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Abstract
In inland aquatic ecosystems, drying and salinity can co-occur as natural stressors, affecting aquatic invertebrate communities. 
Despite recent appreciation of the importance of temporary waterbodies for terrestrial invertebrates, knowledge about the 
effects of drying on dynamics of aquatic and terrestrial invertebrate communities is scarce, especially in saline ecosystems. 
This study analyzed structural and compositional responses of both communities to the coupled effects of drying and salinity 
in two streams and two shallow lakes in Spain, during three hydrological phases: wet, contraction, and dry. In the two studied 
saline streams, the contraction phase presented the highest aquatic and terrestrial abundance and richness, and the main 
compositional changes were mainly due, to an increase in aquatic lentic taxa (e.g., Coleoptera), and Araneae and Formicidae 
as terrestrial taxa. In shallow lakes, which presented highly variable salinity conditions, the highest abundance and diversity 
values were found at the wet phase for aquatic invertebrates and at the dry phase for terrestrial invertebrates. Compositional 
invertebrate community changes were due to a decrease in Rotifera and Anostraca (aquatic taxa) in the contraction phase for 
aquatic communities, and to an increase of Araneae, Coleoptera, and Formicidae (terrestrial taxa) at the dry phase for the 
terrestrial. Our study evidences the significant effect of drying on both aquatic and terrestrial invertebrates communities in 
natural inland saline waters and the need to integrate aquatic and terrestrial perspectives to study temporary inland waters.

Keywords Intermittent waterbodies · Inland saline ecosystems · Water salinity · Flow intermittence · Aquatic invertebrates · 
Terrestrial invertebrates

Introduction

Natural inland saline ecosystems (salinity ≥ 3 g/L−1) are 
common worldwide, especially in semi-arid and arid zones 
(Hart et al. 1991; Alcorlo et al. 1996; Gómez et al. 2005; 
Álvarez et al. 2006). Water salinity in these ecosystems 
is mainly explained by their catchment lithology, often 
characterized by the presence of gypsum and halite-rich 
evaporite rocks (Gómez et al. 2005; Millán et al. 2011). 
Salinity acts as a natural stressor, which may reduce aquatic 
invertebrate diversity and promotes changes in community 
composition along increasing salinity gradients (de Necker 
et  al. 2021) in both lotic (Nielsen et  al. 2003; Arribas 
et  al. 2009; Suárez et  al. 2017) and lentic ecosystems 
(Karagianni et al. 2018; Zsuga et al. 2021). This is due 
primarily to salinity increasing osmotic pressure, which 
affects the development, physiology, and behavior of aquatic 
organisms with even lethal effects if their tolerance limits 
are exceeded (Carter et al. 2020). As a result, taxa capable 
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of inhabiting inland water saline ecosystems are frequently 
rare or endemic (Alcorlo 1999; Alcorlo et al. 2001; Millán 
et al. 2011; Karagianni et al. 2018; Zsuga et al. 2021), which 
contributes to the increase of the ecological value of these 
aquatic ecosystems (Arribas et al. 2009; Vidal-Abarca et al. 
2013; Karagianni et al. 2018).

In inland waters of semi-arid and arid areas, water 
salinity often co-occurs with drying, as these regions are 
characterized by wide interannual and seasonal hydrological 
variability with recurrent flood and drought events (Millán 
et al. 2011; Suárez et al. 2017). Similar to water salinity, 
drying acts as a natural stressor shaping the structure and 
composition of aquatic invertebrate communities (e.g., 
Sánchez-Montoya et al. 2007, 2018; Vidal-Abarca et al. 
2013; Gutiérrez-Cánovas et  al. 2015; Schriever et  al. 
2015). Drying turns both lotic and lentic ecosystems into a 
changing mosaic of aquatic and terrestrial habitats due to the 
alternation between wet (presence of surface water) and dry 
phases (absence of surface water) detached by a contraction 
phase (surface water retraction) (Alcorlo and Baltanás 
1999; Boix et al. 2004; Mormul et al. 2015; Costigan et al. 
2016; Datry et al. 2016). In the Mediterranean Basin, the 
contraction phase typically begins from late spring to early 
summer, followed by a long dry phase that can extend 
beyond the summer (Sánchez-Montoya et  al. 2018). In 
late autumn or early winter, the wet phase is reestablished 
subject to some unpredictability depending of the climatic 
conditions (Comín et al. 1992; Vidal-Abarca et al. 2000; 
Boix et al. 2004; Gómez et al. 2005; Sánchez-Montoya et al. 
2018). In both lotic and lentic ecosystems, the contraction 
phase contracts aquatic habitats by reducing the water 
surface and the water column depth, and consequently 
expands terrestrial habitats by increasing the area of exposed 
shore bars and dry beds (Boulton et al. 2003, 2017; García-
Roger et al. 2013; Golec-Fialek et al. 2021). Under these 
variable hydrological conditions, aquatic invertebrates 
that inhabit temporary aquatic ecosystems are specialists 
with resistance forms (e.g., eggs, cocoons, diapauses) or 
resilience strategies (e.g., aerial dispersal mode, movement 
to the hyporheic zone) to withstand drying (Bonada et al. 
2007; Díaz et al. 2008; Vander Vorste et al. 2016; Bogan 
et al. 2017; Sánchez-Montoya et al. 2018; Golec-Fialek et al. 
2021).

In lotic ecosystems, drying usually decreases aquatic 
invertebrates abundance and richness, particularly in 
streams with low microhabitat diversity and riffles domain 
(Waterkeyn et al. 2008; Datry 2012; Datry et al. 2014; Leigh 
and Datry 2016). In addition, community composition may 
change due to the replacement of riffle taxa [Ephemeroptera, 
Plecoptera, and Trichoptera (EPT)] by pool taxa [Odonata, 
Coleoptera, and Heteroptera (OCH)] as a result of the 
lowering riffle/pool habitat proportion (Sánchez-Montoya 
et al. 2018; Bogan et al. 2019; Bonada et al. 2020; Miliša 

et  al. 2022), even when the hydrological connectivity 
between aquatic habitats remains (Bonada et  al. 2006). 
In lentic ecosystems, as drying progresses, a decrease in 
abundance and richness of aquatic invertebrates has been 
reported, particularly in shallow lakes (e.g., Brucet et al. 
2006; Chaparro et al. 2011). However, no clear response 
in aquatic invertebrate composition has been identified 
in these types of aquatic ecosystems, probably due to the 
highly unpredictable hydrological variation that characterize 
temporary shallow lakes especially in arid and semi-arid 
areas (Comín et al. 1992; Chaparro et al. 2011).

