance strategies compared to communities from
temperate DRNs (Belmar et al. 2019; Bonada et al. 2007).

Further research is needed to understand how seasonal varia-
tions shape freshwater macroinvertebrate communities, par-
ticularly regarding trait structure shifts (Woods et al. 2022).
General ecological expectations beyond freshwater communi-
ties suggest that, in intermediate latitudes, taxonomic and trait
diversity peaks in summer as temperatures become favourable,
with abiotic filtering dominating in late winter/early spring
(Mellard et al. 2019; Pau et al. 2011). However, DRNs may devi-
ate from these patterns. Even without complete drying, summer
low flows can cause abiotic stress due to elevated temperatures
and low oxygen levels (Bonada et al. 2020). Consequently, mac-
roinvertebrate communities in intermittent reaches may display
lower trait diversity during the summer because of a stronger
abiotic filtering, as higher abiotic stress selects for similar re-
sistance traits (Spasojevic et al. 2014; Stubbington et al. 2017).
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Additionally, many macroinvertebrates adjust to seasonal hy-
drological changes via short, multivoltine life cycles, often peak-
ing in early summer before intermittent reaches dry (Strachan
et al. 2015).

Despite substantial research on DRN macroinvertebrate commu-
nities, existing studies often have limited spatial and temporal
scope and rarely examine the combined effects of intermittence,
connectivity and seasonality across biogeographical regions. To
address these gaps, we sampled macroinvertebrate communities
up to six times over 1 year across 125 reaches in six DRNs across
Europe. This extensive dataset allowed us to explore how drying
regimes—particularly drying frequency, duration and spatiotem-
poral connectivity—influence seasonal variations in macroinver-
tebrate taxonomic and trait structures across Europe. Our study
aims to identify both general and context-specific drivers of com-
munity assembly in DRNs.

Specifically, we test four hypotheses:

1. Macroinvertebrate communities in reaches with a high
frequency and/or duration of drying events will have
lower individual density, taxa richness and trait diver-
sity due to the filtering of taxa without traits to toler-
ate drying (Sarremejane, Mykri, et al. 2017; Spasojevic
et al. 2014).

2. Macroinvertebrate communities in reaches with a high
frequency and/or duration of drying events but with
greater connectivity to the broader river network will ex-
hibit higher density, taxa richness and trait diversity, with
greater representation of taxa with strong dispersal capa-
bilities, compared to similarly drying but less connected
reaches (Datry et al. 2016; Jacquet et al. 2022; Pineda-
Morante et al. 2022).

3. Frequency and duration of drying events will drive the
seasonal variation of macroinvertebrate communities
(Hershkovitz and Gasith 2013; Sarremejane, Cafiedo-
Argiielles, et al. 2017): frequently drying reaches will show
lower diversity than perennial reaches due to abiotic filter-
ing in summer.

4. Mediterranean DRN communities, due to a longer history
of river intermittence, will have a higher relative abun-
dance of taxa with resilience and resistance traits than
temperate DRN communities (Bonada et al. 2007).

2 | Methods
2.1 | Data
2.1.1 | Sites and Sampling Strategy

This study is part of the project DRYVER (Securing biodiversity,
functional integrity and ecosystem services in DRYing riVER
networks [DRYVER, Datry et al. 2021). Research was conducted
across six European DRNS, spanning longitudes from —5.328 to
24.656 and latitudes from 36.430 to 60.481. Study sites covered
five climatic zones (Figure 1): Mediterranean (Spain, Croatia),
Continental humid (Czechia), Cold temperate (Finland),

B B ]800 km —

@@

65°N 4

60°N

Lepsamanjoki (FI)

55°N +
50°N A
Bukkosdl (HU) )
45°N A
40°N A
35°N A T =

T T T T T
10°W 0° 10°E 20°E 30°E
FIGURE 1 | Location of the six drying river networks in Croatia

(HR), Czechia (CZ), Finland (FI), France (FR), Hungary (HU) and
Spain (ES).

Pre-alpine (France) and Continental (Hungary). Four DRNs
were situated in upland areas: Croatia (range of elevation: 220-
1289m), Czechia (170-534m), France (219-1000m) and Spain
(11-1087m). The others were in comparatively lowland areas:
Finland (30-103m) and Hungary (104-343 m). The latter were
characterised by lower pH, oxygen concentration and particle
size, with higher substrate embeddedness (see Figures S1-S4).

