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Some like it salty: Spatio-temporal dynamics of salinity
differentially affect anurans and caudates in coastal wetlands
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temporal variation of salinity in 24 ponds situated on the Atlantic coast of France.
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of salinity are a critical factor structuring amphibian communities that affect the

variation in salinity disrupts the match between salinity selected by reproductive
adults and those experienced later by their developing offspring, which negatively
affect reproductive success.

4. Future changes in coastal salinity are likely to affect the structure and functioning
of these ecosystems, excluding salt-intolerant species and eventually leading to

less diverse communities of salt-tolerant species.
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1 | INTRODUCTION restricted spatial scales, and shelter a large diversity of species and

habitats (Janas et al., 2019; Maynard & Wilcox, 1997). In addition to
Coastal wetlands are among the most diverse and productive eco- their rich biodiversity (Maynard & Wilcox, 1997), coastal wetlands
systems on earth (Hobohm et al., 2021). Situated at the interface also provide ecosystem services with key role in oxygen and nu-
between land and open sea (Janas et al., 2019), coastal areas are trient fluxes and primary production (Janas et al., 2019). However,
composed of a complex mosaic of biotopes concentrated across coastal wetlands are particularly vulnerable to ongoing global
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changes (Barua et al., 2021; Hobohm et al., 2021; Martinez-Megias
& Rico, 2021).

Among the various factors that affect these rich habitats, salinisa-
tion is an important - yet understudied - threat (Cunillera-Montcusi
et al., 2022). Coastal wetlands are naturally subjected to spatially and
temporally variable salinity mainly as a result of landward sea spray
deposition, which creates a spatial and temporal salinity gradient
(Benassai et al., 2005; Estévez et al., 2019; Fu et al., 2021; Ranjbar &
Ehteshami, 2019). However, salinity is expected to increase locally as
a result of several processes all linked to anthropogenic activities and
ongoing climate changes (Le et al., 2019; Reid et al., 2019). In addition
to the impacts linked to sea-level rise (Church & White, 2011; Vermeer
& Rahmstorf, 2009), extreme storm events (Maxwell et al., 2019) and
specific anthropogenic activities (i.e., groundwater pumping; Peters
et al., 2021; Reid et al., 2019), salinity also can increase in temperate
areas as a consequence of current modifications of climatic condi-
tions (i.e., increased temperature and decreased precipitation; Colak
et al., 2022; Schroeder et al., 2017). Freshwater inputs to coastal wet-
lands are reduced because of decreasing riverine flows (Schroeder
et al., 2017). Complementarily, evaporation can seasonally exceed
precipitations - especially in spring and summer - and thus increase
the salinity of coastal wetlands subjected to moderate salt input by sea
sprays (Benassai et al., 2005). Taken together, all of these processes
are expected to significantly affect the heterogeneity and associated
spatio-temporal dynamics of salinity (Ghalambor et al., 2021).

The importance of considering salinisation and its consequences
for wildlife is linked to the fact that most species have to regulate
the osmolality of their body fluids in order to survive (Hoffmann
et al., 2009; Potts, 1954). Most species display physiological mech-
anisms that aim at regulating water and ion fluxes to maintain ho-
meostasis (i.e., osmoregulation; Evans & Kiiltz, 2020; Schultz &
McCormick, 2012). These mechanisms are metabolically expensive
and can trade-off with other functions (Herbert et al., 2015), and,
ultimately, may jeopardise survival (Canedo-Argielles et al., 2013;
Hall & Burns, 2002; Moorman et al., 1991). Although all trophic
levels can be affected by increased environmental salinity (Hintz &
Relyea, 2019), there is a wide variation in susceptibility among spe-
cies (Castillo et al., 2018; Halse et al., 2003; Venancio et al., 2022;
Venancio, Castro, Ribeiro, Antunes, Abrantes, et al.,, 2019), and
among life stages (Paiva et al., 2020). In freshwater environments,
early life stages of amphibians, mussels and zooplankton have been
identified as the most sensitive taxa to salinity exposure, whereas
some fish species, water moulds and macrophytes can be more
tolerant (Venancio et al., 2022). This species-specific susceptibility
to salinity can have major consequences for ecosystem function-
ing (Cunillera-Montcusi et al., 2022). Indeed, susceptible species
can avoid elevated salinity through habitat selection (Venancio
et al., 2020), thereby inducing shifts in home ranges size or location
of intolerant species (O'Dell et al., 2021). Ultimately, these processes
can reduce biodiversity (Hébert et al., 2022; Hintz & Relyea, 2019)
and change community structure and composition (Findlay &
Kelly, 2011; Hart et al., 2003; Hintz & Relyea, 2019; Venancio,
Castro, Ribeiro, Antunes, & Lopes, 2019).

Amphibian taxa are particularly susceptible to salinity (Venancio
et al., 2022). Indeed, amphibians are characterised by a relatively
permeable skin that allows not only gas exchanges, but also ion and
water fluxes (Hillyard et al., 2007; Wake & Koo, 2018), and relatively
low dispersal abilities constraining movements when environmen-
tal conditions are harsh (Wells, 2007). As a consequence, amphibian
species richness and distribution decrease with increasing salinity
(Baskale & Kaya, 2009; Karraker et al., 2008; Smith et al., 2007), sug-
gesting that salinity is a limiting factor for amphibian diversity (Hall
et al., 2017). Conversely, some amphibian species have been shown
to live and reproduce in habitats ranging from brackish to nearly
marine (Greenwald, 1972; Hopkins & Brodie, 2015), which suggest
that salt tolerance may not be as rare as it is been assumed previ-
ously, especially for species occurring in coastal habitats (Hopkins
et al., 2016; Hopkins & Brodie, 2015), and that tolerances to salinity
vary between species (Babbitt et al., 2006; Brown & Walls, 2013;
Hopkins & Brodie, 2015; Hua & Pierce, 2013; Lorrain-Soligon
etal., 2021).

In addition to these species-specific tolerances to salinity, am-
phibians also can display variable levels of tolerance to salinity within
species. Indeed, most amphibians are characterised by a complex bi-
phasic life cycle, with eggs and tadpoles developing in aquatic habi-
tats and adults displaying various levels of terrestriality (Wells, 2007).
Accordingly, eggs and larvae are less tolerant to elevated salinity
than adults (Albecker & McCoy, 2017), and some evidence sug-
gest that reproductive individuals can express habitat selection
and avoid saline water for egg-laying (Albecker & McCoy, 2017,
Haramura, 2008; Lorrain-Soligon, Robin, et al., 2022; Viertel, 1999)
to improve their reproductive success (Lukens & Wilcoxen, 2020;
Tornabene et al., 2021). Taken together, these elements suggest
that variability in both within- and between-species susceptibility
to salinity could be a major factor determining the structure of am-
phibian coastal communities (Lorrain-Soligon et al., 2021) and may
significantly affect within- and between-species distribution across
the spatial and temporal salinity gradient. However, the current lit-
erature lacks data on the effect of salinity across amphibian commu-
nity (but see Lorrain-Soligon et al., 2021; Smith et al., 2007), across
multiple sites and a long time scale, which is key to understanding
how they will behave to the predicted increase in salinity.