In addition, fewer studies have analyzed the coupled effect 
of drying and salinity in inland waters (but see Suárez et al. 
2017; Botwe et al. 2018; Karagianni et al. 2018), compared 
with each natural stressor separately. Aquatic invertebrate 
communities in saline temporary inland waters have to cope 
with both adverse effects, where water salinity may act as a 
stronger environmental stressor than drying, at least for lotic 
ecosystems (Velasco et al. 2006, 2019; Suárez et al. 2017; 
Cañedo-Argüelles et al. 2019). These two natural stressors 
constrain aquatic invertebrate communities, resulting in 
a net antagonist interaction in which the net effect of the 
two stressors may not be as strong as the sum of their 
independent effects (Jackson et al. 2016; Suárez et al. 2017). 
Negative effects can be especially important during drying 
when salinity, temperature, turbidity, and pH may increase 
and dissolved oxygen may decrease, shaping aquatic 
invertebrate communities in both lotic and lentic ecosystems 
(Southwood 1988; McCulloch et al. 2008; Mosley 2015; 
Suárez et al. 2017; Gómez et al. 2017; Karagianni et al. 
2018; de Necker et al. 2021).

During drying, in parallel to the reduction of aquatic 
habitats for aquatic invertebrates, the expansion of 
terrestrial habitats in the form of exposed shore bars 
and dry beds have positive implications for terrestrial 
invertebrate communities (Sánchez-Montoya et  al. 
2016, 2020a,b; Steward et al. 2017, 2022; Vidal-Abarca 
et al. 2020). Recent studies have described not only the 
dynamics of terrestrial invertebrate communities that 
colonize these new terrestrial habitats (e.g., Sánchez-
Montoya et  al. 2016, 2020a, b; Steward et  al. 2017, 
2022), but also the contribution of these communities 
to overall biodiversity in temporary inland ecosystems 
(e.g., Bunting et al. 2021; Bruno et al. 2022). Particularly 
for lotic ecosystems, dry riverbeds have been identified 
as valuable terrestrial habitats, harboring abundant and 
diverse communities of ground-dwelling arthropods 
(Steward et  al. 2011, 2012; Corti and Datry 2016; 
Sánchez-Montoya et al. 2016, 2020a, b). Dry riverbeds 
provide favorable conditions to terrestrial invertebrates 
such as low occupancy, few competing resources, food 
availability, and mating sites, especially during the onset 
of drying (e.g., Sánchez-Montoya et  al. 2016, 2020a, 
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b; Steward et  al. 2022). Ants, spiders, beetles, mites, 
and springtails have been identified as the main taxa 
comprising these communities, which colonize dry beds 
from fringing terrestrial habitats (riparian and uplands) 
and may differ from them in composition terms (Steward 
et  al. 2011; Sánchez-Montoya et  al. 2016, 2020a,b). 
For lentic ecosystems, little attention has been paid to 
the terrestrial invertebrates that colonize dry lakebeds 
during drying (i.e., playas) to date, although some studies 
support the idea of dry lakebeds as valuable habitats for 
ground-dwelling arthropods (Thièry 1987; Rueda and 
Montes 1987, 1988; García 1991; Batzer and Wu 2020).

Despite the growing knowledge about drying 
responses of aquatic invertebrates during the last 
decade, few studies have integrated the dry phase of 
temporary water bodies reflecting contributions from 
both terrestrial and aquatic invertebrate communities 
that would provide a more comprehensive and inclusive 
view of waterbodies biodiversity and their responses 
to drying, especially in saline ecosystems. This is a 
major shortcoming if we consider that saline temporary 
inland ecosystems represent 25% of lotic ecosystems 
worldwide (Meybeck 1995), and their spatial extend is 
predicted to further increase in the near future because of 
ongoing climate change, land-use alteration, and human 
exploitation of water resources (Döll and Schmied 2012; 
Pachauri 2014; Woolway et al. 2022).

In this study, we examined the coupled effect of water 
salinity and drying on the structure and composition of 
both aquatic and terrestrial invertebrate communities 
during three contrasting hydrological phases (wet, 
contraction, and dry) in lotic and lentic naturally 
saline ecosystems. Based on potential changes in 
physical and chemical conditions (i.e., increasing in 
salinity and terrestrial habitats), we hypothesized that 
both drying and coupled salinity increase would drive 
substantial changes in the structure and composition of 
aquatic communities. Similarly, the terrestrial habitat 
availability, which increases over drying, would affect 
the structure and composition of terrestrial invertebrate 
communities. For aquatic invertebrates, we predicted 
structural changes with the decreasing of abundance and 
taxonomic richness in streams and lakes along drying 
and, consequently, higher diversity in the wet phase 
compared with the contraction phase. We also predicted 
that the composition of aquatic communities would differ 
between the wet and contraction phases, with an increase 
in the proportion of lentic to lotic taxa in the case of lotic 
ecosystems. For terrestrial invertebrates, we predicted 
higher abundance and richness in streams and lakes in 
the contraction and dry phases than in the wet phase, and 
significant changes in their composition among the three 
hydrological study phases.

Methods

Study area and sampling sites

This study was carried out in lotic and lentic inland saline 
temporary ecosystems: two streams (Parra and Serranos, 
the Segura River Basin) and two shallow lakes (Muerte 
and Piñol, the Monegros district, Zaragoza) in SE and NE 
Spain, respectively (Table 1 and Fig. 1). According to the 
Köppen–Geiger climate classification (Rubel and Kottek 
2010), Segura River Basin exhibits a warm semi-arid climate 
(BSh) and Monegros district a cold semi-arid climate 
(BSk). The studied streams and shallow lakes are located in 
calcareous sedimentary basins with the presence of evaporite 
rocks, which explain their high salinity waters (Table 1). 
According to saline type classifications, Parra and Serranos 
streams are classified as hyposaline during both the wet and 
contraction phases (3–20 g/L) (Arribas et al. 2009; Millán 
et al. 2011), while Muerte and Piñol lakes cover a range 
from hyposaline in the wet phase (3–20 g/L) to hypersaline 
in the contraction phase (> 50 g/L) (Hammer 1986). The 
dominant benthic vegetation in streams is characterized 
by periphyton in both Parra and Serranos and, Chara sp. 
and Chlorophyceae only in Serranos. In shallow lakes, the 
dominant benthic vegetation is microbial mat in Muerte, 
while in Piñol, benthic vegetation is absence. Riparian 
vegetation in streams is characterized by the presence of 
halophytes, shrubs, and by salt marsh plants (xerophytes and 
halophytes) in shallow lakes (Table 1). 