Each DRN included 15-26 reaches selected to represent the
entire network, incorporating both main streams and tribu-
taries. Reaches were chosen to ensure a balance of perennial
and intermittent sites based on expert knowledge from sci-
entific teams monitoring each DRN. Flow intermittence was
quantified using a hybrid modelling approach that integrated
multiple data sources (e.g., water level measurements, citizen
science applications) to capture drying patterns beyond the
initial classification (Mimeau et al. 2024). Reaches with sig-
nificant anthropogenic hydromorphological alterations (e.g.,
channelisation, proximity to dams) were excluded to focus
on natural drying events. Each sampling reach consisted of
a river segment at least 50 m long and 20 times the maximum
wetted width (measured during the first sampling campaign
and held constant thereafter). This ensured the inclusion of
multiple geomorphic units (e.g., riffles, pools) representative
of the site.

2.1.2 | Hydrological Data
Using the modelling work of Mimeau et al. (2024) and its source

data (see Appendix A), we estimated three descriptors of inter-
mittence for each community:
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« Frequency of drying events calculated as the number of dry-
ing events in the Syears preceding community sampling.

» Duration of drying events was calculated as the average
duration across all drying events in the 5years preceding
community sampling.

« Spatio-temporal river connectivity in the 30days preceding
each sampling campaign was estimated using the frame-
work proposed in Cunillera-Montcusi et al. (2023): we
quantified connectivity as the relative number of neigh-
bouring reaches that each site was connected to within a
30-day period. Thus, spatio-temporal connectivity ranged
between 0 (i.e., no connection to its potential neighbours in
30days) and 1 (i.e., connected to all its potential neighbours
in 30days).

The distributions of frequency and duration of drying events
were right-skewed, so we apply a square-root transformation
to their values for all analyses. In the Supporting Information,
we assessed the variation of spatio-temporal connectivity,
frequency and duration of drying events across drying river
networks and reach types (intermittent vs. perennial) as well
as the variation of connectivity across the year (Figures S5,
and S6).

2.1.3 | Community Data

Macroinvertebrates were sampled every 2 months in each DRN
between January 2021 and February 2022 for a total of six
sampled dates per DRN. Macroinvertebrates were not sampled
when the reach was completely dry at the time of sampling. The
samples were identified as often as possible to genus level, and
we excluded terrestrial taxa from the analysis. Details about
the sampling and identification process are available in the
Supporting Information.

2.1.4 | Trait Data

To evaluate macroinvertebrate community trait structure,
we combined two overlapping genus-level trait databases
(Sarremejane et al. 2020; Tachet et al. 2010). We selected life-
history traits and known resistance and resilience traits based
on Stubbington et al. (2017): five were continuous (maximum
body size, longevity, lifelong fecundity, drift, number of repro-
ductive cycles per year) and two were categorical (dispersal
mode—passive aquatic dispersal, active aquatic dispersal,
passive aerial dispersal, active aquatic dispersal; and resis-
tance forms—eggs; cocoons; diapause/dormancy; none). To
visualise trait variation among taxa, we grouped taxa into
four groups representing contrasted biological traits, as often
used in aquatic ecology: EPT (Ephemeroptera, Plecoptera,
Trichoptera—112 taxa), OCH (Odonata, Coleoptera,
Hemiptera—75 taxa), OI (Other insects, here grouping mainly
Diptera and Megaloptera—31 taxa) and finally NI (Non-
Insects, including among others Mollusca, Crustacea and
Annelida—72 taxa).

In total, across 636 community samples, we sorted and identi-
fied over 1.35 million aquatic macroinvertebrate individuals

belonging to 290 taxa (240 at the genus level, 45 at the family
and 6 at a higher taxonomic level). For trait-based analyses, we
analysed 634 community samples containing a total of 1.3 x10°
individuals classified in 265 taxa with sufficient trait data (see
Supporting Information for details about the trait database
construction).

2.2 | Data Analysis
2.2.1 | Community Statistics

We analysed total density (as total number of individuals), taxa
richness, average trait structure and trait diversity for each
macroinvertebrate community. For abundance-based metrics
(except total density), individual counts in the site by taxa ma-
trix were log-transformed [log(x+ 1)]. This transformation was
necessary due to the disproportionately high local densities of
certain taxa (e.g., Gammarus individuals reaching up to 30,000
per sample), which could otherwise skew abundance-weighted
metrics.

