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Abstract
In intermittent streams, aquatic organisms use various strategies to face dry phases, but the relative contribution of these 
strategies to persist during dry phase remains unclear. Here, we investigated the in situ persistence of benthic invertebrates 
in the saturated hyporheic sediments and the “invertebrate seedbank” that persists in dry sediments across six Mediterranean 
intermittent streams. Taxonomic and functional responses within hyporheic and seedbank assemblages were compared with 
those in the benthic assemblages under connected flow conditions by combining field and mesocosms data. The dry phase 
duration in each stream was calculated to assess the responses of hyporheic and seedbank assemblages. Taxonomic composi-
tion and abundance-weighted traits related to resistance and resilience to face the dry phase in each assemblage type (benthic, 
hyporheic, seedbank) were determined. Taxonomic (richness and diversity) and functional (richness and dispersion) metrics 
were also calculated. We found that seedbank and hyporheic assemblages supported up to 16% and 40% of the benthic taxa, 
respectively. Only taxonomic and functional richness differed between assemblage types. Contrary to previous research, 
no clear relationship was established between diversity or the abundance of resistance traits and the duration of dry phase; 
however, a negative linear relationship was identified between the abundance of resilience traits and the duration of the dry 
phase. The increase in the frequency and duration of drying events due to climate change will reduce water availability in both 
saturated and unsaturated streambed sediments, compromising the persistence of aquatic biodiversity in intermittent streams.
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Introduction

Intermittent streams, characterized by shifts between wet 
and dry in-stream conditions, comprise more than 50% of 
global river networks (Messager et al. 2021). Flow inter-
ruption in these streams occurs gradually and varies in 
both time and space, modifying the lateral, longitudinal, 
and vertical dimensions of hydrological connectivity dur-
ing different hydrological phases (Datry et al. 2014). Flow 
contraction can culminate in the complete loss of surface 
water during the dry phase. The dry phase affects ecosys-
tem functions, such as organic matter processing and sedi-
ment transport, as well as riparian and aquatic biodiversity 
(Larned et al. 2010). Aquatic invertebrate communities 
in intermittent streams have various adaptations to face 
dry phases, including the use of remaining wet habitats as 
refuges, as hyporheic zone (HZ), or the capacity to persist 
within dry sediment, as a “seedbank” (Stubbington and 
Datry 2013). However, the contribution of both hypor-
heic refuge and invertebrate seedbank, as used by benthic 
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communities to persist during dry phases, have not yet 
been compared (Hay et al. 2018; DelVecchia et al. 2022). 
In the context of global change, in which the spatial and 
temporal distribution of many intermittent streams is pre-
dicted to increase (Döll and Schmied 2012; Sauquet et al. 
2021), understanding how invertebrates persist in  situ 
during dry phases in wet and dry sediments, i.e., in the 
hyporheic zone and invertebrate seedbank, is necessary 
to inform actions that preserve their biodiversity (Datry 
et al. 2018).

Drying alters community composition, with reductions 
in taxonomic and functional diversity increasing with dry-
phase severity (Arias‐Real et al. 2021; Crabot et al. 2021b). 
In natural intermittent streams, communities are adapted to 
drying, displaying different combinations of functional traits 
that promote resistance and/or resilience to face dry phases 
(Nimmo et al. 2015; Bogan et al. 2015). Resilience strate-
gies enable communities to recover after flow resumption by 
aquatic or aerial dispersal from refuges including upstream, 
downstream, and/or nearby perennial reaches. Active disper-
sal can also enable escape of dry conditions to wet refuges, 
following environmental cues as flow recedes, potentially 
supporting subsequent community recovery (Drummond 
et al. 2015). In contrast, resistance strategies enable organ-
isms to persist in situ during dry phases (Bogan et al. 2017). 
For instance, during dry phases, some invertebrates can use 
isolated pools in streambeds (Bonada et al. 2006) or move 
to the subsurface sediments of the HZ (Stubbington 2012; 
DelVecchia et al. 2022).

The capacity of the HZ to act as a refuge for aquatic 
invertebrates during dry phases varies spatially and tempo-
rally, influenced by factors such as sediment composition, 
moisture content, and water quality (Stubbington 2012). 
Should the dry phase persist, water levels within the HZ may 
also decline, affecting taxonomic composition and leading 
to the loss of desiccation-sensitive taxa (Stubbington et al. 
2009). After the water table recedes through the subsurface, 
aquatic invertebrates can only persist in damp streambed 
sediments as invertebrate seedbanks, which include desic-
cation-tolerant life stages, such as dormant eggs or juveniles 
(Tronstad et al. 2005). Partially desiccation-tolerant taxa 
can also survive within the invertebrate seedbank, provided 
some sediment moisture remains (Loskotová et al. 2021). 
The invertebrate seedbank can support over 50% of benthic 
taxa, and it can make a particularly substantial contribu-
tion to community recovery in certain areas, such as isolated 
catchments or reaches without saturated HZ (Stubbington 
and Datry 2013). However, some taxa are eliminated as their 
taxon-specific desiccation-tolerance thresholds are surpassed 
(Stubbington et al. 2016). Hyporheic refuge and the inverte-
brate seedbank are well-documented individually, but how 
benthic invertebrates use these different in situ strategies to 
face dry phases remains unclear.