We sampled the four study sites in three contrasting 
hydrological phases (wet, contraction, and dry) In both 
lotic and lentic ecosystems, the wet phase was considered 
when the discharge (streams), wetted bed area, and water 
column depth (streams and shallow lakes) were maximum, 
assuming high interannual variation among cycles. The 
contraction phase was defined as the period when the 
aquatic habitat drastically reduced in size at least at 50% 
in both ecosystems, which implied highly decreasing in 
discharge (streams), water surface area, and water depth 
(streams and lakes) compared with the previous wet phase. 
Finally, the dry phase was considered when surface water 
was totally absent in both ecosystem types. In general, 
in both studied streams the wet phase has a duration of 
3–4 months, followed by a 2–3 month contraction phase 
and finally an extensive dry phase of around 6–7 months 
(e.g., Alcorlo 1999; Sánchez-Montoya et al. 2018). In 
streams, the wet phase was sampled in February (W1), the 
contraction phase from mid-June to early July (C1), and 
the dry phase from July to September (D1: 1 month after 
dry up) in 2020 (Fig. S1). Shallow lakes, which are subject 
to higher levels of hydrological variation than streams, 
were sampled more frequently, but combining years 2020 
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and 2021 due to the failure to sample the contraction phase 
in 2020 as a result of the COVID-19 pandemic lockdown. 
Consequently, the wet phase was sampled twice, once in 
January of 2020 (W1) and once in early March in 2021 
(W1 and W2, respectively) The contraction phase was 
sampled only once, in mid-March of 2021 (C2). The dry 
phase was sampled three times, in June (D1: 1 day after 
dry up) and July (D2: 1 month after dry up) of 2020, and 
in July of 2021 (D3: 3 months after dry up) (Table 1 and 
Figure S1).

Environmental characterization

Water surface area (lakes), water column depth (streams and 
lakes), and water velocity (streams) were recorded along 
the aquatic reaches during the wet and contraction phases. 
Surface water flow was estimated in streams as the product 
of the average water velocity (current meter MiniAir2; 
Schiltknecht Co., Zurich, Switzerland) and cross-sectional 
area (width and depth of the channel) at each sampling 
site. Surface water in shallow lakes was estimated through 
aerial images on the same day of sampling with EO Browser 
(Sinergise Ltd). At three points of each sampling site and 
hydrological phase, water conductivity (mS/cm), water 

Table 1  Main environmental characteristics of the streams (Parra and Serranos) and shallow lakes (Muerte and Piñol), and water physical and 
chemical features among the wet (W1: wet 1 and W2: wet 2) and contraction phases (C1: contraction 1 and C2: contraction 2) studied

Parra Serranos Muerte Piñol

UTM 3813549 N, 15148 W 3756254 N, 14149 W 412452 N, 01541 W 4124303 N, 01527 W
Altitude (m.a.s.l.) 262.0 113.0 332.1 335.2
Dominant lithology Calcareous (marls and 

limestone)
Calcareous (marls and 

limestone)
Calcareous (marls and 

limestone)
Calcareous (marls and 

limestone)
Dominant riparian 

vegetation
Pinus and halophytes shrubs Pinus and halophytes shrubs Salt marsh plants 

(xerophytes and 
halophytes)

Salt marsh plants 
(xerophytes and 
halophytes)

Dominant benthic 
vegetation

Periphyton Periphyton, Chara, and 
Chlorophyceae

Microbial mat

Hydrological 
phases

W1 C1 W1 C1 W1 W2 C2 W1 W2 C2

Sampling 
month and 
year

02/2020 06/2020 02/2020 07/2020 01/2020 03/2021 03/2021 01/2020 03/2021 03/2021

Mean width 
of the 
channel (m)

1.20 ± 0.10 0.50 ± 0.00 1.90 ± 0.14 0.92 ± 0.02

Water surface 
area  (m2)

80,000 60,000 30,000 90,000 50,000 20,000

 Mean water 
depth 
(cm)

5.7 ± 0.50 3.4 ± 0.66 2.1 ± 0.20 1.0 ± 0.12 13.6 ± 0.67 2.8 ± 0.55 1.7 ± 0.25 13.2 ± 2.12 6.0 ± 0.50 1.6 ± 0.20

 Mean 
discharge 
(L/s)

1.9 ± 0.42 0.5 ± 0.23 0.3 ± 0.10 0.1 ± 0.00

 Water con-
ductivity 
(mS/cm)

5.73 ± 0.00 6.11 ± 0.00 11.40 ± 0.00 13.40 ± 0.0 24.86 ± 0.00 180.17 ± 0.00 185.83 ± 0.00 20.33 ± 0.02 84.55 ± 0.03 145.43 ± 0.01

 Water 
salinity 
(g/L)

3.45 ± 0.00 3.73 ± 0.00 6.72 ± 0.24 8.22 ± 0.18 16.15 ± 0.38 132.04 ± 0.34 136.36 ± 0.38 12.35 ± 0.09 59.96 ± 0.86 105.67 ± 0.32

 Dissolved 
oxygen 
(mg/L)

9.91 ± 0.00 8.05 ± 0.0 9.82 ± 0.00 9.41 ± 0.00 9.75 ± 0.0 15.23 ± 0.20 8.19 ± 0.00 9.28 ± 0.06 15.10 ± 0.06 9.16 ± 0.13

 Oxygen 
saturation 
(%DOsat)

96.91 ± 0.00 97.27 ± 0.15 91.03 ± 0.32 97.10 ± 0.89 91.42 ± 0.42 159.73 ± 0.59 93.71 ± 0.92 91.62 ± 0.49 173.74 ± 0.78 98.04 ± 0.55

 pH 7.99 ± 0.000 8.17 ± 0.00 7.97 ± 0.00 8.21 ± 0.00 8.22 ± 0.00 7.95 ± 0.22 8.13 ± 0.00 8.33 ± 0.09 8.37 ± 0.02 8.67 ± 0.12
 Temperature 

(°C)
12.75 ± 0.00 20.83 ± 0.33 10.40 ± 0.00 18.37 ± 0.00 10.87 ± 0.59 11.04 ± 0.13 15.19 ± 0.13 12.17 ± 0.17 17.23 ± 0.15 18.52 ± 0.26
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salinity (g/L), dissolved oxygen (mg/L), oxygen saturation 
(%), pH, and water temperature (°C) were measured using 
handheld probes (Intellical HQ40D, Hach Lange, USA).