In order to better understand how salinity changes naturally in
coastal environments and how amphibians can respond to such spa-
tial and temporal variation, we studied the amphibian community in
a typical coastal wetland situated on the Atlantic coast of France,
where amphibians are subjected to natural salinity variations. Firstly,
we assessed the spatial (distance to the coastline) and temporal (sea-
sonal across spring and summer) dynamics of salinity during 3years
in 24 coastal ponds. Secondly, on the same sites during one breed-
ing season, we assessed amphibian presence and abundances across
key life stages (adults, larvae and metamorphs) to investigate how
community and diversity vary with salinity.Thirdly, we also investi-
gated how the spatio-temporal dynamics of salinity can affect the
fitness of individuals by quantifying malformations of larvae and
metamorphs, as elevated salinity can alter embryonic and larval
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development and induce malformations (Hopkins et al., 2013). We
hypothesised that amphibian diversity should decrease with increas-
ing salinity (Smith et al., 2007) as most amphibian species seem to
be highly susceptible to salinity, that larvae should be present only
in low-salinity ponds, as they are less tolerant to elevated salinity
compared to adults (Albecker & McCoy, 2017), and that localised
seasonal increase of salinity throughout the embryonic and larval
development should negatively affect offspring quality because
of the detrimental effects of salinity on development (Lukens &
Wilcoxen, 2020; Tornabene et al., 2021).

2 | METHODS
2.1 | Study site and sampling

The study was carried out on a coastal wetland from the Eastern
Atlantic coast (Réserve Naturelle Nationale de Moéze-Oléron,
France, 45°53'33.36"N, 1°04'59.16"W). This site is composed of a
continuum of habitat types (brackish and freshwater marshes and
ponds) with increasing distance from the seashore (Figure 1).

We surveyed 24 ponds, during 32 sessions that occurred be-
tween 31/03/2021 and 12/07/2021 (Figure 1). Twenty ponds
were prospected during 32 sessions, three ponds were prospected
during three sessions, and one pond was prospected during 18 ses-
sions. Each pond was prospected at an even number of night and
day sessions. Successive sessions at each site were separated by
a minimum of 24h and a maximum of 5days. These ponds were
chosen to express a large salinity gradient, which vary during the
season. Characteristic of all ponds and number of visits are given
in Table S1.

For each session, we measured water salinity (g/L) and tem-

perature (°C) using a conductimeter (YSI Professional Plus) at 15cm

deep. We also estimated the percentage of surface area covered by
aquatic vegetation. Additionally, to complement our measures of sa-
linity performed in 2021 and better assess the temporal variations of
salinity, we aggregated data of pond salinity recorded once a month
in April, May, June and July in 2018 and 2019 for 20 of the 24 ponds
studied in 2021, using the same methodology as that used in 2021.

The surface area of each pond as well as its distance to the
ocean at high tide were measured using QGIS 3.4.7. Both variables
varied widely across our study sites (surface area 36-3,250 m?
[mean 490.47m?+159.21 SE]; distance to the ocean 30-796m
[356.10m+47.64 m SE]) but were not related to each other (Pearson
correlation test: r=-0.088, p-value=0.712).

For each prospection, we used three complementary survey
methods to assess abundance of amphibian species. First, during
diurnal surveys, we used binoculars at a distance of 10m from the
pond edges to count individuals present on the whole water surface
and on the edges of the ponds. Second, during diurnal and nocturnal
sessions, we completed this survey by counting all individuals visible
(<2m on land or in water) by slowly walking around the pond (with
a headlamp at night), and searching under cover objects situated up
to 2m from its edge on land to search for both hidden anurans and
caudates. Finally, these visual surveys were complemented by direct
sampling (using a net with fine mesh [1-mm]) to assess the presence
of secretive larvae. To standardise this survey method, we sampled
a pond according to its perimeter. We performed five dip netting
maneouvresevery 10m. Such direct sampling also allowed us to as-
certain whether individuals display malformations or abnormalities
(Hopkins et al., 2013). We checked for the presence of malforma-
tion in all species and life stage captured, and these malformations
consisted of oedema, axial malformations, reduced tail size, and skin
infections. These complementary methods allowed us to assess
the abundance of larvae, metamorphic or adult individuals for each

species.

Mean pond salinity (g.I"")

4 0.0-1.0
©1.0-2.0
A 2.0-4.0
© 4.0-8.0
A 8.0-18.0

® 18.0 - 25.0

FIGURE 1 Location of the 24 study

ponds in western France, with mean 0 250 500 m

salinity during the whole study period
(from 31/03/2021 to 12/07/2021).
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This protocol lead to the identification of six amphibian spe-
cies (four anurans, two caudates): the green frog Pelophylax sp.
(composed of a hybridogenic complex indifferentiable by sight;
Dufresnes et al., 2017), the Mediterranean tree frog (Hyla meridio-
nalis), the common parsley frog (Pelodytes punctatus), the Western
spadefoot toad (Pelobates cultripes), the palmate newt (Lissotriton

helveticus) and the marbled newt (Triturus marmoratus).

2.2 | Review of salt tolerance

We collected published data on salt tolerance in caudates and
anurans obtained both during field studies and under laboratory
conditions. We complemented the seminal review of Hopkins and
Brodie (2015) with additional data published since then (Table S2).
For consistency, we used the same methodology as Hopkins
and Brodie (2015) to extract salinity data: “For every species
where environmental salinity was measured at the time of field
observation, we determined the maximum salinity concentration
in which the animal was found. There are many measurement
units used in the salinity literature, with very little standardisation
or consistency (e.g., conductivity, specific conductance, mOsm/L,
g/L, mg/ml, mequiv/L, specific gravity, ppt [parts per thousand],
ppm [parts per million], psu [practical salinity unit]). To facilitate
accurate comparison among species and studies, we converted all
values into ppt (g/L CI"). For those species whose salt tolerance had
been experimentally examined in the laboratory, we determined the
maximum upper limit of tolerance by arbitrarily defining this as the
concentration of salt in which >50% of individuals survived. For non-
lethal measures, we recorded the upper limit as that concentration
which first caused a statistically significant negative effect.” In
addition, as in Hopkins and Brodie (2015), when a species had been
found to occur in multiple salinities, we retained in our collection
(see Table S2) the highest value.

These data were not used to perform quantitative statis-
tical analyses, but we provide qualitative comparisons in Section 4

below.

2.3 | Data analysis
2.3.1 | Spatio-temporal variation in salinity

The spatio-temporal variation in salinity at our study sites was inves-
tigated with a linear mixed model (Imer) with salinity as a dependent
variable, distance to the ocean, day of the year (the number of days
since 01/01/2021), and their interaction as covariates, and pond as
random effect, using all salinities measured during the 32 sessions.
For clarity, only three dates are represented in Figure 2 correspond-
ing to the beginning (31/03/2021), middle (20/05/2021) and end
(12/07/2021) of the survey. To complement our measures of salin-

ity performed in 2021 and to better assess the temporal variations

401 . Date

S *= 31/03/2021
- 20/05/2021
== 12/07/2021

w
o
L

Pond salinity (g.I”")
N

0 200 400 600 800
Distance to the ocean (m)

FIGURE 2 Spatial (according to distance to the ocean) and
temporal (across surveys) variation of salinity on 24 coastal ponds.
For clarity, only data corresponding to the beginning (31/03/2021),
middle (20/05/2021) and end (12/07/2021) of the survey are
represented. Points are observed values, lines indicate relationships
with increasing distance from the seashore and grey shadings
indicate 95% confidence intervals.

of salinity, we aggregated pond salinity data recorded in April, May,
June and July in 2018 and 2019 for 20 of the 24 ponds studied in
2021 with all of the data recorded in 2021. The temporal variations
of salinity were then investigated using Imer with distance to the
ocean, day of the year, and their interaction as covariates, and pond
and year as random effects. We previously tested for the effect of
year to see if there was a difference in salinity between years, by set-
ting a Imer with year as a dependent variable and pond as a random
effect, but we found no variations between years (Sum Sq=32.356,
F1771=2.732,p=0.099).