Our aim was to characterize the relative contributions 
of the hyporheic refuge and the invertebrate seedbank to 
supporting the persistence of benthic aquatic invertebrates 
in situ during dry phases in intermittent streams, by combin-
ing field data with mesocosm experiments. We predicted 
that (1) the taxonomic and functional diversity of hyporheic 
and seedbank assemblages will represent subsets of benthic 
communities, resulting in lower taxonomic and functional 
diversity; (2) the dry phase will result in a higher abundance 
of traits that confer resistance to these conditions in inver-
tebrates from seedbank and the HZ, compared with those in 
benthic communities. This is because benthic taxa present 
in hyporheic refuge and invertebrate seedbank possess traits 
enabling them to tolerate dry phases. Specifically, the capac-
ity to move into the HZ will be more abundant in taxa from 
HZ, whereas the ability to persist by using any desiccation-
tolerant life stage will be more abundant among taxa from 
invertebrate seedbank; and (3) streams experiencing pro-
longed dry phases will show reduced taxonomic and func-
tional diversity in hyporheic and seedbank assemblages, and 
an increased abundance of resistance traits, attributed to the 
decline in desiccation-sensitive taxa.

Methods

Study sites

We sampled six reaches, one in each of six intermittent 
Mediterranean streams across Catalonia on the northeast-
ern Iberian Peninsula (Fig. 1), during the summer of 2020. 
Selected sites had similar geology, stream order, and stream 
width. Specifically, stream orders spanned from three to four 
across an altitudinal range of 110–526 m a.s.l. The geol-
ogy of streams was characterized by sandstone, granite, and 
marl formations, with the streambeds primarily composed of 
gravel and coarse sand. All streams had a natural flow inter-
mittence, experiencing dry-phase durations between 16 and 
69 days, starting between early and late summer. Throughout 
the study period, only two reaches (Tordera and Ebro) did 
not dry completely as they retained pools in the streambed 
(personal observation). Flow resumed almost simultaneously 
across all streams with the onset of autumn rains in mid-
September 2020, following our dry phase sample collection 
(Table S1).

Field methods

Hydrological characterization

In June 2020, before the dry phase started, a temperature 
data logger (HOBO Pendant MX2201, Onset Corp, Bourne, 
MA, USA) was installed in the middle of each streambed, 
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avoiding deep pools to obtain a more representative record 
of the flow disconnection in the stream. Hourly tempera-
tures were recorded until the moment of sampling collec-
tion in early September 2020. We calculated the number 
of days without surface water (the dry-phase duration) for 
each stream using the daily temperature variation between 
the maximum and minimum streambed temperatures. This 
variation indicates water presence due to the higher specific 
heat capacity of water compared with air (Smith 1975). As a 
result, daily variability in temperatures is lower when water 
is present. Air temperature and rainfall data from proxi-
mate meteorological stations were utilized to elucidate any 
anomalies in daily temperature fluctuations, by comparing 
direct measurements of air temperature and precipitation 
patterns with the presence of flow. However, the presence 
of surface water can vary within a stream reach because 
drying occurs more quickly in riffles than in pools (Hwan 
and Carlson 2016).

Sample collection

To characterize invertebrate seedbanks, we excavated sedi-
ment samples from three points in each streambed at the 
end of the summer, just before the onset of autumn rain-
falls, using a hand trowel. These points were selected for 
their lower slope, which favors the deposition of sediments. 
Larger surface clasts (> 5 cm) were intentionally avoided, 
and the depth of collection was restricted to a maximum 
of 15 cm. Each sampled area ranged from 0.5 to 2   m2. 

Approximately 8 L of dry sediment were collected at every 
reach, with an attempt to collect the same quantity from each 
area (~2.5–3 L). The sediments collected from each area 
were combined and transported to the laboratory.

We collected three replicate hyporheic water samples 
from a depth of 40 cm at 15–20 m intervals along the dry 
reach. Because hyporheic exchange flow can vary between 
riffles and pools (Käser et al. 2009), we exclusively sampled 
in riffle zones to minimize differences. To maximize richness 
estimates using a Bou–Rouch pump (Bou and Rouch 1967), 
we tried to pump 20 L of hyporheic water for each repli-
cate. However, on several occasions, we were unable to find 
hyporheic water and had to reposition the pump multiple 
times to locate it where feasible. Consequently, we were able 
to extract a total of 60 L of hyporheic water from only one 
reach, while from three other reaches, we extracted between 
35 and 50 L. The HZ in two reaches, Llobregat and Fluvià, 
was not sampled because they were dry at the sampled depth 
(Table S1). The pumped water was filtered through a 250 µm 
mesh to retain invertebrates (Sánchez-Morales et al. 2018).