To assess community structure in a multi-trait space, we em-
ployed a multivariate approach. First, we performed a cor-
respondence analysis (CA) on the taxa relative abundance
matrix. Next, we conducted a principal component analysis
(PCA) on the trait matrix. Continuous traits—maximum body
size, longevity, lifelong fecundity, drift, and number of repro-
ductive cycles per year—were directly included. Dispersal and
resistance traits, coded as fuzzy variables with four modali-
ties each, were treated as independent traits in the PCA, with
each modality weighted at 0.25 to ensure equal weighting of
the original traits. We then integrated both analyses using
co-inertia analysis (Dray et al. 2003), allowing us to visualise
community samples, taxa and traits within a shared multivar-
iate space (Figure 2).

To quantify the average multi-trait structure of communities,
we extracted community scores from the first two axes of the
co-inertia analysis, which explained 66% of the co-inertia be-
tween traits and communities (Moretti and Legg 2009). For
each continuous trait and each modality of fuzzy-coded traits,
we calculated the abundance-weighted mean within each
community sample. Supporting Information provides associ-
ated results.

We measured multi-trait community diversity using Rao's qua-
dratic entropy. To incorporate both continuous and fuzzy-coded
traits, we used Gower's distance. Null trait diversity distribu-
tions were generated by permuting the columns (taxa) in the
site-by-taxa abundance matrix. We then computed standardised
effect sizes (SES) to assess deviations of observed trait metrics
from random expectations. SES values were calculated as the
difference between the observed metric and the mean of the
null distribution, divided by the standard deviation of the null
distribution. A negative SES value indicates that the metric is
lower than expected, suggesting that species share similar traits
selected by abiotic filtering. A positive SES indicates a higher-
than-expected metric, implying niche differentiation driven by
biotic interactions. An SES close to 0 suggests a random trait dis-
tribution, implying that stochastic processes (e.g., colonisation
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FIGURE2 | Overview of the trait structure of macroinvertebrate communities. All sub-panels represent the scores of communities, macroinverte-
brate taxa and traits along the first two axes of the co-inertia analysis on community and trait data. (a) Scores of traits. The font colour refers to each
of the traits: the number of reproductive cycle (orange, ‘cy’), dispersal mode (purple: ‘dis1’—passive aquatic; ‘dis2’—active aquatic; ‘dis3’—passive ae-
rial; ‘dis4’—active aerial), drift frequency (pink; ‘drift’); lifelong fecundity (green; ‘egg’); resistance form (yellow; ‘g1’—Eggs, statoblasts, gemmules;
‘g2’—Cocoons; ‘g4 —Dormancy; ‘g5’—None); adult life span (brown; ‘life’); body size (blue, ‘s’). (b) Scores of taxa grouped by taxonomic groups: EPT

(pink) groups Ephemeroptera, Plecoptera and Trichoptera; OCH (orange) groups Odonata, Coleoptera and Hemiptera; OI (blue) groups other insect

clades (i.e., Diptera and Megaloptera taxa); NI (green) groups all non-insect clades. (c-h) Positions of sampled reach communities. In all subpanels,

communities across all DRNs and sampling campaigns are displayed. In each subpanel, we highlighted the communities associated with each DRN

in blue (perennial reach communities) and orange (intermittent reach communities), communities from other DRNs are in grey.

and extinction) dominate community assembly (Spasojevic .

et al. 2014).

2.2.2 | Macroinvertebrate Community

Structure Modelling

Using linear mixed models, we related community statistics at
each reach (the two co-inertia axes, taxa richness and trait diver-

sity SES) to multiple predictors:

» Spatio-temporal connectivity of the community within the
river network during the 30days prior to sampling.

Frequency and average duration of drying events in the
5years before sampling.

Number of days after 01-01-2021 as a degree 2 polynomial
covariate to model the temporal variation of communities
over approximately 1 year. The variable was standardised.

The identity of the drying river network to account for bio-
geographical effects among DRNS.

Interaction terms between drying metrics and connectiv-
ity or day of the year to assess how intermittence interacts
with spatio-temporal connectivity to shape community
structure and how it may change the seasonal variation of
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communities. Interaction terms between connectivity and
day of the year did not return significant patterns and thus
were not included.

» A reach-level random effect to account for repeated sam-
pling at the same reach and to account for spatial variation
in environmental conditions among reaches (see Supporting
Information).