Aquatic and terrestrial invertebrates sampling

Different types of sampling transects were established 
depending on the lotic and lentic nature of ecosystems, and 
the type of community sampled. In streams, the aquatic 
samples were collected along a longitudinal 100 m aquatic 
transect in the wet and contraction phases. Ten aquatic 
invertebrate samples were collected in each stream along 
transects by using hand net in pools and a surber sampler 
in riffles (both 20 cm × 20 cm, mesh size 250 µm), which 
were distributed based on the relative proportion of pools 
and riffles along the study aquatic reaches. In shallow lakes, 
five aquatic invertebrate samples were taken by using a hand 
net (25 cm diameter, mesh size 53 µm) distributed regularly 
along an aquatic transect of 50 m radial reach in the wet and 
contraction phases.

In streams and shallow lakes, the terrestrial samples 
were collected along a 100 m terrestrial transect parallel to 
the streams and lakes shoreline in the wet and contraction 
phases, following Sánchez-Montoya et al. (2016, 2020b). 
In the dry phase, the center of the dry riverbeds and dry 

lakebeds were considered as the terrestrial transects. In 
streams and shallow lakes, ten terrestrial invertebrate 
samples were obtained by using pitfall traps, installed 10 m 
apart along the terrestrial transect in the three hydrological 
phases. Pitfall traps consisted of plastic containers filled with 
water (width: 13 cm; length: 19.5 cm; depth: 7 cm) inserted 
into the sediment for 24 h. Salt was added as a preservative, 
and detergent to break surface tension and to avoid captured 
terrestrial arthropods escaping. Both the aquatic and 
terrestrial invertebrate communities were preserved with 
ethanol (70%) and were identified and counted by a stereo 
microscope. Aquatic invertebrates from streams were 
identified at the genus level, except for Diptera at the family 
level. Aquatic taxa from shallow lakes were identified at the 
species level, except for Nematoda. Terrestrial invertebrates 
in the four study sites were identified at the species level for 
Araneae, Formicidae, and Coleoptera, and at morphospecies 
for the rest of taxa (in accordance with Steward et  al. 
2011). Aerial terrestrial taxa (Diptera, Lepidoptera, and 
Hymenoptera) were not included in the study because pitfall 
traps are unsuitable for sampling these taxa (Corti et al. 
2013; Sánchez-Montoya et al. 2016, 2020a, b).

Fig.1  a Location of study sites in the Iberian Peninsula and the sampling sites in streams. b Monthly mean precipitation (mm) and temperature 
(°C) recorded throughout the sampling period is shown
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Data analysis

To test the effect of drying on environmental conditions, 
values of water physical and chemical parameters for 
each site and hydrological phase were log-transformed 
through log (x + 1) and their normality and homogeneity of 
variance were analysed by Shapiro–Wilk and Barlett tests, 
respectively. We tested for differences between hydrological 
phases (wet and contraction) at each site, by running one-
way analyses of variance (ANOVA) over the log-transformed 
values of each physical and chemical parameter.

For aquatic and terrestrial communities, to ensure 
the relative completeness of the sampling, we first 
estimated sampled coverage (SC) (Chao and Jost 2012) 
for both communities in each phase. Secondly, for testing 
differences in aquatic and terrestrial communities over 
drying, we considered the total abundance and taxonomic 
richness separately in each study site and hydrological 
phase. Abundance and taxonomic richness data were log-
transformed through log (x + 1) and their normality and 
homogeneity of variance were analysed by Shapiro–Wilk 
and Barlett tests, respectively. Then, in streams we tested 
for differences between hydrological phases at each site 
by running ANOVA parametric analysis over the log-
transformed abundance and richness data. In shallow 
lakes, because they did not comply with the assumptions 
of ANOVA, we used a Kruskal–Wallis nonparametric 
analysis. When necessary, we performed post hoc tests 
[Tukey’s Honest Significant Difference (HSD) test or 
the nonparametric Wilcoxon test] to identify pair-wise 
comparisons among phases.

Secondly, a Bray–Curtis dissimilarity matrix was 
constructed from the logarithmically transformed 
abundance data though log (x + 1). Taxa that represented 
less than 0.1% of the total abundance were considered 
rare and were removed before analyses to avoid statistical 
artifacts (McCune and Grace 2002). To evaluate the 
spatial arrangement of the dataset according to the phase 
for both streams and shallow lakes, we performed a 
nonmetric multidimensional scaling analysis (NMDS), 
and to examine differences in both aquatic and terrestrial 
composition for each stream and shallow lake among phases, 
we used the permutational multivariate analysis of variance 
(PERMANOVA); both analyses operated on the Bray–Curtis 
dissimilarity matrix.

Finally, we performed a similarity percentage analysis 
(SIMPER) for each community and site separately, to 
calculate dissimilarity among phases and the contribution 
of individual taxa to these dissimilarities. For richness, 
NMDS and PERMANOVA were used using the highest 
taxonomic resolution available, whereas for the SIMPER, 
the invertebrate family level was used. Specifically for 
NMDS, to proceed with the analysis, samples with zero 

individuals were previously eliminated, and then 2D stress 
values were calculated.

All the analyses were performed with R software (R Core 
Team 2020). We used the aov, kruskal.test, TukeyHSD, and 
pairwise.wilcox.test functions from the basic R package. 
For the rest of the analyses, we used the packages vegan 
(Oksanen et al. 2013) and pairwise.adonis (Martinez 2020).