Benthic invertebrates were collected at each reach just 
after the rainy season (February) to ensure that all streams 
were in the flowing phase and connected. We collected 5 min 
kick samples with a 250 μm net following a standardized 
multihabitat protocol that represented each habitat in propor-
tion to its occurrence (Jáimez-Cuéllar et al. 2002).

Seedbank mesocosm setup

In the laboratory, we sieved 7.5 L of dry sediment from each 
reach through a 0.5 cm test sieve to remove large sediment 
grains. We then distributed it into three 8 L containers and 
covered each container with a 1 mm mesh to minimize exter-
nal colonization and to retain emerging invertebrates. The 
containers were immediately flooded with 5 L of dechlo-
rinated tap water, continuously aerated with air stones, and 
maintained at room temperature under a natural photoperiod 
of 13:11 h (light/dark). We sampled the water column using 
a 250 µm hand net for 30 s at 0, 8, 16, and 32 days to collect 
invertebrates. After 32 days, the experiment was stopped, 
and all invertebrates in the sediment were collected (Datry 
et al. 2012) by filtering the column water and screening the 
sediments from each mesocosm.

Invertebrate data

All invertebrates were identified to genus except for Diptera 
(which were identified to the subfamily or family level), Oli-
gochaeta (identified to the subclass level), Nematoda (iden-
tified to the phylum level), and individuals that were too 
small for accurate identification. Micro-crustaceans were 
also observed, noting only their presence or absence at the 
class level (Ostracoda and Copepoda) and at the genus level 

Fig. 1  a Location of the study area in Catalonia (NE Iberian Pen-
insula); b location of the six intermittent streams, indicated by red 
points
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(Daphnia), without quantifying their abundance (Table S2). 
We aggregated all replicate samples to calculate global com-
munity diversity indices and for data analysis due to the low 
number of individuals per sample and the high incidence of 
zeros in the replicate hyporheic samples and invertebrate 
seedbank samples. Relative abundances, rather than absolute 
abundances, were calculated because different methods were 
used to sample each assemblage type (benthic, hyporheic, 
seedbank). As a result, we obtained six samples for each type 
of assemblage, except for hyporheic assemblages.

Resistance and resilience traits

To assess the functional aspects of each prediction, we 
selected and classified trait categories that promote resist-
ance and resilience during dry phases, considering both as 
distinct trait classes. We considered traits associated with 
resistance, including any desiccation-tolerant life stages 
(resistance forms’ trait), aerial respiration (spiracle or plas-
tron), the capacity to move into the HZ, generalist feeding 
habits (herbivorous and detritivorous habits; Cummins 
1973), and small body size, as resistance trait categories. 
We classified female wing size, large body size, aerial active 
dispersal, multivoltine capacity, short life cycle duration 
(≤ 1 year), and terrestrial adult life stage as resilience trait 
categories (Table S3). Trait data were compiled from Múr-
ria et al. (2020) and Sarremejane et al. (2020). Values were 
assigned to represent the affinity of each taxon for each trait 
category, taking into account differences among taxa within 
the same genus (referred to as potential trait adaptability) 
using a fuzzy code approach (Chevenet et al. 1994). All cat-
egory scores were standardized to proportions by setting 
the category sum to 1. Our final trait set had a total of 27 
categories belonging to 11 traits.

For each assemblage, we calculated an abundance-
weighted trait matrix by multiplying the taxa–trait matrix 
by the relative abundance taxa matrix (Statzner et al. 2004). 
Furthermore, we calculated the average abundance-weighted 
values for each trait class (resistance or resilience) across 
each assemblage type.

Taxonomic and functional metrics

To represent invertebrate seedbank “importance” (sensu 
Stubbington and Datry 2013), we calculated the percentage 
of benthic taxa present in the HZ and the invertebrate seed-
bank for each stream. We also identified taxa that occurred 
exclusively in each assemblage type. Additionally, we calcu-
lated taxonomic richness (S) and the Shannon–Wiener index 
(H’) (Shannon 1948) for each assemblage.