For each community metric, we evaluated all the possible lin-
ear mixed models including all or a subset of terms, up to eight
fixed effect terms using the function ‘dredge’ from R-package
‘MuMIn’. Models were ranked according to corrected Akaike
information criterion (AICc). We retained the single model with
the smallest AICc as the ‘best’ model, computed its marginal
and conditional R? (Nakagawa and Schielzeth 2013) to access
the variance explained, respectively, by fixed effects only and
both fixed and random effects.

Visualising those modelled relationships is complex due to the
non-linear effect of time of sampling and the multiple interaction
terms. To facilitate result interpretation, we computed the median
levels of duration and frequency of drying events across intermit-
tent reaches in each drying river network (Figure 3). In Figures 4
and 5, we displayed the predicted values of community metrics
in each DRN and for those DRN-specific intermittent drying re-
gimes and for values of duration and frequency of drying events
equal to 0 (‘perennial regime’). To visualise the predicted values
of community metrics along continuous gradients of duration and
frequency of drying events, refer to Figures S15 and S16.

We ran a sensitivity analysis on the effect of the time windows
chosen to compute the frequency and duration of drying events
(60days, 90days, 1 year, 2years, 5years and 10years). It showed
that, for a time window at least equal to 1 year, the models have
similar high explanatory power (see Figure S3).

To better interpret multi-trait diversity patterns, we ran a
similar analysis on single-trait community weighted means
(Tables S4-S6).

All analyses were conducted using R version 4.3.1 (R Core
Team 2024) using the packages: ‘ade4’ (Dray and Dufour 2007),
‘gawdis’ (de Bello et al. 2021), ‘hillR’ (Li 2018), ‘Ime4’ (Bates
et al. 2014) and ‘MuMIn’ (Barton 2012).

3 | Results

3.1 | Overview of Macroinvertebrate Community
Trait Structure

The primary axis of the co-inertia analysis (49% of total co-
inertia) between macroinvertebrate community and trait turn-
over was underpinned by a fecundity-longevity-dispersal
trade-off continuum (Figures 2a and S13; Table S3). Taxa with
more positive scores tend to display a long-lived adult phase
(score =0.25), lower fecundity (—0.24), higher body size (0.11),
were overall less mobile (all dispersal traits have negative scores)
and were more likely to exhibit a cocoon resistance form (0.17).
Taxa with negative scores tend to display opposite trait features
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as well as an egg-based resistance form (—0.2). They were often
EPT taxa and other insect taxa (OI).

The second axis (17% of total inertia) separated taxa according
to their reproductive strategy and some aspects of dispersal and
resistance. Taxa with negative scores tend to have a single re-
productive cycle per year (score=0.21), have a large body size
(0.11) and exhibit a dormancy resistance form (—0.09). Taxa with
positive scores tend to have opposite trait features, as well as a
higher probability of drifting (0.13) and having a passive aerial
or aquatic dispersal mode (0.11 and 0.12 respectively). This axis
was unrelated to the EPT/OCH/OI/NI classification (Figure 2b)
but was more related to trait differences among macroinverte-
brate orders (see Figure S13).

Macroinvertebrate community scores along the first two axes
depended on their associated DRN and intermittence regime
(Figure 2c-h, Table S3). Communities from perennial reaches
had a less variable position along the first two co-inertia axes
than communities from intermittent reaches (ratio of variance
of the first axis =0.46, p-value <0.001; second axis=0.55, p-
value <0.001). This variability was due to a DRN-dependent
position of intermittent versus perennial reaches communities
(Figure 2, Table S3). The trait diversity of community sam-
ples was overall high, with 88% of SES values above 0 (median
value of 0.97).

3.2 | Drivers of Macroinvertebrate Community
Structure

Linear models linking community metrics to duration and fre-
quency of drying events, spatio-temporal connectivity, season-
ality and biogeography explained a moderate proportion of the
variance of community metrics (marginal R? between 0.20 and
0.33, Table 1). Linear models of macroinvertebrate community
weighted means for all single traits displayed a similar perfor-
mance with a marginal R? ranging from 0.24 to 0.38 (Tables S4-
S6); except for the number of reproductive cycles’ (marginal
R?=0.08). Accounting for random effects (i.e., site effects), the
explained conditional variance was much higher and ranged
from 0.52 to 0.76 indicating that much of the variation of com-
munity metrics among sites remained unexplained by the fixed
effects of our models and may be attributed to local environmen-
tal contexts.