Results

Environmental conditions in streams and shallow 
lakes during drying

In the studied two streams from the wet to the contraction 
phase, in parallel to the reduction of more than 50% of the 
discharge, channel width, and water depth, we detected a 
significant variation in the physical and chemical water 
features (Table 1 and Table S1). Whereas water salinity, 
oxygen saturation, pH, and temperature significantly 
increased, dissolved oxygen tended to decrease. Both 
streams displayed an increasing proportion of connected 
pools and a decreasing proportion of riffles in the contraction 
phase compared with the wet phase (Fig. S1). In the two 
studied shallow lakes, a 50% reduction in the surface area 
was observed in the contraction phases compared with 
the previous wet phases, as well as reductions of between 
20% and 60% in the water column depth (Table 1). In the 
contraction phase, the water surface was fragmented into 
different sized disconnected aquatic patches in both studied 
lakes. Considering the same hydrological cycle, physical and 
chemical data obtained from these different aquatic patches 
were significantly different from those obtained during the 
wet phase in both shallow lakes (Table 1 and Table S1). 
In some cases, the observed tendency was a decrease in 
dissolved oxygen and oxygen saturation, a temperature 
increase, and pH stabilization (Table S2). Water salinity 
only increased in Piñol and, in contrast, it remained stable 
in Muerte.

Aquatic and terrestrial invertebrate community 
structure

In the two streams, we collected a total of 4325 aquatic 
invertebrates over the two sampling occasions (W1 and 
C1), represented mainly by Diptera (83.9%), Ephemeroptera 
(5.6%), Coleoptera (4.8%), Odonata (3.6%), and Heteroptera 
(1.5%) (Table  S3). The remaining invertebrates (0.5%) 
belonged to Oligochaeta, Trichoptera, and Mollusca. In the 
two shallow lakes, we collected a total of 64,121 aquatic 
invertebrates over the three sampling occasions (W1, W2, 
and, C2), represented mostly by Ostracoda (67.9%) and 
Nematoda (24.7%). Rotifera (4.9%), Anostraca (2.1%), 
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Diptera (0.2%), and Copepoda (0.1%) were minority taxa. 
The sample coverage obtained was ≥ 90% in each sampling 
phase for both streams and shallow lakes (Table S4). In 
both streams, the total abundance and taxonomic richness 
of aquatic invertebrates were significantly higher in the 
contraction than in the wet phase (Table S5 and Fig. 2). The 
opposite pattern was observed in the two studied shallow 
lakes for the two structural metrics between W2 and C2, 
except for invertebrate abundance at Piñol (Tables S6 and 
S7 and Fig. 2).

Concerning terrestrial invertebrates, in the two studied 
streams we collected 841 individuals along the three 
sampling occasions (W1, C1, and D1). This community 
was composed mainly of Heteroptera (46.7%), Formicidae 
(21.1%), Collembola (14.9%), Araneae (8.8%), Coleoptera 
(4.5%), and, Orthoptera (3.2%). The remaining invertebrates 
(0.5%) belonged to Acari, Dermaptera, and Opiliones 
(Table S3). In both shallow lakes, we collected a total of 778 
individuals from the six sampling occasions (W1, W2, C2, 
D1, D2, and D3). Terrestrial communities were comprised 
mainly of Formicidae (40.2%), Collembola (30.4%), 
Araneae (9.9%), and Coleoptera (15.6%). The remaining 

3.7% was represented by Acari, Psocodea, Dermaptera, 
and Orthoptera. The sample coverage obtained was, in 
general, ≥ 90% in each sampling phase for both streams and 
shallow lakes, with the exceptions of D1 in Serranos, W1 
in Muerte, and C2 in Piñol (Table S4). The total abundance 
and richness of terrestrial invertebrates differed significantly 
among phases in both ecosystem types (Tables S5 and S6 
and Fig.  2). In streams, abundances were significantly 
higher in the contraction than in the wet and dry phases, 
and richness was significantly lower in wet than in the 
other two phases (Table S8 and Fig. 2). In shallow lakes, 
the contraction phase exhibited the lowest abundance of 
terrestrial invertebrates (Table S9 and Fig. 2), which differed 
mainly from the dry phases in both studied lakes.

Aquatic and terrestrial invertebrate community 
composition

In the two streams, the composition of aquatic invertebrates 
significantly differed between the wet and contraction 
phases (Table  2 and Fig.  3). In both streams, Diptera 
were mainly responsible for compositional differences 

Fig. 2  Abundance and 
taxonomic richness mean values 
(± SE) of aquatic (left) and 
terrestrial (right) invertebrate 
communities calculated for 
each hydrological phase in 
each studied streams (up) and 
shallow lakes (down). Different 
letters within each panel 
indicate statistically significant 
differences based on Tukey’s 
HSD tests
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(Table S10). Lower abundances of Chironomidae in Parra 
and Culicidae in Serranos in the contraction phase compared 
with the wet phase were found, but the opposite pattern was 
detected for Simuliidae in Parra and Ceratopogonidae in 
Serranos. In addition, we recorded in both streams higher 
abundances of Coleoptera (Dytiscidae, Hydrophilidae, 
and Hydraenidae in Parra; Hydrophilidae in Serranos) and 
Heteroptera (Corixidae and Notonectidae in Parra; Corixidae 
and Nepidae in Serranos) in the contraction phase than in 
the wet phase (Table S10). Finally, higher abundance of 
Ephemeroptera (Baetidae and Caenidae), Trichoptera 
(Sericostomidae), and Odonata (Libellulidae) at Parra were 
recorded in the contraction phase than in the wet phase 
(Table S10).

Similarly, in both shallow lakes, the composition of 
aquatic invertebrates significantly differed between the wet 
and contraction phases (Table 2 and Table S11, and Fig. 3). 
Rotifera (Hexarthridae), Anostraca (Branchinectidae), 
Ostracoda (Cyprididae), and Copepoda (Diaptomidae) were 
the most important taxa that accounted for the compositional 

differences in both lakes, and Nematoda only at Muerte. 
In both lakes, higher abundances were detected in the wet 
phase than in the contraction phase for all recorded taxa, 
except for Ostracoda at Piñol (Table S10).