To describe functional diversity, we built a functional 
space (FS) using the taxa–trait matrix that included all taxa 
from all assemblages (72 taxa) and all trait categories. The 

taxa–trait matrix was used to generate a dissimilarity matrix 
based on the Gower distances adapted to fuzzy coding traits 
(Pavoine et al. 2009). The FS was created using a princi-
pal coordinates analysis conducted with the dudi.pco func-
tion from the R package ade4 (Dray and Dufour 2007). We 
selected the five most informative axes based on their abil-
ity to represent the original trait-based dissimilarity among 
taxa (Maire et al. 2015). The 5-D FS explained 71.90% of 
the Gower dissimilarity matrix (with a mean squared devia-
tion of 0.009). To identify the traits associated with each FS 
axis, we utilized Spearman correlation coefficients (Múr-
ria et al. 2020). In addition, the FS was used to obtain two 
functional diversity metrics. The first metric, functional rich-
ness (FRic), was calculated as the minimum hypervolume 
of the FS occupied by invertebrate taxa in each assemblage 
(Villéger et al. 2008). Low values of FRic suggest that taxa 
capable of responding to environmental disturbance may be 
absent (Mason et al. 2005). The second metric, functional 
dispersion (FDis), represented the weighted mean distance 
of all invertebrate taxa to the weighted centroid of their 
assemblage within the FS (Laliberté and Legendre 2010), 
being equivalent to the multivariate dispersion (Anderson 
et al. 2006). FRic and FDis are complementary metrics; 
FRic captures the range of the FS covered by each assem-
blage, whereas FDis focuses on the variation in their trait 
abundances (Kuebbing et al. 2018). Both metrics were cal-
culated using the R package FD (Laliberté and Legendre 
2010; Laliberté et al. 2014).

Data analysis

To test differences between assemblage types in all met-
rics (taxonomic and functional metrics and the mean of 
abundance-weighted traits by trait class), we used the non-
parametric Kruskal‒Wallis test (Ostertagová et al. 2014). 
Additionally, post hoc pairwise comparison tests were per-
formed between assemblage types using a Wilcoxon rank 
sum test (Wilcoxon 1945) with a Bonferroni correction to a 
significance level at p < 0.05.

To assess the effect of dry-phase duration on the resil-
ience and resistance of aquatic invertebrates in hyporheic 
and seedbank assemblages, we fitted linear and nonlinear 
regressions, utilizing nonlinear least squares for param-
eter estimation in the latter (Smyth 2002). We used only 
data from hyporheic and seedbank assemblages, with dry-
phase duration as the explanatory variable, and the mean of 
abundance-weighted traits for each trait class, along with 
their different diversity metrics, as the different response 
variables. The effect of dry-phase duration on individual 
abundance-weighted trait categories was also tested using 
the same approach. For linear regressions (LM), residuals 
were visually examined for normality and homoscedasticity. 
All data were analyzed using R (R Core Team 2022).
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Results

Taxonomic diversity

We identified a total of 24,487 individuals: belonging to 
49 families and 41 genera, which included 23,970 from 
34 taxa in the benthic assemblages, 415 from 24 taxa 
in the hyporheic assemblages, and 102 from 21 taxa in 
the invertebrate seedbank (Table S4). Four groups each 
accounted for more than 5% individuals of the benthic 
assemblages: Diptera (51.46%), Mollusca (18.19%), Oli-
gochaeta (12.77%), and Ephemeroptera (7.43%). Three 
groups each accounted > 5% individuals of the hyporheic 
assemblages: Diptera (62.41%), Oligochaeta (22.41%), 
and Ephemeroptera (7.47%). Finally, five groups each 
accounted > 5% individuals of the seedbank assemblages: 
Diptera (41.18%), Oligochaeta (21.57%), Coleoptera 
(13.73%), Ephemeroptera (8.82%), and Hirudinea (5.88%). 
Diptera was the only order present in all seedbanks. 
Nematomorpha, Coleoptera, and Ephemeroptera were 
present in all hyporheic assemblages.

Seedbank and hyporheic invertebrates represented 
4.5–16% and 8.7–40% of benthic taxa, respectively 
(Table S5). Four taxa were exclusively found in inver-
tebrate seedbanks (Nebrioporus sp., Eriopterini, 

Sciomyzidae, Erpobdellidae), with each taxon limited to 
a single stream. Similarly, four taxa were exclusive to the 
HZ (Ecdyonurus sp., Forcipomyiinae, Glossosomatidae, 
Polycentropodidae), each restricted to a single stream. 
Thirty-three taxa were present only in benthic assemblages 
(e.g., Micronecta sp. and Sericostoma sp.), but only the 
family Lymnaeidae was encountered in all benthic assem-
blages (Table S6).

Taxonomic richness was highest for benthic assem-
blages (S = 22 ± 2 taxa per sample), moderate for hyporheic 
assemblages (11 ± 2 taxa), and lowest for seedbank assem-
blages (6 ± 1 taxa) (Kruskal–Wallis: χ2 = 13.353; d.f. = 2, 
p = 0.0013; associated Wilcoxon paired test: 0.01 < all Bon-
ferroni p-adjusted < 0.05; Fig. 2a). The Shannon‒Wiener 
index was comparable in all assemblages, showing val-
ues between 1.50 ± 0.12 and 1.86 ± 0.31 (Kruskal–Wallis: 
χ2 = 5.5772; d.f. = 2, p = 0.0615; Fig. 2b).