3.2.1 | Effect of Flow Intermittence on
Macroinvertebrate Community Structure

Frequency of drying events had a moderate impact on most
community metrics (Table 1). The total density of individuals
and taxa richness decreased with frequent drying events. The
score of community samples along the first and the second
co-inertia axes increased with the frequency of drying events,
indicating a higher relative abundance of taxa, reduced dis-
persal ability and/or multi-voltinism (Figure 4; Tables 1 and
S4). This was confirmed by single trait analyses that detailed
that this shift was due to a decreased relative abundance of
taxa with a high score of aquatic dispersal ability (active/
passive) or active aerial ability in frequently drying reaches

(Table S5). Macroinvertebrate taxa were also less likely to ex-
hibit an egg-based resistance form and more likely to exhibit a
cocoon-based resistance form (Table S6).

Duration of drying events decreased trait diversity (Table 1). It
also decreased scores along the second co-inertia axis, indicat-
ing a lower relative abundance of taxa with multi-voltinism. It
further had some effects on individual resistance traits. In com-
munities from reaches with a high duration of drying events,
macroinvertebrate taxa were more likely to have a dormancy-
based resistance form (p <0.001) and less likely to have no resis-
tance form (p=0.018).

Spatio-temporal connectivity increased the total density of in-
dividuals and the trait diversity of communities. It decreased
the score of community samples along the first co-inertia axis,
indicating a higher proportion of fecund, short-lived taxa
with a strong dispersal ability (Tables 1, S4, and S5). It had
significant interaction effects with the frequency or duration
of drying events (Table 1, Figure 4). The negative impact of
the frequency of drying events on total density was compen-
sated when the reach was highly connected to other reaches.
The negative impact of the duration of drying events on rich-
ness and trait diversity was compensated when the reach was
highly connected to other reaches. There was a marginal in-
teraction effect between the duration of drying events and
connectivity for the first axis of co-inertia analysis (p =0.067,
Table 1, Figure 4) indicating that highly connected commu-
nities with long duration of drying events had a higher rel-
ative abundance of taxa with high fecundity, low longevity
and lower dispersal ability (Figure 1). This was confirmed by
single-trait analyses that also detailed that this shift was due
to an increased relative abundance of taxa with a strong drift
ability (p=0.001).

3.2.2 | Seasonal Variation of Macroinvertebrate
Community Structure

Macroinvertebrate community structure varied significantly
throughout the year and that variation depended on the fre-
quency and duration of drying events. Total density of indi-
viduals peaked in summer. Trait diversity mostly decreased
throughout the year after a slight peak in late spring (Table 1,
Figure 5). Richness did not vary significantly throughout the
year in reaches that experienced no drying events. However,
when drying events occurred, richness had a bell-shaped rela-
tionship with a peak of richness in summer.

There was a significant interaction between the frequency of
drying events and time of sampling for scores along the first axis
of the co-inertia analysis. It showed that when drying events
were infrequent, the relative abundance of less mobile, low fe-
cundity and long-lived taxa of macroinvertebrate communities
peaked in summer (Tables 1 and S4; Figure 5). In contrast, when
drying events were frequent, communities shifted more linearly
from fecund, short-lived and mobile taxa in spring to low fecun-
dity, long-lived and less mobile taxa in late summer/autumn.
That pattern was due to the decreasing relative abundance of
taxa with passive and active aquatic dispersal throughout the
year (Table S4).
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FIGURE 4 | Predicted effect of spatio-temporal connectivity on community structure in ‘perennial’ (no drying) and according to the median

drying regime of intermittent communities in each DRN. The graphics display the effect of the spatio-temporal connectivity in the 30days prior to

sampling on community structure. To visualise the interaction effects of spatio-temporal connectivity, drying predictors and DRN, we displayed the

predicted relationships between community metrics and spatio-temporal connectivity for ‘perennial’ reaches (drying frequency and average duration

of drying events equal to 0) and for the median levels of duration and frequency of drying events of ‘intermittent’ reaches specific to each drying river

network (Figure 3). The day of sampling was fixed at 191.6 (average sampling day). Community structure is described by the total density of individ-

uals (log-transformed), community richness, the two first axes of the co-inertia analysis describing the main trait turnover between communities

and the standard effect size of trait diversity.

Communities sampled in summer also had higher scores along
the second co-inertia axis indicating, notably, a higher relative
abundance of taxa with multiple reproductive cycles and small
body sizes (Table S3). This pattern was stronger in communities
experiencing frequent drying events and less so in communities
experiencing long drying events (Table 1).