Regarding terrestrial invertebrates in the studied 
streams, their composition was significantly distinct 
among the three hydrological phases, except for the dry 
and contraction phases at Serranos (Table 2 and Table S12, 
and Fig. 3). In both streams, higher dissimilarities were 
found between wet and dry phases, followed by wet and 
contraction, and contraction and dry phases (Table S13). 
At Parra, dissimilarities were due to Formicidae, which 
presented significantly lower abundances in the wet phase 
than in the other two phases. Also, Araneae (Lycosidae and 
Linyphiidae) presented significantly lower abundances in the 
wet than in the dry phase, and Collembola and Coleoptera 
(Carabidae and Coccinelidae) showed the opposite pattern. 
Finally, Heteroptera presented higher abundances in the 
contraction phase than in the other two phases and Araneae 
(Salticidae) had higher abundances in the contraction phase 

Table 2  Results of 
PERMANOVA (DF: degrees 
of freedom and residual; SS: 
sum of squares and residual; 
MS: mean sum of squares 
and residual; F: F-value; and 
P: P-value) on the effects of 
the hydrological phase on the 
composition of aquatic and 
terrestrial communities of 
streams (Parra and Serranos) 
and shallow lakes (Muerte and 
Piñol)

Aquatic communities Terrestrial communities

DF SS MS F-value P-value DF SS MS F-value P-value

Parra 1 1.46 1.46 14.73 0.001 2 3.95 1.97 8.44 0.001
 Residual 18 1.79 0.09 24 5.61 0.23

Serranos 1 0.76 0.76 8.60 0.001 2 2.56 1.27 3.78 0.001
 Residual 18 1.60 0.08 26 8.78 0.33

Muerte 2 1.29 0.64 6.46 0.001 5 7.26 1.45 5.84 0.001
 Residual 12 1.20 0.48 44 10.94 0.24

Piñol 2 0.67 0.34 21.54 0.001 5 8.10 1.62 7.69 0.001
 Residual 12 0.18 0.21 39 8.22 0.21

Fig. 3  NMDS of aquatic (left) 
and terrestrial invertebrates 
(right) communities of streams 
(up) and shallow lakes (down). 
Samples with zero individuals 
were eliminated
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than in the dry phase. At Serrano, dissimilarities were due 
to Araneae (Salticidae, Titanoecidae, and Zodariidae), 
which presented significantly lower abundances in the 
wet than in the dry phase, and Coleoptera (Carabidae and 
Staphylinidae) with lower abundances in the wet phase than 
in the contraction phase. The opposite pattern was recorded 
for Collembola, with significantly higher abundance in the 
wet phase than in the other two phases, similar to Parra. 
Orthoptera (Gryllidae) also presented significantly higher 
abundances in the dry phase than in the other two phases 
(Table S13).

In the studied shallow lakes, the composition of terrestrial 
invertebrates changed also significantly among the three 
hydrological phases (Table 2 and Table S12, and Fig. 3). In 
both lakes, in general, higher dissimilarities were detected 
between the dry and contraction phases, followed by wet 
and dry, and wet and contraction phases (Table S13). In 
Muerte, community differences were due to the significantly 
higher abundances of Formicidae in the dry phases (D1 
and D3 with respect to the wet phases, and in D1 and D2 
with respect to the contraction phase) compared with the 
other phases. In addition, Araneae (Gnaphosidae in D1 
and Dyctinidae in D3) and Coleoptera (Carabidae in D1 
and D2) presented significantly higher abundances in the 
dry phase than in the wet and contraction phases. Also, 
Collembola presented significantly higher abundances in 
the dry phase D1 with respect to the wet phases and, finally, 
Araneae (Gnaphosidae) and Coleoptera (Chrysomelidae, 
Elateridae and, Staphylinidae) presented significantly higher 
abundances in the wet phases than the contraction phase. 
In Piñol, the abundance of Araneae (Dyctinidae Lycosidae, 
and Theridiidae) was in general significantly higher in the 
dry phases than in the wet and contraction phases. The 
abundances of Collembola in D1, Formicidae in D2 and D3, 
and Coleoptera (Anthicidae) in D3 were significantly higher 
than in the wet phases. Finally, abundances of Coleoptera 
(Anthicidae, Carabidae, and Staphylinidae) was significantly 
higher in the wet phases than in the contraction phases 
(Table S13).

Discussion

Only recently, the dry phase of inland water ecosystems 
and their associated dry beds have been identified as key 
moments and habitats, respectively, for a diverse and 
distinct terrestrial invertebrate community, primarily in 
rivers and streams (e.g., Sánchez-Montoya et  al. 2016, 
2020a, b). Concomitantly, less attention has been paid 
to other key aspects such as (i) the importance of the dry 
phase in saline ecosystems; (ii) the temporal dynamics of 
terrestrial invertebrates in wet, contraction, and dry phases, 
especially in saline inland waters; and, finally, (iii) parallels 

and contrasts of aquatic and terrestrial invertebrate response 
patterns during drying in saline both lotic and lentic 
ecosystems.

In this study, we analyzed changes in the structure 
and composition patterns of both aquatic and terrestrial 
invertebrate communities in response to both coupled 
stressors, water salinity, and drying, in lotic and lentic 
naturally saline ecosystems. With this purpose, we studied in 
detail the communities response along the three hydrological 
phases: wet, contraction, and dry. This allowed identifying 
(i) different hydrological phases characterized by different 
abundances and richness values, (ii) the level of consistency 
in structural and compositional responses to drying across 
aquatic and terrestrial communities in saline ecosystems, 
and (iii) which terrestrial and aquatic invertebrate taxa 
are responsible for compositional changes along different 
hydrological phases.

Aquatic invertebrate communities and their 
structural and compositional responses to drying 
in saline ecosystems

According to our hypothesis, drying promoted changes 
in the structure and composition of aquatic communities 
not only in saline streams but also in saline shallow lakes. 
This finding expands previous knowledge about the effect 
of drying in freshwater ecosystems to saline ecosystems 
(Bonada et al. 2006; García-Roger et al. 2011).