2.3.2 | Species presence and abundances

In order to model each species abundance, we used the N-mixture
method of Royle (2004). This method allows estimating abundance
of species using multiple counts of unmarked individuals, taking into
account imperfect detection probability, and for variables influ-
encing species detection and occupancy (Royle, 2004). For anuran
species, we modelled for each species the estimated abundance of
adults, metamorphs and larvae. Low sample sizes (three observa-
tions for each group) precluded these analyses for adult P.punctatus
and adults and metamorphic individuals of P.cultripes. For caudate
species, we modelled for each species the estimated abundance of
adults and larvae. For the two groups (anurans and caudates), we
also computed the same statistics using the abundance of all species
considering each life stage separately (Pelophylax sp., H. meridionalis,
P.punctatus and P. cultripes in anurans, and L. helveticus and T.marmo-
ratus in caudates).

For each species and each developmental stage, we thus ran N-

mixture models with the matrix of the 32 observations of the given

5101 SUOWILIOD BAIE.D 3Rl dde 3} Ad PeuBAOB 32 SOILE YO ‘88N J0 S3INJ 0 ARICII BUIIUO AB|1A UO (SUONIPUOD-PLE-SLLLBI WO A3 1M ARG PUI|UO//SAIY) SUONIPUOD PUE SWLB | 84} 39S *[£202/S0/GT] U ARIqIT8UIIUO B]IM ‘90Ul BLBIR0D Ad E0THT GMY/TTTT'OT/I0P/L0D /5| 1M AZRIq1BU|UO//SANY W04} PpeOUMOQ ‘0 */2vZG9ET



LORRAIN-SOLIGON ET AL.

species and stage on the 24 study ponds, and tested a combination
of models including, as variables explaining occupancy, maximum
salinity recorded during the whole study period, its quadratic form,
aquatic vegetation, the interaction between aquatic vegetation and
either maximum salinity or the quadratic form of maximum salinity,
and the additive effect of the surface area of the pond. Aquatic veg-
etation was always excluded during the model selection procedure.
Maximum salinity was selected, instead of any other values of sa-
linity, because maximum salinity represents the most constraining
level of salinity that may influence habitat selection throughout the
breeding season. It allows us to test whether adults could poten-
tially predict temporal change in salinity that their larvae will experi-
ence later. For all models, we also tested if detection probability was
temperature-dependent (using water temperature data recording at
each pond during each prospection), as well as dependent on the
day of the year (and its quadratic form, which was always excluded
during the model selection procedure) or if it was constant over
time. We used Poisson regression which fitted well our count data,
except for the two caudate species, where abundance was lower
and for which we used a zero inflated Poisson distribution. The best
model was retained with selection by Akaike information criterion
(AIC). The estimated abundances were represented using the pack-
age ggeffects.

In order to model the richness of amphibians' species, we used
generalised linear mixed models (glmers) with Poisson or Zero
Inflated Poisson distribution. We evaluated species richness of
adults, larvae, metamorphs, and total (adults, larvae and meta-
morphs together) separately for anurans and caudates, and finally
estimated total species richness regrouping all anuran species and
all caudate species for all life stages. In our models, we included as
covariates salinity measured at each prospection, its quadratic form,
the interaction between aquatic vegetation and either salinity or the
quadratic form of salinity, and the additive effect of the surface area
of the study ponds. Pond was set as a random effect. We retained
the best model with selection by AIC. The estimated specific rich-
ness were represented using the package ggeffects.

2.3.3 | Salinity and life stages

Differences in susceptibility (salinity tolerated by individuals)
between life stages (analysed on all species grouped together) were
investigated with Imer with salinity as a dependent variable (i.e.,
all pond salinities for prospection in which individuals were found
- when no individuals were found, the pond and its associated
salinity were not used in this analysis), day of the year (the number
of days since 01/01/2021), life stages, and their interaction as
dependent variables, with pond as random effect. This allowed us
to highlight the mean salinity in which each life stage was found, and
to compare with other life stages. We also provided empirical data
on the minimum, maximum and mean pond salinity in which each life
stage of each species were found, as well as the date of first and last
observation (Table 1).

Freshwater Biology BWVA| LEYJ—5

2.3.4 | Malformations occurrence

In order to assess the influence of pond salinity on occurrence of
malformed individuals (analysed on all species grouped together), we
used Poisson glmers with number of malformed individuals as a de-
pendent variable, pond salinity or day of the year as a covariate, and
pond as a random effect.

All statistical analysis were performed using R 3.6.3 (R Core
Team, 2020) and Rstudio version 1.1.419.

3 | RESULTS
3.1 | Spatio-temporal variation of salinity

Considering only 2021, salinity varied with time (Sum Sq=3,353.9,
F)24=15.981, p<0.001), distance to the ocean (Sum Sq=74.5,
F49535=17.406, p<0.001), and their interaction (Sum Sq=1,307.3,
F491535:6.229, p<0.001). Indeed, salinity decreased when distance
to the ocean increased, but increased with date (Figure 2). During
the whole survey, mean salinity among the five ponds closest from
the ocean was of 22.19g/L (+2.18 SE) and mean salinity among the
five ponds the farthest from the ocean was of 1.96g/L (+0.11 SE).
Across our survey period, salinity ranged from 0.44 to 12.26g/L at
the beginning of the breeding season to 0.89 to 37.73g/L at the end
of the breeding season.

Data of salinity recorded in 2018, 2019 and 2021 in 20 study
ponds vyielded similar results, with salinity seasonally increas-
ing in ponds (Estimate=0.072, SE=0.004, t=20.346, p<0.001),
and increasing closer to the ocean (Estimate=-0.030, SE=0.006,
t=-4.631, p<0.001), but no interaction between distance to the

ocean and day of the year.

3.2 | Species presence and abundances

Overall, amphibians were present in 20 (83.33%) of the 24 surveyed
ponds. Ponds that did not shelter any species during the whole breed-
ing season were characterised by higher salinity both at the begin-
ning (9.80g/L+0.99 SE) and the end of the survey (30.45g/L+9.56
SE). Detailed data on the minimum and maximum salinity for each
species and life stages are given in Table 1.

Green frogs were found in high-salinity ponds (16.19 g/L for one
individual and 15 g/L for two individuals). Except for these anecdotal
observations, all anuran species were found in ponds where salinity
was below 9g/L (Table 1). In caudates, no individual was found in
ponds where salinity exceeded 4 g/L (Table 1).

For all anurans species and all life stages, we found a significant
quadratic response of abundance to maximum salinity, with abun-
dance being higher at intermediate salinities (Figure 3A-C; Tables 2,
S3). For some, but not all, anuran species, we also found that increas-
ing pond surface area increased abundance of individuals (Tables 2,
S3). Lastly, there was no effect of aquatic vegetation (alone or in
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interaction with salinity). Anuran detection probability also varied
with temperature and day of the year (Table S3). In species in which
day of the year had an effect, detection probability decreased when
day of the year increased in adults, but increased with day of the
year in larval and metamorphic individuals.