3.2.3 | Variation of Macroinvertebrate Community
Structure Across DRNs

After accounting for differences in duration and frequency of
drying events and connectivity, there was a remaining, signifi-
cant effect of DRN on macroinvertebrate community structure.

Macroinvertebrate communities from the Hungarian DRN had a
higher density of individuals (p <0.001). Community samples also
had a higher score on the first co-inertia axis, indicating a higher
relative abundance of long-lived and less mobile taxa (Tables 1 and

S3), in particular for passive/active aquatic dispersal and passive
aerial dispersal (Table S4). They also had a more negative score
along the second co-inertia axis (Figure 2, Table 1). This was due
to a higher relative abundance of macroinvertebrate taxa with
a large body size and a low probability of drifting (Table S3). In
contrast, communities from the Spanish DRN had a higher taxa
richness (p=0.002), a higher trait diversity (p =0.022) and a lower
score along the first co-inertia axis (p=0.046). This was due to a
higher relative abundance of taxa with a short lifespan and a stron-
ger aerial passive or active ability (Tables S3 and S4).

The Spanish and Hungarian DRN macroinvertebrate commu-
nities both displayed a lower relative abundance of taxa with no
resistance in comparison to other DRNs (Table S5). However,
the dominant resistance strategy differed: macroinvertebrate
taxa with an egg-resistant form were more abundant in the
Spanish DRN, while taxa with a cocoon-based or dormancy-
based resistance form were more abundant in the Hungarian
DRN (Table S5).
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FIGURE 5 | Predicted seasonal variation of community structure in ‘perennial’ (no drying) and according to the median drying regime of in-
termittent communities in each DRN. The graphics display the marginal effect of the day of sampling for ‘perennial’ reaches (drying frequency and
average duration of drying events equal to 0) and for the median levels of duration and frequency of drying events of ‘intermittent’ reaches specific
to each drying river network (Figure 3). The spatio-temporal connectivity was fixed at 0.5. Community structure is described by the total density
of individuals (log-transformed), community richness, the two first axes of the co-inertia analysis describing the main trait turnover between com-
munities, and the standard effect size of trait diversity. Background areas indicate winter (white), spring and fall (light grey) and summer (grey)

according to solstices and equinoxes dates.

4 | Discussion

Macroinvertebrate communities in drying river networks (DRNs)
exhibit high variability in taxonomic and trait structures across
seasons and biogeographical regions (Figure 2). Our study of
six European DRN shows that those variations are structured
by a continuum of macroinvertebrate life-history strategies,
ranging from fecund, short-lived taxa to less fecund, long-lived
taxa. This ‘fast-to-slow’ life-history continuum (Stott et al. 2024)
partially trade-off with dispersal and resistance traits (Schmera
et al. 2022). Notably, communities experiencing frequent dry-
ing events displayed a ‘slow’ trait structure, while those exposed
to prolonged drying exhibited a ‘fast’ trait structure (Crabot,
Polasek, et al. 2021). In contrast, reaches with no or infrequent
drying had more homogeneous community structures (Figure 2).
This suggests complex relationships between the modalities of
river drying regimes and the strategies displayed by macroin-
vertebrate to cope with them. These findings provide valuable
insights into how disturbances and dispersal dynamics interact
with species traits to shape the seasonal variation of commu-
nity structure across different environmental contexts (Holyoak
et al. 2020; Spasojevic et al. 2014; Tonkin et al. 2017).

4.1 | Divergent Effects of the Frequency
and Duration of Drying Events

Our results indicate that flow intermittence shapes the trait
structure of macroinvertebrate communities and selects for
taxa that exhibit specific traits to cope with drying. Consistent
with previous studies (Arias-Real et al. 2021; Pineda-Morante
et al. 2022), frequent drying events resulted in lower densi-
ties, taxa richness and trait diversity, reflecting strong abi-
otic filtering (Figure 4). More puzzling, frequent versus long
drying events lead to divergent community trait structure.
Frequent drying events selected for taxa on the ‘slow’ end of
the pace of life continuum while longer drying events—when
combined with high spatio-temporal connectivity—selected
for taxa on the ‘fast’ end of this continuum with strong dis-
persal abilities.