Functional diversity

The first two axes of the FS jointly explained 43.77% of the 
original trait variation, with axes 1 and 2 explaining 23.79% 
and 19.98%, respectively (Fig. 3a). Axis 1 was highly cor-
related (> 0.50, Spearman correlation) with feeding habit, 
body size, voltinism, and female wing length, aligning with 
the resistance trait categories at one extreme (generalist 

Fig. 2  Taxonomic (a, b) and 
functional (c, d) metric values 
for benthic, hyporheic and seed-
bank assemblages: a taxonomic 
richness (S), b Shannon‒Wie-
ner diversity (H’), c functional 
richness (FRic), and d func-
tional dispersion (FDis). Solid 
lines represent the median, 
while dashed lines represent the 
mean. Different letters indicate 
statistically significant differ-
ences among assemblage types
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feeding habits and small body size) and the resilience trait 
categories at the other (large body size and high female wing 
length). Axis 2 was highly correlated (> 0.50, Spearman cor-
relation) with adult life stage, life cycle duration, and female 
wing length, primarily corresponding to the resilience trait 
categories at one of its extremes (terrestrial adult stage and a 
life cycle duration of 1 year or less; Table S8). Orders plotted 
in three main clusters: Diptera, Ephemeroptera, Plecoptera, 
and Trichoptera in the upper left-hand quadrant; Odonata 
and Megaloptera with positive axis 1 values; and all eight 
other orders with negative axis 2 values (Fig. 3a).

Benthic assemblages occupied more functional space 
than their respective hyporheic and seedbank assemblages 

(Fig. 3b). Two hyporheic assemblages occupied > 50% of 
the total FS, while the other two hyporheic assemblages 
occupied less space. All seedbank assemblages occu-
pied < 50% of the FS, and the two smallest FS corre-
sponded to the streams without HZ (Fig. 3b). Functional 
richness was highest for benthic assemblages (0.58 ± 0.11), 
and lowest for hyporheic (0.06 ± 0.01) and seedbank 
(0.05 ± 0.01) assemblages (Kruskal–Wallis: χ2 = 11.765; 
d.f. = 2, p = 0.0028; associated Wilcoxon paired test: Bon-
ferroni p-adjustedall benthic = 0.014; Fig. 2c). Functional dis-
persion was not significantly different among assemblage 
types, showing values between 0.27 ± 0.05 and 0.32 ± 0.03 
(Kruskal–Wallis: χ2 = 4.0772; d.f. = 2, p = 0.1302; Fig. 2d).

Fig. 3  Functional space (FS) 
plot on two axes: a FS with 
taxa represented by points 
colored according to taxonomic 
group. The dotted line denotes 
the boundary of the total FS 
created by all taxa. Catego-
ries of selected traits that are 
correlated with each axis are 
located at the corresponding 
axis extreme. b FS occupied by 
each assemblage, with small 
points representing individual 
taxa; red crosses indicating the 
assemblage centroids; and black 
crosses marking the centroid 
of the all-taxa ordination. Biv 
Bivalvia, Col Coleoptera, Cru 
Crustacea, Dip Diptera, Eph 
Ephemeroptera, Hem Hemip-
tera, Hir Hirudinea, Meg 
Megaloptera, Moll Mollusca, 
Nem Nematomorpha, Oli 
Oligochaeta, Odo Odonata, Ple 
Plecoptera, Tri Trichoptera
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Resistance and resilience traits

The mean of abundance-weighted resistance trait catego-
ries was lowest for hyporheic assemblages (0.25 ± 0.20), and 
highest for benthic assemblages (0.47 ± 0.05) and seedbank 
assemblages (0.35 ± 0.11) (Kruskal–Wallis: χ2 = 11.486; 
d.f. = 2, p = 0.0032; associated Wilcoxon paired test: Bonfer-
roni p-adjustedall hyporheic = 0.015; Fig. 4a). Generalist feed-
ing habits were the predominant resistance trait category 
across all assemblage types, with weighted abundances 
ranging from 0.51 ± 0.14 to 0.82 ± 0.13. This was closely 
followed by the small body size, with weighted abundances 
between 0.35 ± 0.31 and 0.58 ± 0.17. The capacity to move 
into the HZ demonstrated moderate weighted abundances 
in both benthic (0.28 ± 0.05) and hyporheic (0.19 ± 0.06) 
assemblages, whereas the abundance of a resistance forms’ 
trait was more pronounced in dry sediment (0.47 ± 0.15) 
(Table S9). Two trait categories varied among the assem-
blage types: resistance forms’ trait, which was lowest for 

HZ (Kruskal–Wallis: χ2 = 9.7996; d.f. = 2, p = 0.0074; asso-
ciated Wilcoxon paired test: 0.02 < Bonferroni p-adjusted-
hyporheic < 0.04), and aerial respiration, which was highest 
for the seedbank (Kruskal–Wallis: χ2 = 13.066; d.f. = 2, 
p = 0.0015; associated Wilcoxon paired test: 0.006 < Bon-
ferroni p-adjustedall seedbank < 0.02).