In caudates, abundance decreased strongly with increasing
maximum salinity (Table 2; Figure 3D,E), but this effect was not
significant in Lissotriton helveticus (Table S3). For Triturus marmora-
tus, we also found that increasing pond area decreased abundance
of individuals (Table S3). Caudate detection probability also var-
ied with temperature and day of the year (Table S3). In species
in which day of the year had an effect, detection probability de-
creased when day of the year increased in adults, but increased
with day of the year in larvae and metamorphic individuals. Lastly,
there was no effect of aquatic vegetation (alone or in interaction
with salinity).

Total species richness (for all stages of all species) followed a
quadratic form, and was maximal for intermediate - temporally
matched - salinities (Table 3). For all life stages, we observed that
richness of anurans species was higher at intermediate salinities

(quadratic effect), whereas richness of adult caudates and total

caudates decreased with increasing salinity (Table 3; Figure S1). We
detected no significant relation between larval caudates and salinity.
In adult anurans, we found that richness increased with the surface
area of the pond (Table 3), but this variable was not retained in any
other model. Lastly, there was no effect of aquatic vegetation (alone

or in interaction with other variables) on species richness.

3.3 | Salinity and life stages

The salinity in which we found each species varied according to
life stages (Sum Sq=13.827, F4,59s:9-524v p<0.001), date (Sum
Sq=16.874, FL598:46.491, p<0.001), and their interaction (Sum
Sq=13.630, F, 504=9.389, p<0.001). In anurans, the salinity of the
ponds where larvae or metamorphs were found was higher than that
of adults because these life stages occurred later than adults at those
sites (Figure 4). This pattern was corroborated by the highest mean
salinity in which we found tadpoles and metamorphs compared to
adults (Table 1). Comparatively, for caudates, larvae occurred later
than adults, but the salinity in which adults and larvae were found

was similar (Figure 4, Table 1).
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TABLE 2 Environmental variables affecting abundance of anurans and caudates (all life stages analysed separately).

Group Life stage

Anurans Adults
Larvae
Metamorphs

Caudates Adults
Larvae

Estimated abundance

Environmental parameter Estimate SE z p
Maximal salinity 0.19 0.038 4.95 <0.001
Maximal salinity? -0.027 0.003 -8.05 <0.001
Surface 0.001 <0.001 8.52 <0.001
Temperature 0.042 0.005 8.69 <0.001
Day of the year -0.016 <0.001 -23.69 <0.001
Maximal salinity 1.323 0.162 8.15 <0.001
Maximal salinity? -0.088 0.011 -7.96 <0.001
Surface 0.002 <0.001 5.65 <0.001
Temperature 0.109 0.012 8.8 <0.001
Maximal salinity 1.406 0.244 577 <0.001
Maximal salinity? -0.096 0.021 -4.62 <0.001
Surface 0.004 <0.001 9.39 <0.001
Temperature 0.245 0.018 14 <0.001
Maximal salinity -0.139 0.06 2.8 0.021
Temperature -0.104 0.058 -1.78 <0.001
Day of the year -0.058 0.014 -4.07 <0.001
Maximal salinity -0.452 0.152 -2.97 0.002
Temperature 0.092 0.034 2.72 0.006
Day of the year 0.011 0.004 2.5 0.012

Note: Temperature and day of the year were used as covariates to model detection probability. Only variables retained in the best models are
represented. See Table 53 for details on analyses performed on each species separately. Maximal salinity? indicate the quadratic form of maximal

salinity.

TABLE 3 Environmental variables affecting species richness in anurans and caudates (all life stages combined or analysed separately).

Species richness
Environmental

Life stage Species parameter Estimate SE z p
Total Total (anuran and caudate) Salinity 0.181 0.08 2.249 0.025
Salinity? -0.025 0.006 -3.847 <0.001
Anuran Salinity 0.25 0.083 2.997 0.003
Salinity? -0.029 0.007 -4.343 <0.001
Caudate Salinity -0.635 0.279 -2.278 0.023
Adults Anuran Salinity 0.011 0.006 1.83 0.067
Salinity? -0.002 <0.001 -4.318 <0.001
Surface <0.001 <0.001 2.815 0.005
Caudate Salinity -2.239 0.691 -3.241 0.001
Larvae Anuran Salinity 1.334 0.25 5.346 <0.001
Salinity2 -0.095 0.022 -4.389 <0.001
Caudate Salinity <-0.001 0.002 -0.235 0.814
Metamorphs Anuran Salinity 4.085 0.582 7.022 <0.001
Salinity? -0.266 0.047 -5.647 <0.001

Note: Only variables retained in the best models are represented. Salinity? indicate the quadratic form of salinity.

3.4 | Malformations occurrence anurans (N=17, 0.35%). Malformations were diverse and included

oedema, axial malformations, reduced tail size, and skin infections.
We did not found any malformed individuals in caudates. Conversely, In anurans, the number of malformed individuals increased with time
we found several malformed larvae and metamorphic individuals in (Estimate=0.035, SE=0.010, t, ,,,=3.415, p<0.001) and increasing
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FIGURE 4 Salinities (mean+SE) in
ponds where different life stages of
anurans (adults, larvae and metamorphs)
and caudates (adults and larvae) occurred.

pond salinity (Estimate=1.051, SE=0.242, t1‘434:4.340, p<0.001),
malformed individuals occurring solely in ponds wherein salinity was

above 5g/L.

4 | DISCUSSION

Overall, we show that salinity is a highly dynamic environmental var-
iable that varies widely in coastal wetlands across spatial (up to 1km)
and temporal (spring and summer, across 3years) scales relevant to
local biodiversity. Using amphibians as a study model, we show that
the spatio-temporal dynamic of salinity is a critical structuring factor
of the community of these taxa. The most salient result from our
study is the strong contrast between caudates and anurans, across
all life stages. Indeed, caudates avoided brackish waters resulting in
a strong decrease in richness and abundances with increasing salin-
ity. Conversely, in anurans, richness and abundances were maximal
for intermediate salinity, and decreased at around 8g/L. In anurans,
we found that larvae and metamorphic individuals developed in
waters wherein salinity was higher than those selected by adults
to reproduce, which can negatively affect reproductive success as
exemplified by the decreased offspring quality (increased malforma-
tions) with increasing salinity.

4.1 | Spatio-temporal dynamics of salinity

Continental water bodies (i.e., rivers and lakes) have attracted con-
siderable research effort to understand the consequences of fresh-
water salinisation (Cunillera-Montcusi et al., 2022), while marshes
and ponds have been largely ignored to date despite their crucial role
for biodiversity (Céréghino et al., 2014; Teixeira et al., 2014). In our
study focused on such small water bodies, we found that salt con-
centration can vary widely, both spatially and temporally (Benjankar

Pond salinity (g.I")
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etal., 2021; Collins & Russell, 2009). Spatial variations in salt concen-
tration have already been shown in ponds (Benjankar et al., 2021),
but never on such a small spatial scale (~1km). In our study sites,
salinity increased with decreasing distance to the ocean. This spatial
variation is likely to be a result of exchanges between terrestrial and
oceanic systems (Xue et al., 2013) and to the landward transport of
sea spray (Benassai et al., 2005). Interestingly, we found a strong
seasonal increase in pond salinity, presumably linked to increasing
temperature and decreasing precipitations - and thus increasing
evaporation - across spring and summer (Collins & Russell, 2009).
We based our analyses across spring and summer during 3years,
and our results suggest that seasonal variation of salinity follows a
predictable seasonal pattern. However, we emphasise that future
studies are required to thoroughly quantify the seasonal variations
of salinity (including autumn and winter) over longer-term (multiple
years) in order to document whether current shifts in climatic condi-
tions (i.e., temperature, precipitations, but also wind regimes that all
interact to influence evaporative patterns; Richter & Xie, 2008) can
affect the temporal variation of salinity and the hydroperiod in natu-
ral systems (Estévez et al., 2019; Ghalambor et al., 2021), and how
such shifts will ultimately influence biodiversity.