In streams, many studies have described how drying 
reduces abundance and taxonomic richness of aquatic 
communities (e.g., Boulton 2003; García-Roger et al. 2013; 
Datry 2012; Datry et al. 2017; Stubbington et al. 2017), 
in conjunction with changes in their composition by taxa 
replacement (e.g., Pace et al. 2013; Stubbington et al. 2017). 
In our studied streams, drying also changed the aquatic 
invertebrate structure but, conversely to our predictions, the 
highest abundances and richness occurred in the contraction 
phase, unlike the conceptual model described by Boulton 
(2003). That model proposed a sharp taxa richness decline 
as flow discharge or water level decreases. In our study, 
we detected the increasing proportion of connected pools 
and associated OCH taxa in the contraction phase and 
the persistence of runs with the significant increase of 
Ephemeroptera abundance. All these taxa were mainly 
responsible for changes in community composition from 
the wet to the contraction phase. This finding may be the 
consequence of not only the persistence of hydrological 
connectivity among aquatic habitats in the contraction 
phase, but also the slight increase in water salinity during 
drying as result of the maintained flow (e.g., Gómez et al. 
2017; Bonada et  al. 2020). Under these hydrological 
conditions, aquatic invertebrate communities would have 
avoided the niche filtering imposed for isolated pool habitats 
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in harsher drying scenarios (Bonada et al. 2006), allowing 
the coexistence of both lotic and lentic taxa (Buffagni et al. 
2020), as well as the adverse effect of highly increasing 
salinity expected in disconnected pools (e.g., Vidal-Abarca 
et al. 2013). In addition, it must be considered that the 
reduction of the surface flow during the contraction phase 
generally promotes an increase in organic matter deposited 
in pools as detritus that can be utilized as food resources 
for aquatic communities. This may explain the increase 
in detritivore abundance (Acuña et al. 2005). In general, 
our findings support the idea that connected pools promote 
high density and diversity of aquatic invertebrates compared 
with disconnected pools, acting as biodiversity reservoirs for 
entire drainage networks (Bonada et al. 2006; Bogan et al. 
2017; Hill and Milner 2018).

Conversely to the studied streams, in shallow lakes we 
observed significantly lower diversity in the contraction 
phase than in the previous wet phase, according to our 
prediction. The detected significant drop in abundance 
(only in Muerte) and richness (in both Muerte and Piñol) 
of aquatic invertebrates may respond to the aquatic habitat 
constraints imposed by the contraction phase (e.g., Dodson 
1992; O’Brien et al. 2004; Quintana et al. 2006). However, 
observed abundance patterns cannot be explained by severe 
physical and chemical conditions imposed by contraction 
phase in both study lakes, as previously detected in other 
lakes (Ginatullina et al. 2017; Senner et al. 2018; de Necker 
et al. 2021). In our study, in both lakes, the water surface of 
the previous wet phase (within the same hydrological cycle) 
was fragmented into different sized isolated aquatic patches 
in the contraction phase, but only resulted in slight changes 
in water physical and chemical conditions. We assume that 
this fact was because the aquatic patches were not isolated 
enough to promote drastic physical and chemical changes. 
Nevertheless, as an exception, water salinity increased 
in Piñol (1.8-fold). This fact, together with the aquatic 
habitat constraints, explains the lower richness and higher 
abundance during the contraction phase in Piñol, where the 
aquatic community shifted to have only salinity tolerant 
species (Ostracoda), which represented the total abundance. 
In addition, for dissolved oxygen, despite lower values at the 
contraction phase for both lakes , those values were always 
above the oxygen requirement of aquatic taxa in both lakes 
(Davis 1975; Karpowicz et al. 2020).

In both lakes, the main detected compositional changes 
were related to the loss of most taxa in the contraction phase 
compared with the wet phase, particularly crustaceans 
(Anostraca and Copepoda, among others) and rotifers. 
Similar changes have been previously described in shallow 
lakes (Brucet et al. 2005, 2006). In our study, the community 
presented in the contraction phase at Muerte, characterized 
by stable salinity conditions, was dominated mainly by 
nematodes, which are described as taxa that withstand and 

tolerate harsh environmental conditions due to resilience 
mechanisms, which allow a rapid and effective response to 
environmental disturbances such as hydrological changes 
(Gascón et al 2006). At Piñol, Ostracoda Candelacypris 
aragonica was the dominant taxa in the contraction phase 
characterized by a significant increase in water salinity 
concentration. This is a consequence of the ability of 
Ostracoda to survive in isolated shallow aquatic patches 
at high salinity concentrations (de Necker et  al. 2021), 
especially for C. aragonica whose physiological optimum 
coincides with the high saline conditions of shallow lakes 
from Monegros district (Santamaría et al. 1992).

Terrestrial invertebrate communities and their 
structural and compositional responses 
to the salinity and drying

Terrestrial invertebrate communities have been recently 
described as an important biological component of the dry 
phase of inland waters, mainly in lotic ecosystems (rivers 
and streams), playing a key role in processing organic matter 
in temporary terrestrial habitats, such as exposed shore bars 
and dry beds habitats (e.g., Steward et al. 2017). Although 
there is evidence that dry beds of lentic ecosystems (shallow 
lakes) harbor a diverse terrestrial invertebrate community 
(e.g., Alcorlo 1999, 2004), the importance of this habitat 
for terrestrial invertebrate communities has been largely 
overlooked, in general in lentic aquatic ecosystems, and in 
particular in saline lakes.

According to our hypothesis, drying changed the structure 
and composition of terrestrial invertebrate communities 
in both the studied streams and shallow lakes, similar to 
that observed for aquatic communities. Our predictions 
were confirmed for both ecosystem types, since highest the 
abundance and richness values of terrestrial invertebrates 
were detected in the contraction and/or dry phases compared 
with the wet phase.

In the two studied streams, the highest abundance and 
richness values of terrestrial invertebrates were detected 
in the contraction phase compared with wet and even dry 
phases. This finding is in line with the habitat continuum 
model proposed recently by Steward et al. (2022), which 
described how richness and abundance of terrestrial 
invertebrates increase as surface water disappears (i.e., 
contraction phase and at the onset of the dry phase), but 
decrease over the dry phase. In the onset of the dry phase, 
dry riverbeds may represent an opportunity for terrestrial 
invertebrates, providing them a newly unexploited habitat 
with competitor–predator free spaces, low occupancy, and 
suitable mating sites and food resources from stranded 
aquatic organisms (e.g., fish, insects, algae; Sánchez-
Montoya et al. 2016, 2020a,b; Steward et al. 2017, 2022). 
This temporary food subsidy may benefit opportunistic 
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predators, scavengers, and detritivores such as Coleoptera, 
Heteroptera, Araneae (especially Lycosidae), Formicidae, 
Collembola, and Orthoptera, among others (Sánchez-
Montoya et al. 2016, 2020a,b; Steward et al. 2022). However, 
the fact that soil moisture diminishes as drying progresses, 
together with the loss of aquatic food resources, may explain 
the detected reduction of the diversity and abundances in 
dry beds. In these conditions, only persisting specialist taxa 
remained (Steward et al. 2022).