The mean of abundance-weighted resilience trait catego-
ries was statistically comparable in all assemblages, showing 
values between 0.25 ± 0.21 and 0.41 ± 0.04 (Kruskal–Wallis: 
χ2 = 1.8382; d.f. = 2, p = 0.3989; Fig. 4a). A short life cycle 
duration (≤ 1 year) was the predominant resilience trait cat-
egory for all assemblage types, with weighted abundances 
ranging from 0.45 ± 0.40.01 to 0.72 ± 0.11. In benthic and 
hyporheic assemblages, this was followed by the terrestrial 
adult stage (0.65 ± 0.20 and 0.40 ± 0.38, respectively) and 
multivoltinism (0.47 ± 0.13 and 0.32 ± 0.28, respectively). 
In contrast, in seedbank assemblages, large body size and 
terrestrial adult stage were the subsequent most abundant 
trait categories (0.50 ± 0.14 and 0.42 ± 0.30, respectively). 

Fig. 4  Abundance-weighted 
traits for benthic, hyporheic, and 
seedbank assemblages: a mean 
of abundance-weighted trait by 
trait class; b resistance catego-
ries, and c resilience category. 
Solid lines indicate the median, 
and dashed lines represent the 
mean. Traits and trait categories 
are described in Table S2. Dif-
ferent letters indicate statisti-
cally significant differences
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Notably, large body size varied among the assemblage 
types (Kruskal–Wallis: χ2 = 6.8843; d.f. = 2, p = 0.032; 
associated Wilcoxon paired test: Bonferroni p-adjusted-
seedbank–hyporheic = 0.039; Fig. 4c).

Effects of dry‑phase duration on taxonomic 
and functional assemblages

Only the mean of abundance-weighted resilience traits dif-
fered in response to dry-phase duration in hyporheic and 
seedbank assemblages following a linear regression (LM: 
F1,8 = 17.75; d.f. = 8, p = 0.0029). Notably, as the dry-phase 
duration increased, the abundance of these traits decreased 
(Fig. 5a). Specifically, both the terrestrial adult stage (LM: 
F1,8 = 34.9; d.f. = 8, p = 0.0003) and short life cycle dura-
tion (LM: F1,8 = 14.51; d.f. = 8, p = 0.0052) also followed 
a negative linear relationship with the dry-phase duration 
(Fig. 5b). However, taxonomic and functional metrics, along 
with the mean of abundance-weighted resistance traits, did 
not conform to any discernible model (Fig. S1).

Discussion

This study is the first to compare the contribution of seed-
bank and hyporheic refuge used by benthic aquatic inver-
tebrates to face dry phases in situ in intermittent streams. 
Our results showed that persistence in the seedbank and the 
HZ are strategies employed by a subset of benthic inver-
tebrate taxa during dry phases in Mediterranean streams. 

Taxonomic and functional richness were higher in benthic 
assemblages than in those in the HZ and in invertebrate seed-
banks, confirming our initial hypothesis that both hyporheic 
and seedbank assemblages are subsets of benthic assem-
blages. Contrary to our second hypothesis, no significant 
differences in the abundance-weighted resistance traits were 
observed between benthic and seedbank assemblages; con-
sistently, hyporheic assemblages showed the lowest abun-
dances. Finally, while no clear relationship was established 
between diversity or the abundance of resistance traits, and 
the duration of dry phases, as was expected, a linear nega-
tive relationship was identified between the abundance of 
resilience traits and the duration of the dry phase.

Contribution of hyporheic and seedbank 
invertebrate assemblages supporting benthic 
communities

Consistent with our first hypothesis, nearly all taxa and traits 
observed in the HZ and invertebrate seedbanks were also 
identified in benthic communities, which showed the highest 
taxonomic and functional richness. These findings suggest 
that hyporheic and seedbank assemblages represent subsets 
of the benthic communities (Stubbington 2012; Stubbington 
and Datry 2013). The taxonomic overlap among all assem-
blage types, ranging between 5% and 40%, demonstrated 
that some benthic taxa might persist in the HZ and/or the 
seedbank. Concretely, the percentage of benthic taxa in 
the HZ (8.7–40%) corresponded to some previous studies. 
For instance, Boulton (1992) found that 35% and 69% of 