4.2 | Variation in tolerance to salinity in
coastal amphibians

Our results highlighted variable susceptibility between species sug-
gesting different tolerance to salinity (Bray et al., 2019). We found
very few effects of pond size and no effect of aquatic vegetation
on amphibians' richness and abundance across all life stages (even if
anuran richness and abundance was found to increase with increas-
ing pond size, and caudate richness and abundance was found to
decrease with increasing pond size), which emphasises the critical
role of salinity as a structuring factor of the amphibian community.
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Importantly, no species was found above 16g/L which seems
to constitute a threshold to amphibians' presence, and corrobo-
rate the global susceptibility to salinity in amphibians (Hopkins &
Brodie, 2015). Taken together, our results point to a strong contrast
between caudates and anurans across all life stages. In caudates,
richness and abundance decreased strongly with small increments
in salinity strengthening the fact that although few species can be
salt-tolerant (Izzo et al., 2021; Licht et al., 1975), these taxa may
be more susceptible to salt than anurans (Hopkins et al., 2013).
Indeed, we found that anuran richness and abundance (across all life
stages) were maximal for intermediate salinity (around 5-6g/L) but
also that some species occurred at remarkably high salinity. Such a
contrast may be related to a weaker efficiency of the physiological
mechanisms involved in osmoregulation in caudates as compared
to anurans (i.e., reliance on urea, free amino acids and/or ionic con-
centrations in body fluids to reduce salt and water fluxes; Licht
et al.,, 1975). To date, to the best of our knowledge, no study has
formally compared mechanisms of osmoregulation and their asso-
ciated efficiency between anurans and caudates. Complementarily,
the seminal review of Hopkins and Brodie (2015), conducted for all
life stages, suggested a slightly higher (but not significant) tolerance
to salinity in anurans (8.9 g/L+8.9 SD) than in caudates (6.6g/L+6.6
SD) in field studies; and a similar tolerance (respectively 9.0g/L+ 6.6
SD and 10.1g/L+7.2 SD) under laboratory conditions. We have
updated the review of Hopkins and Brodie (2015) with recent ref-
erences and these new data point to similar patterns both in the
field (mean tolerance in anurans 8.2g/L+8.1 SD and in caudates
6.3g/L+6.0 SD) and under laboratory conditions (mean tolerance in
anurans 8.1g/L+6.0 SD and in caudates 7.7 g/L+ 5.3 SD). As already
highlighted in Hopkins and Brodie (2015), we believe this apparent
discrepancy may be linked to bias in research effort between cau-
dates and anurans. Indeed, the salt-tolerance of caudates seems less
studied than it is in anurans (16 vs. 90 species studied in the field, 9
vs. 48 species studied under laboratory conditions; see Hopkins &
Brodie, 2015). In addition, laboratory studies of salt-tolerance have
used highly variable salinity conditions which preclude direct and
straightforward comparisons (see also Hopkins & Brodie, 2015). In
order to assess whether caudates and anurans universally differ in
their salt-tolerance, we emphasise that future field studies should
focus on both taxonomic groups where they co-occur, in a similar
way to the current study. This also should be tested in sites where
amphibian-specific richness is higher, because in our study site only
six amphibian species are found, which limits computation of statis-
tical analyses whenever specific richness is low. In addition, labo-
ratory tests should be performed on similar test salinities in order
to support large-scale comparisons. Finally, assessing whether
caudates and anurans differ in osmoregulation mechanisms and as-
sociated efficiency will allow further crucial insights in order to un-
derstand putative differences in salt-tolerance and, thus, differential
responses of these amphibian phylogenetic groups to environmental
salinisation.

Interestingly, the higher tolerance of anurans to salinity in
comparison to caudates fails to satisfactorily explain the quadratic

patterns we found across all life stages. Indeed, higher tolerance to
salinity should have influenced the strength of the relationship be-
tween richness or abundances and salinity (i.e., the slope should be
weaker in anurans) but not its shape (i.e., the quadratic effect of sa-
linity and thus the lower richness and abundances of caudates at low
salinity were unexpected). The fact that anurans seem to avoid fresh
water may indicate weaker predation pressure (Velasco et al., 2019)
or weaker pathogen transmission (such as chytridiomycosis; Clulow
et al., 2018) in brackish water as compared to fresh water, which
may induce habitat selection toward sites characterised by lower
predation (i.e., lower abundances of crawfish) or pathogens in spe-
cies that can tolerate moderate salinity (i.e., anurans) but not in salt-
intolerant species (i.e., caudates). Finally, these patterns may reveal
trade-offs linked to adaptive processes. Indeed, coastal anurans
may have evolved specific physiological adaptations to promote life
in hyperosmotic environments (Albecker & McCoy, 2019; Gomez-
Mestre & Tejedo, 2003; Hopkins et al., 2016), notably through mech-
anisms that allow them to reduce salt intake (or increase excess salt
excretion) and/or to increase water influxes (or reduce water ef-
fluxes, Lorrain-Soligon, Bichet, et al., 2022; Lorrain-Soligon, Robin,
et al., 2022). In turn, these mechanisms may become maladaptive in
hyposmotic water bodies because of elevated salt loss and excessive
water influxes (Lorrain-Soligon, Bichet, et al., 2022), leading to mas-
sive oedema and mortality (L. Lorrain-Soligon, pers. obs). To date, we
lack evidence to suggest that physiological mechanisms needed in
hyperosmotic environments can affect performance in fresh water
(Gomez-Mestre & Tejedo, 2003). Future studies should usefully in-
vestigate the mechanistic bases of the non-monotonic response of
coastal anurans to environmental salinity. Whatever the underlying
mechanisms, this non-monotonicity (somewhat similar to the “inter-
mediate disturbance” hypothesis; Sheil & Burslem, 2013) appears to
be a common pattern of response to salinity across a wide array of
organisms [e.g., fish (Hieu et al., 2021), amphibians (Ahumada-Garcia
et al., 2018), invertebrates (Kefford et al., 2007), and plants (Sauer
etal., 2016)].

4.3 | Seasonal increase in salinity and life-stages

Amphibian reproduction is negatively influenced by salinity
(Karraker, 2007; Tornabene et al., 2021). For instance, salinity can di-
rectly affect sperm viability and fertilisation processes in these taxa
characterised by external fertilisation (Green et al., 2021), and both
field and experimental studies have shown that frogs avoid saline
water for spawning (Albecker & McCoy, 2017; Viertel, 1999). In cau-
dates, the salinities of ponds where larvae were found were similar to
those of ponds where adults reproduced. Although larvae appeared
later than adults, this emphasises the fact that adults selected low-
salinity sites to reproduce characterised by a relatively moderate
seasonal increase in salinity. Conversely, in anurans, tadpoles oc-
curred when salinity was significantly higher than that experienced
by reproductive adults. In this case, the seasonal increase in salinity
induced a temporal disconnection between the salinity selected by
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adults to reproduce and the salinity experienced by their developing
offspring. In turn, the elevated salinity in which anuran larvae devel-
oped increased occurrence of malformations and abnormalities in
both larvae and metamorphic individuals. This result dovetails well
with previous laboratory studies which highlighted that increased
salinity during embryonic and larval development induced malfor-
mations (Brady, 2013; Gosner & Black, 1957; Hopkins et al., 2013;
Karraker, 2007), which ultimately decrease fitness and survival
(Michel & Burke, 2011). Interestingly, the occurrence of malformed
individuals (only found in anuran larvae and metamorphs) increased
with increasing salinity and solely in sites wherein salinity exceeded
5g/L. It is noteworthy that the proportion of malformed individuals
we found remained very low, suggesting either that malformations
increased mortality and/or susceptibility to predation (i.e., selective
disappearance; Blaustein & Johnson, 2003) or that most larvae of
coastal anurans were tolerant to salinity (Albecker & McCoy, 2019).
Future studies are required to test for these hypotheses.