In our study, drying also changed the terrestrial 
community composition in the two studied streams from 
the wet to the contraction and dry phases. Similarly to 
previous studies (Pflug and Wolters 2001; Lessel et  al. 
2011; Xu et al. 2012; McCluney and Sabo 2012), drying 
led to a drastic reduction in Collembola in the contraction 
and dry phases, probably due to the marked dependence of 
this taxa on soil moisture (Marx et al. 2012). Collembola 
are very sensitive to soil environmental changes (Flórián 
et al. 2019), and may be directly influenced by the drying 
effect on their physiology, behavior, and reproduction, or 
indirectly on resources availability (reducing mainly fungi 
and bacteria, which depend directly on soil moisture) (Xu 
et  al. 2012). Conversely, the transition from the wet to 
the contraction and dry phases was characterized by the 
increased abundance of mainly Araneae and Formicidae 
in the two studied streams. Some Formicidae and Araneae 
(e.g., Lycosidae) taxa were frequently found along exposed 
terrestrial bars and dry riverbeds during drying, according 
to previous studies (Steward et al. 2011; Sánchez-Montoya 
et al. 2016, 2020a,b). These two groups of taxa may benefit 
from the accumulation of stranded aquatic organisms (e.g., 
algae and aquatic invertebrates) as a temporary food subsidy 
during drying. This may be the case of ants that prey on 
aquatic biota in exposed bars and riverbeds (Steward et al. 
2017) and some spiders that prey on both emerging aquatic 
insects in the contraction phase (e.g., Paetzold et al. 2005). 
Therefore, our results not only confirm those previous 
findings reported in freshwater streams about the drying 
effect on terrestrial invertebrate communities, but also 
extend the knowledge to saline streams. In addition, it must 
be considered that dry riverbeds can offer a wide diversity 
of microhabitats for the terrestrial invertebrates that inhabit 
the surface and interstitial spaces of dry beds (Steward et al. 
2017, 2022). For instance, the highest abundance of Araneae 
and Formicidae on the dry beds at both Parra and Serranos 
were probably also related to spiders and ants preferring 
coarser substrates (rock–cobble) (Sánchez-Montoya et al. 
2016; Steward et al. 2022), which characterized the two 
studied streams.

In the two shallow lakes, as predicted, we observed 
the highest values of terrestrial invertebrate abundances 
and richness in dry phases. As far as we know, our study 
describes, for the first time, the dynamic of terrestrial 

invertebrate communities in the dry lakebeds, although 
the occasional presence of similar terrestrial taxa has been 
previously observed in similar lakes (e.g., Rueda and Montes 
1987; García 1991; Alcorlo 1999). Thus, current findings 
demonstrate that dry lakebeds may also act as key habitats 
for terrestrial invertebrates, similarly to dry riverbeds. 
Conversely to what was proposed by the habitat continuum 
model for temporary rivers (Steward et al. 2022), the later 
dry phases in shallow lakes also showed similar abundance 
and richness for terrestrial invertebrates compared with the 
onset of drying. These results evidence that the application 
of this model in lentic ecosystems must be proven. In 
compositional terms, in the current study, the dry phase 
exhibited the highest abundance of Formicidae and Araneae, 
similar to the pattern found in streams. In addition, the dry 
phase of both shallow lakes showed the highest abundance 
of Coleoptera. Some families of predatory beetles, such as 
ground beetles (Carabidae) and rove beetles (Staphylinidae), 
which were present in the studied shallow lakes, are 
common inhabitants of dry beds, similarly to spiders and 
ants (Sánchez-Montoya et al. 2016; Steward et al. 2017). 
In addition, we observed high abundances of larvae and 
adults of tiger beetles (Cicindelidae and Carabidae) in the 
burrows constructed in the studied sandy dry lakebeds, in 
accordance with their habitat preferences (Schultz 1989; 
Rodríguez-Flores et al. 2016; Brust et al. 2005). This finding 
indicates the potential key role of sandy dry lakebeds for 
some particular terrestrial invertebrates as favorable habitats. 
Finally, and conversely to the studied streams, the lowest 
values of these metrics were recorded for the contraction 
phase. In general, these findings highlight that comparative 
studies across regions are required to further support the 
present results evidencing potential complex array of 
interactions between regional and local conditions predicting 
responses of aquatic and terrestrial invertebrate assemblages 
over hydrological phases, especially in areas subject to high 
level of hydrological variations.

Conclusions

Our findings showed the significant effect of drying on both 
aquatic and terrestrial invertebrate communities in saline 
streams and shallow lakes. Aquatic habitat constraints, 
and its resulting effect in water salinity, seems to be a 
determinant factor shaping aquatic communities along 
drying. Also, drying and the consequent expansion of 
terrestrial habitat, represented an opportunity to increase 
terrestrial invertebrate diversity in saline streams and 
shallow lakes.

In the studied streams, the stable physical and chemical 
conditions in the contraction phase (characterized by 
hydrological connectivity and steady salinity) favored high 
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abundance and taxonomic richness for aquatic invertebrates. 
However, in the shallow lakes, not only the aquatic habitat 
constraints but also water salinity produced a shift in 
community composition, decreasing the abundance and 
diversity of the aquatic community in the contraction 
phase in some occasions. In parallel, the expansion of 
terrestrial habitats in both streams and shallow lakes 
during the progress of drying increased the diversity of 
terrestrial invertebrates. This was especially important for 
predators and scavengers such as Araneae, Formicidae, 
and Coleoptera, which reached the highest values in the 
intermediate phase of drying in streams (contraction phase) 
and spread during the dry phase of saline shallow lakes.

This study supports the need to integrate both aquatic 
and terrestrial communities into analyses of biodiversity 
variability of temporary saline aquatic ecosystems. 
Considering that drying and salinity are increasing globally 
as a result of climate change and human activities (Jeppensen 
et al. 2015; Estévez et al. 2019; Woolway et al. 2022), the 
role of the dry phase and its contribution to inland water 
biodiversity should be central for the conservation of not 
only freshwater but also saline aquatic ecosystems.
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