Fig. 5  Linear relationship 
between dry-phase duration 
and (a) the mean of abundance-
weighted resilience traits and 
(b) the terrestrial adult stage 
and short life cycle duration, 
both categories of resilience 
traits. Lilac points repre-
sent hyporheic assemblages, 
whereas orange points represent 
seedbank assemblages. Benthic 
assemblages were excluded
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benthic taxa were present in the HZ of temperate and arid 
intermittent streams, respectively. However, the taxonomic 
richness in these sites was limited to 8 and 10 taxa, simi-
lar to the taxonomic richness found in the HZ of our study 
(between 8 and 13 taxa). In contrast, Datry (2012) reported 
a 75% overlap of benthic taxa in HZ in a temperate stream 
but noted a 10% decrease in similarity between benthic and 
hyporheic assemblages for every 10 days of prolonged dry-
phase duration. On the other hand, the percentage of ben-
thic taxa found in the invertebrate seedbanks in our study 
streams (between 4.5% and 16%) was lower than in previ-
ous studies. For example, Datry et al. (2012) found two to 
three times more benthic taxa in the invertebrate seedbank 
of a temperate intermittent stream under similar dry-phase 
durations. However, these percentages varied from 33% to 
5%, in arid and Mediterranean streams, respectively, with 
low taxonomic richness (9 and 3, respectively), similar to 
our findings (Stanley et al. 1994; Chester and Robson 2011).

Oligochaeta and Diptera were abundant in the studies 
previously mentioned (Boulton 1992; Chester and Robson 
2011; Datry 2012; Datry et al. 2012). In our streams, both 
Oligochaeta and multiple Diptera families were also well 
represented in all assemblage types. Both groups include 
taxa with desiccation-tolerant life stages and the capacity 
to move into the HZ, with certain Oligochaeta species also 
having aerial respiration (Tachet et al. 2010). Moreover, 
these groups include semi-aquatic species, explaining their 
potential to be among the few taxa that persist in invertebrate 
seedbanks during extended dry phases (Tronstad et al. 2005; 
Chester and Robson 2011; Datry et al. 2012; Stubbington 
et al. 2016). Some Ephemeroptera found in the HZ, such as 
Caenis sp., are characterized as a burrower and can actively 
move into the HZ (Tachet et al. 2010; Robertson 2010). 
However, the early instars of Ecdyonurus sp. and Baetis 
sp. are transported passively into the HZ by down-welling 
water, resulting in their temporary inhabitation of these sub-
surface sediments (Boulton 2000; Tachet et al. 2010). On the 
other hand, Ephemeroptera found in seedbanks, including 
Procloeon sp. and Caenis sp., have summer egg diapause 
(Clifford 1982; Brittain 1990). Coleoptera taxa identified 
in the HZ can move into this refuge, whereas none of those 
recorded in the seedbank (e.g., Nebrioporus sp.) are recog-
nized as having desiccation-tolerant life stages (Tachet et al. 
2010). The survival of these Coleoptera in the dry streambed 
can be attributed to their aerial respiration and certain level 
of desiccation tolerance, conferred by their impermeable 
protective cuticle (Holdgate 1956; Pallarés et al. 2017).

We identified seven benthic taxa in the HZ that were not 
present in the invertebrate seedbanks, such as Hydropsyche 
sp., which does not show desiccation-tolerant life stages 
(Tachet et  al. 2010). Conversely, six benthic taxa were 
found in the invertebrate seedbanks but not in the HZ, such 
as Procloeon sp., which enters summer diapause and is 

multivoltine, adaptations for avoiding aquatic environments 
during the dry phase (Bonada et al. 2007a, b). Furthermore, 
four taxa exclusively in the HZ, with three represented by 
one to two individuals, and Ecdyonurus sp. by ten individu-
als in a single sample. Conversely, four taxa were only found 
in the invertebrate seedbank, each represented by four to 
six individuals per sample. Given the very low densities of 
these taxa in both the HZ and in invertebrate seedbanks, we 
suggest that they may also have been present in the benthic 
sediments but were missed by kick sampling. This method 
captures only a proportion of the taxa present (e.g., 62% and 
78% of families and 50% and 68% of species in 3 and 6 min 
sampling, respectively; Furse et al. 1981).

Differences in trait responses across assemblage 
types

Contrary to our second prediction, the hyporheic assem-
blages showed the lowest abundance-weighted resistance 
traits, in part because small body size, generalist feeding 
habits, and the capacity to move into the HZ were com-
mon resistance traits in benthic and seedbank, as well as 
hyporheic assemblages. These traits are either directly or 
indirectly associated with the ability to move into and persist 
within the HZ. For instance, body size affects an organism’s 
ability to penetrate sediment due to the dimensions of inter-
stitial pathways (Stubbington 2012), while generalist feeding 
habits are advantageous given the limited abundance and 
diversity of food resources in the HZ (Burrell and Ledger 
2003). In addition, a few hyporheic taxa (e.g., Glossosto-
midae and Forcipomyinae), although not burrowers, show 
crawler behavior and small sizes, enabling them to seek ref-
uge in the HZ following the water table receding through 
the subsurface sediments in dry phases (Vander Vorste et al. 
2016; Maazouzi et al. 2017). This ability is influenced by 
interactions between taxon characteristics (i.e., their traits) 
and environmental factors, including sediment characteris-
tics, such as grain size, and local hydrological conditions, 
such as the direction and strength of hyporheic exchange 
(Stubbington 2012; Dole-Olivier et al. 2022).