5 | CONCLUSION

Coastal aquatic ecosystems are naturally subject to salinity varia-
tion. In response to these variations, we show that species express
different responses, affecting their distribution and their reproduc-
tion across the salinity gradient. Future changes in coastal salinity
will be likely to affect the structure and functioning of freshwater
ecosystems (Castillo et al., 2018). Indeed, even a small increase of
salinity may be sufficient to induce changes in community structure
and interspecific interactions (Venancio, Castro, Ribeiro, Antunes,
Abrantes, et al., 2019). Amphibian species seem to persist in saline
habitats and can probably subsist in environments when gradual
increase in salinity can promote adaptive responses (Delaune
et al.,, 2021). Yet, brutal shifts in salinity (i.e., linked to extreme
weather events; Lorrain-Soligon et al., 2021) may overcome popu-
lation persistence (Venancio et al., 2022). Colonisation by tolerant
taxa and interactions between species will be key drivers of commu-

nity persistence in salinised ecosystems (Kefford et al., 2016).

AUTHOR CONTRIBUTIONS

Conceptualisation: LLS, FR, FB. Developing methods: LLS, FB.
Conducting the research: LLS. Data analysis: LLS, CB, FB. Data inter-
pretation: LLS, FR, CB, FB. Preparation of figures & tables: LLS, CB,
FB. Writing: LLS, FR, CB, FB.

ACKNOWLEDGEMENTS

The authors would like to thank all the staff of the Moéze-Oléron
reserve (Philippe Delaporte, Pierre Rousseau, Vincent Lelong [who
shared 2018 and 2019 salinity surveys], Nathalie Bourret, Emma
Bezot-Maillard, Loic Jomat, Stéphane Guenneteau, Eliott Huguet and
Julia Guerra Carande) for their welcome during field session. They
also are thankful to Céline Dufour for their help during field ses-
sions. Two anonymous reviewers provided insightful comments on

a previous version of this manuscript. Funding was provided by the

Freshwater Biology BV LEYJﬁ

CNRS, La Rochelle Université, the LPO, the Agence de I'Eau Adour-
Garonne, the Conseil Départemental de la Charente-Maritime, the
ANR PAMPAS (ANR-18-CE32-0006).

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT

Data will be made available upon request.

ORCID

Léa Lorrain-Soligon "= https://orcid.org/0000-0002-8723-7478
https://orcid.org/0000-0003-0232-1142
https://orcid.org/0000-0003-0146-212X
https://orcid.org/0000-0002-5788-1326

Frédéric Robin
Christophe Barbraud

Francois Brischoux

REFERENCES

Ahumada-Garcia, A., Martinez-Palacios, C. A., Martinez-Chavez, C. C,,
Rios-Duran, M. G., Navarrete-Ramirez, P., & Ross, L. G. (2018). The
effect of salinity on the survival and growth of anderson's sala-
mander Ambystoma andersoni larvae. North American Journal of
Aquaculture, 80, 397-403. https://doi.org/10.1002/naaq.10050

Albecker, M. A., & McCoy, M. W. (2017). Adaptive responses to salinity
stress across multiple life stages in anuran amphibians. Frontiers in
Zoology, 14, 1-16. https://doi.org/10.1186/s12983-017-0222-0

Albecker, M. A., & McCoy, M. W. (2019). Local adaptation for enhanced
salt tolerance reduces non-adaptive plasticity caused by os-
motic stress. Evolution, 73, 1941-1957. https://doi.org/10.1111/
evo.13798

Babbitt, K. J., Baber, M. J,, & Brandt, L. A. (2006). The effect of woodland
proximity and wetland characteristics on larval anuran assemblages
in an agricultural landscape. Canadian Journal of Zoology, 84, 510-
519. https://doi.org/10.1139/206-020

Barua, P, Rahman, S., & Eslamian, S. (2021). Coastal zone and wetland
ecosystem: Management issues. In W. Leal Filho, A. M. Azul, L.
Brandli, A. Lange Salvia, & T. Wall (Eds.), Life below water (pp. 40-
60). Springer.

Baskale, E., & Kaya, U. (2009). Richness and distribution of amphibian
species in relation to ecological variables in western Aegean re-
gion of Turkey. Ekoloji, 18, 25-31. https://doi.org/10.5053/ekolo
ji.2009.713

Benassai, S., Becagli, S., Gragnani, R., Magand, O., Proposito, M.,
Fattori, I., Traversi, R., & Udisti, R. (2005). Sea-spray deposition in
Antarctic coastal and plateau areas from ITASE traverses. Annals
of Glaciology, 41, 32-40. https://doi.org/10.3189/1727564057
81813285

Benjankar, R., Kafle, R., Satyal, S., & Adhikari, N. (2021). Analyses of spa-
tial and temporal variations of salt concentration in waterbodies
based on high resolution measurements using sensors. Hydrology,
8, 64. https://doi.org/10.3390/hydrology8020064

Blaustein, A. R., & Johnson, P. T. (2003). The complexity of deformed am-
phibians. Frontiers in Ecology and the Environment, 1, 87-94. https://
doi.org/10.1890/1540-9295(2003)001[0087:-TCODA]2.0.CO;2

Brady, S. P. (2013). Microgeographic maladaptive performance and deme
depression in response to roads and runoff. PeerJ, 1, e163. https://
doi.org/10.7717/peerj.163

Bray, J. P., Reich, J., Nichols, S. J., Kon Kam King, G., Mac Nally, R.,
Thompson, R., O'Reilly-Nugent, A., & Kefford, B. J. (2019).
Biological interactions mediate context and species-specific sen-
sitivities to salinity. Philosophical Transactions of the Royal Society B,
374,20180020. https://doi.org/10.1098/rstb.2018.0020

5101 SUOWILIOD BAIE.D 3Rl dde 3} Ad PeuBAOB 32 SOILE YO ‘88N J0 S3INJ 0 ARICII BUIIUO AB|1A UO (SUONIPUOD-PLE-SLLLBI WO A3 1M ARG PUI|UO//SAIY) SUONIPUOD PUE SWLB | 84} 39S *[£202/S0/GT] U ARIqIT8UIIUO B]IM ‘90Ul BLBIR0D Ad E0THT GMY/TTTT'OT/I0P/L0D /5| 1M AZRIq1BU|UO//SANY W04} PpeOUMOQ ‘0 */2vZG9ET


https://orcid.org/0000-0002-8723-7478
https://orcid.org/0000-0002-8723-7478
https://orcid.org/0000-0003-0232-1142
https://orcid.org/0000-0003-0232-1142
https://orcid.org/0000-0003-0146-212X
https://orcid.org/0000-0003-0146-212X
https://orcid.org/0000-0002-5788-1326
https://orcid.org/0000-0002-5788-1326
https://doi.org/10.1002/naaq.10050
https://doi.org/10.1186/s12983-017-0222-0
https://doi.org/10.1111/evo.13798
https://doi.org/10.1111/evo.13798
https://doi.org/10.1139/z06-020
https://doi.org/10.5053/ekoloji.2009.713
https://doi.org/10.5053/ekoloji.2009.713
https://doi.org/10.3189/172756405781813285
https://doi.org/10.3189/172756405781813285
https://doi.org/10.3390/hydrology8020064
https://doi.org/10.1890/1540-9295(2003)001%5B0087:TCODA%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2003)001%5B0087:TCODA%5D2.0.CO;2
https://doi.org/10.7717/peerj.163
https://doi.org/10.7717/peerj.163
https://doi.org/10.1098/rstb.2018.0020