Limited research has explicitly compared the effects of fre-
quency versus duration of drying events on DRN metacom-
munities (Crabot et al. 2020). However, analogous theoretical
studies on plant communities (Miller et al. 2011) suggest that
intense disturbances favour fecund species, while frequent,
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low-intensity but frequent disturbances favour competitive spe-
cies. Transposed to drying river networks, this may explain why
long drying events select for taxa on the ‘fast’ taxa but frequent,
yet short, drying events select for ‘slow’ taxa.

During frequent but short drying events, the riverbed may re-
tain refugia in the hyporheic zone, allowing taxa with adequate
resistance traits to persist (Viza et al. 2023). However, long dry-
ing events likely shift community composition beyond a critical
threshold (Aspin et al. 2019), favouring recolonisation-based
resilience strategies. This may explain inconsistencies in exper-
imental rewetting studies (Datry et al. 2012; Folch de la Iglesia
et al. 2020) and the dominance of macroinvertebrate taxa with
resilience strategies in Mediterranean and semi-arid climates,
where drying events are longer (Giam et al. 2017; Pineda-
Morante et al. 2022).

4.2 | Connectivity Mitigates the Effects
of Drying Events

Our study shows that spatio-temporal connectivity enhances
total density, richness and trait diversity and mitigates the
negative effects of frequent and/or long drying events, sup-
porting theoretical predictions (Jacquet et al. 2022; Journiac
et al. 2025). A key question is whether these dispersal-driven
patterns align with stochastic or deterministic metacommu-
nity dynamics (Carrara et al. 2014; Spasojevic et al. 2014).
Our study provides a complex answer. On the one hand,
connectivity increased the total density of individuals, taxa
richness and trait diversity (Table 1), suggesting that it en-
hances stochasticity by introducing poorly adapted taxa into
communities (Spasojevic et al. 2014). This could relate to
mass effects, where high connectivity promotes dispersal,
leading to taxa being present in suboptimal habitat through
immigration from optimal habitats (Heino et al. 2015). Given
the highly unbalanced topology of river networks (Suzuki
and Economo 2021), this leads to variations in community
structure within networks that are solely due to differences
in connectivity rather than differences in local environments
or species traits. On the other hand, increased connectivity
was associated with a higher relative abundance of fecund,
short-lived species with high dispersal ability in reaches expe-
riencing long drying events (Figure 4). This supports the idea
that meta-community dynamics in DRNs are also trait-based,
suggesting that patch dynamics drive assembly, with good dis-
persers thriving in intermittent reaches if they are connected
to perennial ones (Cafiedo-Argiielles et al. 2015; Sarremejane,
Mykri, et al. 2017).

Furthermore, spatio-temporal connectivity increased the
relative abundance of macroinvertebrate taxa with an egg-
based resistant form in reaches with high frequency and/or
duration of drying events. Those taxa also tend to exhibit re-
silience strategies (Figure 2). Thus, the idea that connectiv-
ity does favour resilient strategies over resistance strategies
in intermittent reaches was not as clear-cut as hypothesised
(Fournier et al. 2023). This suggests that some taxa integrate
both strategies, coordinating resilience and resistance across
their life cycle.

4.3 | Influence of Drying Events on the Seasonal
Variation of Macroinvertebrate Communities

Seasonal variations in biological communities are often driven
by temperature-dependent growth leading to higher diversity
in summer (Mellard et al. 2019; Pau et al. 2011). Our study
shows that this pattern is more pronounced in reaches experi-
encing frequent drying events (Figure 5). This is likely due to a
stronger seasonal turnover in reaches experiencing drying (see
Figures 5, S6-S11; Table S2). This is a common feature of in-
termittent reaches and more widely of disturbed communities
(Crabot et al. 2020).

Our work shows that this seasonal variation of communities
is determined by macroinvertebrate traits. Contrary to general
expectations, regardless of drying, trait diversity decreased
throughout the year, suggesting that compared to spring com-
munities, summer communities are structured by increased
abiotic stress (e.g., lower oxygen and higher temperatures,
Figure S2) selecting for less stress-sensitive taxa (Arias-Real
et al. 2021; Verdonschot et al. 2015). Despite this common pat-
tern, macroinvertebrate communities experiencing drying had
different seasonal trait variations from non-drying reaches.
While non-drying reaches were dominated by fast-growing taxa
in spring and autumn, slow-growing taxa prevailed in summer,
consistent with patterns observed in other ecosystems (e.g.,
Dolezal et al. 2019). Multi-voltism and small body size were key
traits in active summer taxa (Figure 5), likely driven by high
temperatures (Bonacina et al. 2023).