Seedbank and benthic assemblages had similar abun-
dances of resistance traits, with the third most abundant trait 
in seedbank assemblages being the presence of resistance 
forms. In contrast, aerial respiration showed low-weighted 
abundances (< 0.4) across all assemblages, and had its high-
est abundance in seedbank assemblages. Although aerial 
respiration becomes particularly advantageous when water 
flow decreases and water quality deteriorates, especially 
when dissolved oxygen concentrations decline (Bonada 
et al. 2007b; Mellado-Díaz et al. 2007), it is not necessarily 
associated with the persistence in HZ or in invertebrate seed-
banks, even though if some taxa have both trait classes. For 
instance, within the Mollusca, most freshwater pulmonates 
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can tolerate hypoxic conditions, as may occur in the HZ dur-
ing dry phases, and also tolerate exposure to air. They can 
also extend this tolerance by entering a dormant, aestivating 
state (Poznańska et al. 2015).

On the other hand, we did not find differences in abun-
dance-weighted resilience traits between assemblage types. 
The only exception was the large body size trait category, 
which showed the lowest abundances in hyporheic assem-
blages, suggesting that maximum body size may limit the 
use of HZ (Mathers et al. 2019). The similar trait composi-
tion across assemblage types and the taxonomic and func-
tional overlapping (see above), reflect the dominance of 
traits that enable aquatic invertebrates to tolerate dry phases 
in intermittent natural streams of Mediterranean basin (Bon-
ada et al. 2007a).

Dry‑phase duration and resistance strategies

Contrary to our third hypothesis, taxonomic and functional 
diversity, as well as resistance traits, did not show a clear 
relationship with the duration of dry phase in hyporheic ref-
uges and seedbanks. Despite the limited number of samples 
and total individuals, we identified a negative correlation 
between abundance-weighted resilience traits and the dura-
tion of dry phase. As dry-phase duration increases, environ-
mental conditions become harsher, filtering out the less des-
iccation-tolerant taxa (Datry 2012; Datry et al. 2012), which 
may also possess resilience traits. In addition, we found that 
the resilience trait categories of terrestrial adult stage and 
short life cycle duration (≤ 1 year) also showed a negative 
linear relationship with dry phase duration. The decline of 
these traits may indicate avoidance behavior in response to 
harsher conditions during more severe dry phases (Strachan 
and Chester 2015). However, we must be cautious with these 
relationships given the low number of samples, which pre-
vents drawing definitive conclusions.

On the other hand, two of the study reaches with the long-
est dry phases (Llobregat and Fluvià) lacked water in the 
HZ, preventing invertebrates from finding refuge in the shal-
low hyporheic sediments that we sampled, or forcing inver-
tebrate to migrate into deeper sediments find refuge (Clinton 
et al. 1996). The effectiveness of most resistance strategies 
decreases with an increase in dry-phase harshness, influ-
enced by the presence of water in the HZ or isolated pools, 
or moisture in the streambed sediment (Bogan et al. 2017). 
With extended dry phases and water loss, only few inverte-
brates are adapted to such harsh conditions (Fritz and Dodds 
2004). For instance, many invertebrate seedbank taxa, which 
have various desiccation-tolerant life stages (e.g., eggs, juve-
niles), can persist during moderate-intensity dry phases, but 
as intensity increases, only taxa with cocoons and housing 
against desiccation can survive (Crabot et al. 2021a). Con-
sequently, extended, severe dry phases can significantly alter 

aquatic invertebrate community composition (Doretto et al. 
2018; Chanut et al. 2022).

Conclusions and prospects for future research

Further research is required to extend our understanding 
of the invertebrate traits associated with resistance and to 
evaluate the impact of dry phases on the effectiveness of 
resistance strategies (Stubbington and Datry 2013; DelVec-
chia et al. 2022). Our results showed that the taxa within 
hyporheic refuges and invertebrate seedbanks constituted up 
to 40% and 16%, respectively, of benthic invertebrate taxa. 
Additionally, a similar abundance of traits to face with the 
dry phase was observed across all assemblage types, sug-
gesting a biota adapted to seasonal drying events in Mediter-
ranean streams. Ongoing climate change, as well as human 
activities including water abstraction, are intensifying the 
frequency and duration of stream drying (Datry et al. 2018). 
This escalation may compromise the availability of water 
necessary to sustain the HZ and to maintain adequate mois-
ture levels to support life in streambed sediments. In light of 
these challenges, freshwater management strategies should 
aim to ensure a sufficient supply of water to preserve aquatic 
biodiversity and the integrity of their recovery mechanisms 
during dry phases in naturally intermittent streams.
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