LORRAIN-SOLIGON T AL.

il—Wl |B2A® reshwater Biology

Brown, M. E., & Walls, S. C. (2013). Variation in salinity tolerance among
larval anurans: Implications for community composition and the
spread of an invasive, non-native species. Copeia, 2013, 543-551.
https://doi.org/10.1643/CH-12-159

Cafedo-Arglelles, M., Kefford, B. J., Piscart, C., Prat, N., Schafer, R. B., &
Schulz, C.-J.(2013). Salinisation of rivers: An urgent ecological issue.
Environmental Pollution, 173, 157-167. https://doi.org/10.1016/j.
envpol.2012.10.011

Castillo, A., Sharpe, D., Ghalambor, C., & De Ledn, L. (2018). Exploring
the effects of salinization on trophic diversity in freshwater ecosys-
tems: A quantitative review. Hydrobiologia, 807, 1-17. https://doi.
org/10.1007/s10750-017-3403-0

Céréghino, R., Boix, D., Cauchie, H.-M., Martens, K., & Oertli, B.
(2014). The ecological role of ponds in a changing world.
Hydrobiologia, 723, 1-6. https://doi.org/10.1007/s10750-013-1719-y

Church, J. A., & White, N. J. (2011). Sea-level rise from the late 19th to
the early 21st century. Surveys in Geophysics, 32, 585-602. https://
doi.org/10.1007/s10712-011-9119-1

Clulow, S., Gould, J., James, H., Stockwell, M., Clulow, J., & Mahony, M.
(2018). Elevated salinity blocks pathogen transmission and im-
proves host survival from the global amphibian chytrid pandemic:
Implications for translocations. Journal of Applied Ecology, 55, 830-
840. https://doi.org/10.1111/1365-2664.13030

Colak, M. A, Oztas, B., Ozgencil, i. K., Soyluer, M., Korkmaz, M., Ramirez-
Garcia, A., Metin, M., Yilmaz, G., Ertugrul, S., Tavsanoglu, U. N.,
Amorim, C. A., Ozen, C., Apaydin Yagci, M., Yagcl, A., Pacheco, J.
P., Ozkan, K., Beklioglu, M., Jeppesen, E., & Akyiirek, Z. (2022).
Increased water abstraction and climate change have substantial
effect on morphometry, salinity, and biotic communities in lakes:
Examples from the semi-arid burdur basin (Turkey). Water, 14, 1241.
https://doi.org/10.3390/w14081241

Collins, S. J., & Russell, R. W. (2009). Toxicity of road salt to Nova Scotia
amphibians. Environmental Pollution, 157, 320-324. https://doi.
org/10.1016/j.envpol.2008.06.032

Cunillera-Montcusi, D., Beklioglu, M., Cafiedo-Arglelles, M., Jeppesen,
E., Ptacnik, R., Amorim, C. A, Arnott, S. E., Berger, S. A., Brucet, S.,
Dugan, H. A., Gerhard, M., Horvath, Z., Langenheder, S., Nejstgaard,
J. C., Reinikainen, M., Striebel, M., Urrutia-Cordero, P, Vad, C. F,,
Zadereev, E., & Matias, M. (2022). Freshwater salinisation: A re-
search agenda for a saltier world. Trends in Ecology & Evolution., 37,
440-453. https://doi.org/10.1016/j.tree.2021.12.005

Delaune, K. D., Nesich, D., Goos, J. M., & Relyea, R. A. (2021). Impacts of
salinization on aquatic communities: Abrupt vs. gradual exposures.
Environmental Pollution, 285, 117636. https://doi.org/10.1016/j.
envpol.2021.117636

Dufresnes, C., Denoél, M., di Santo, L., & Dubey, S. (2017). Multiple up-
rising invasions of Pelophylax water frogs, potentially inducing a
new hybridogenetic complex. Scientific Reports, 7, 1-10. https://doi.
org/10.1038/s41598-017-06655-5

Estévez, E., Rodriguez-Castillo, T., Gonzalez-Ferreras, A. M., Cafiedo-
Arglelles, M., & Barquin, J. (2019). Drivers of spatio-temporal
patterns of salinity in Spanish rivers: A nationwide assessment.
Philosophical Transactions of the Royal Society B, 374, 20180022.
https://doi.org/10.1098/rsth.2018.0022?rss=1

Evans, T. G., & Kiiltz, D. (2020). The cellular stress response in fish ex-
posed to salinity fluctuations. Journal of Experimental Zoology Part
A: Ecological and Integrative Physiology, 333, 421-435. https://doi.
org/10.1002/jez.2350

Findlay, S. E. G., & Kelly, V. R. (2011). Emerging indirect and longterm
road salt effects on ecosystems. Annals of the New York Academy
of Sciences, 1223, 58-68. https://doi.org/10.1111/j.1749-6632.
2010.05942.x

Fu, Z., Wu, F,, Zhang, Z., Hu, L., Zhang, F., Hu, B., du, Z., Shi, Z., & Liu,
R. (2021). Sea surface salinity estimation and spatial-temporal het-
erogeneity analysis in the gulf of Mexico. Remote Sensing, 13, 881.
https://doi.org/10.3390/rs13050881

Ghalambor, C. K., Gross, E. S., Grosholtz, E. D., Jeffries, K. M., Largier,
J. K., McCormick, S. D., Sommer, T., Velotta, J., & Whitehead, A.
(2021). Ecological effects of climate-driven salinity variation in the
San Francisco estuary: Can we anticipate and manage the coming
changes? San Francisco Estuary and Watershed Science, 19, 3. https://
doi.org/10.15447/sfews.2021v19iss2art3

Gomez-Mestre, |., & Tejedo, M. (2003). Local adaptation of an anuran
amphibian to osmotically stressful environments. Evolution, 57,
1889-1899. https://doi.org/10.1111/j.0014-3820.2003.tb00596.x

Gosner, K. L., & Black, 1. H. (1957). The effects of acidity on the devel-
opment and hatching of New Jersey frogs. Ecology, 38, 256-262.