However, this seasonal variation differed in reaches with long
drying events, where taxa with strong aquatic dispersal abili-
ties declined throughout the year (Table S5) that modified the
multi-trait variation of communities (Figure 5). This suggests
that aquatic dispersers (e.g., Gammarus) primarily use inter-
mittent communities in spring but not in autumn; likely be-
cause they did not yet have the time to recolonise after drying
events in summer compared to aerial dispersers (Fernandez-
Calero et al. 2024; Paril et al. 2019). While we did not find sig-
nificant interactions between connectivity and the seasonal
variation of communities (Table S2), seasonal variability in
connectivity has previously been reported to alter inverte-
brate assembly in Mediterranean rivers (e.g., Pineda-Morante
et al. 2022; Sarremejane, Cafiedo-Argiielles, et al. 2017).
Future studies should further test the impact of varying
connectivity on the seasonal dynamics of aquatic dispersers
across climates. Overall, these findings highlight the impor-
tance of reproductive and dispersal traits beyond the fast-slow
life-history continuum in structuring disturbed communities
(Stott et al. 2024).

4.4 | Differences in Community Assembly
Across Europe

Beyond drying regime and connectivity dynamics, macroin-
vertebrate community assembly varied across European DRNS.
Mediterranean communities of the Spanish DRN exhibited
higher taxa richness and a higher relative abundance of taxa
with resilience strategies (lower scores on the first co-inertia
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axis). This supports our hypothesis that a longer history of river
intermittence in Mediterranean DRNs has fostered a more di-
verse pool of taxa capable of tolerating drying events (Bonada
et al. 2007). However, this effect was obscured by prominent dif-
ferences among communities from lowland versus upland DRNs.
This suggests that the environmental context of each DRN was
also important (Moss 2009). Lowland river networks (Hungary
and Finland), characterised by slow flow velocity and small par-
ticle size in the riverbed (Figure S2), harboured distinct commu-
nity structures with more taxa with slow life-history traits and a
lower relative abundance of macroinvertebrate taxa with strong
dispersal abilities. In contrast, macroinvertebrate communities
from upland DRNs (Spain, France, Croatia, and Czechia) con-
tained more taxa with fast life-history traits (fecund and short-
lived) and resilience strategies (strong dispersal ability).

Additionally, our study reveals key factors influencing the rel-
ative abundance of taxa with resistance strategies across river
networks. Despite their contrasting environmental conditions,
Spanish and Hungarian DRNs both exhibited a low relative
abundance of macroinvertebrate taxa lacking resistance strat-
egies (Table S5). This suggests that optimal resistance strat-
egies vary based on macroinvertebrate life-history traits and
local environmental conditions, in particular regarding river-
bed substrata (Moss 2009, Figure S1). For instance, egg-based
resistance may benefit fast-growing, resilient species in upland
or Mediterranean rivers with coarse substrata, while cocoon-
or dormancy-based strategies may be better suited for slow-
growing species in lowland rivers with fine sediments (Bogan
et al. 2017; Chester and Robson 2011).

5 | Conclusion

Our study answers recent calls to better assess the joint influ-
ence of natural disturbances and connectivity on the seasonal
variations of meta-communities (Holyoak et al. 2020; Tonkin
et al. 2017). Three key findings emerge:

First, different facets of natural disturbance regime, here in
terms of duration and frequency, select for different ecolog-
ical strategies and lead to divergent community structure. We
also highlight the critical importance of connectivity in those
disturbed communities and for taxa with resilience strategies.
As future climate and increased anthropic pressures on water
resources will likely disrupt river network intermittence and
connectivity dynamics (D6ll and Schmied 2012): incorporat-
ing measures that promote natural flows (e.g., through dam re-
moval or avoiding wastewater releases in intermittent streams)
into conservation planning may be essential to preserve river
connectivity dynamics and ensure community recovery after
drying (Eros et al. 2011).

Second, trait-based assembly processes lead to divergent sea-
sonal variations between non-disturbed and disturbed commu-
nities. As global change is expected to disrupt climate seasonal
patterns, understanding how species traits shape temporal dy-
namics is crucial.

Finally, biogeographical and environmental contexts are asso-
ciated with taxa with different life-history and resistant traits.

Recognising these contingencies may enhance our understand-
ing of how different ecological strategies are selected in DRNs
and may further call for differentiated river management strate-
gies according to the local regional context.
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