Green, L., Niemax, J., Herrmann, J.-P., Temming, A., Behrens, J. W.,
Havenhand, J. N., Leder, E., & Kvarnemo, C. (2021). Sperm perfor-
mance limits the reproduction of an invasive fish in novel salinities.
Diversity and Distributions, 27, 1091-1105. https://doi.org/10.1111/
ddi.13258

Greenwald, L. (1972). Sodium balance in amphibians from different hab-
itats. Physiological Zoology, 45, 229-237. https://doi.org/10.1086/
physz00l.45.3.30152502

Hall,C.J.,&Burns,C.W.(2002). Mortalityand growthresponsesof Daphnia
carinata to increases in temperature and salinity. Freshwater Biology,
47,451-458. https://doi.org/10.1046/j.1365-2427.2002.00815.x

Hall, E. M., Brady, S. P., Mattheus, N. M., Earley, R. L., Diamond, M.,
& Crespi, E. J. (2017). Physiological consequences of exposure
to salinized roadside ponds on wood frog larvae and adults.
Biological Conservation, 209, 98-106. https://doi.org/10.1016/].
biocon.2017.02.013

Halse, S. A., Ruprecht, J. K., & Pinder, A. M. (2003). Salinisation and pros-
pects for biodiversity in rivers and wetlands of south-west Western
Australia. Australian Journal of Botany, 51, 673-688. https://doi.
org/10.1071/BT02113

Haramura, T. (2008). Experimental test of spawning site selection by
Buergeria japonica (Anura: Rhacophoridae) in response to salinity
level. Copeia, 2008, 64-67. https://doi.org/10.1643/CH-06-091

Hart, B. T., Lake, P. S., Webb, J. A., & Grace, M. R. (2003). Ecological
risk to aquatic systems from salinity increases. Australian Journal of
Botany, 51, 689-702. https://doi.org/10.1071/bt02111

Hébert, M.-P., Symons, C., Cafedo-Arglelles, M., Arnott, S., Derry,
A., Fugere, V., Hintz, W. D., Melles, S. J., Astorg, L., Baker, H. K.,
Brentrup, J. A., Downing, A. L., Ersoy, Z., Espinosa, C., Franceschini,
J. M., Giorgio, A. T., Gobeler, N., Gray, D. K., Greco, D., ... Beisner,
B. E. (2022). Lake salinization drives consistent losses of zooplank-
ton abundance and diversity across coordinated mesocosm exper-
iments. Limnology and Oceanography Letters, 2022, 19-29. https://
doi.org/10.1002/1012.10239

Herbert, E. R., Boon, P., Burgin, A. J., Neubauer, S. C., Franklin, R. B.,
Ardon, M., Hopfensperger, K. N., Lamers, L. P. M., & Gell, P. (2015).
A global perspective on wetland salinization: Ecological conse-
quences of a growing threat to freshwater wetlands. Ecosphere, 6,
1-43. https://doi.org/10.1890/ES14-00534.1

Hieu, D. Q., Hang, B. T. B., Huong, D. T. T., Kertaoui, N. E., Farnir, F.,
Phuong, N. T., & Kestemont, P. (2021). Salinity affects growth per-
formance, physiology, immune responses and temperature resis-
tance in striped catfish (Pangasianodon hypophthalmus) during its
early life stages. Fish Physiology and Biochemistry, 47, 1995-2013.
https://doi.org/10.1007/5s10695-021-01021-9

Hillyard, S. D., Viborg, A., & Nagai, T. (2007). Chemosensory function
of salt and water transport by the amphibian skin. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology,
148, 44-54. https://doi.org/10.1016/j.cbpa.2006.12.025

Hintz, W. D., & Relyea, R. A. (2019). A review of the species, commu-
nity, and ecosystem impacts of road salt salinisation in fresh wa-
ters. Freshwater Biology, 64, 1081-1097. https://doi.org/10.1111/
fwb.13286

Hobohm, C., Schaminée, J., & van Rooijen, N. (2021). Coastal habitats,
shallow seas and inland saline steppes: Ecology, distribution,

5101 SUOWILIOD BAIE.D 3Rl dde 3} Ad PeuBAOB 32 SOILE YO ‘88N J0 S3INJ 0 ARICII BUIIUO AB|1A UO (SUONIPUOD-PLE-SLLLBI WO A3 1M ARG PUI|UO//SAIY) SUONIPUOD PUE SWLB | 84} 39S *[£202/S0/GT] U ARIqIT8UIIUO B]IM ‘90Ul BLBIR0D Ad E0THT GMY/TTTT'OT/I0P/L0D /5| 1M AZRIq1BU|UO//SANY W04} PpeOUMOQ ‘0 */2vZG9ET


https://doi.org/10.1643/CH-12-159
https://doi.org/10.1016/j.envpol.2012.10.011
https://doi.org/10.1016/j.envpol.2012.10.011
https://doi.org/10.1007/s10750-017-3403-0
https://doi.org/10.1007/s10750-017-3403-0
https://doi.org/10.1007/s10750-013-1719-y
https://doi.org/10.1007/s10712-011-9119-1
https://doi.org/10.1007/s10712-011-9119-1
https://doi.org/10.1111/1365-2664.13030
https://doi.org/10.3390/w14081241
https://doi.org/10.1016/j.envpol.2008.06.032
https://doi.org/10.1016/j.envpol.2008.06.032
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1016/j.envpol.2021.117636
https://doi.org/10.1016/j.envpol.2021.117636
https://doi.org/10.1038/s41598-017-06655-5
https://doi.org/10.1038/s41598-017-06655-5
https://doi.org/10.1098/rstb.2018.0022?rss=1
https://doi.org/10.1002/jez.2350
https://doi.org/10.1002/jez.2350
https://doi.org/10.1111/j.1749-6632.2010.05942.x
https://doi.org/10.1111/j.1749-6632.2010.05942.x
https://doi.org/10.3390/rs13050881
https://doi.org/10.15447/sfews.2021v19iss2art3
https://doi.org/10.15447/sfews.2021v19iss2art3
https://doi.org/10.1111/j.0014-3820.2003.tb00596.x
https://doi.org/10.1111/ddi.13258
https://doi.org/10.1111/ddi.13258
https://doi.org/10.1086/physzool.45.3.30152502
https://doi.org/10.1086/physzool.45.3.30152502
https://doi.org/10.1046/j.1365-2427.2002.00815.x
https://doi.org/10.1016/j.biocon.2017.02.013
https://doi.org/10.1016/j.biocon.2017.02.013
https://doi.org/10.1071/BT02113
https://doi.org/10.1071/BT02113
https://doi.org/10.1643/CH-06-091
https://doi.org/10.1071/bt02111
https://doi.org/10.1002/lol2.10239
https://doi.org/10.1002/lol2.10239
https://doi.org/10.1890/ES14-00534.1
https://doi.org/10.1007/s10695-021-01021-9
https://doi.org/10.1016/j.cbpa.2006.12.025
https://doi.org/10.1111/fwb.13286
https://doi.org/10.1111/fwb.13286

LORRAIN-SOLIGON ET AL.

threats and challenges. In C. Hobohm (Ed.), Perspectives for biodi-
versity and ecosystems. Environmental challenges and solutions (pp.
279-310). Springer International Publishing.

Hoffmann, E. K., Lambert, I. H., & Pedersen, S. F. (2009). Physiology
of cell volume regulation in vertebrates. Physiological Reviews, 89,
193-277. https://doi.org/10.1152/physrev.00037.2007

Hopkins, G., French, S., & Brodie, E., Ill. (2013). Increased frequency
and severity of developmental deformities in rough-skinned newt
(Taricha granulosa) embryos exposed to road deicing salts (NaCl &
MgCl2). Environmental Pollution (Barking, Essex: 1987), 173C, 264~
269. https://doi.org/10.1016/j.envpol.2012.10.002

Hopkins, G. R., & Brodie, E. D. (2015). Occurrence of amphibians in sa-
line habitats: A review and evolutionary perspective. Herpetological
Monographs, 29, 1-27. https://doi.org/10.1655/HERPMONOGR
APHS-D-14-00006

Hopkins, G. R., Brodie, E. D., Neuman-Lee, L. A., Mohammadi, S., Brusch,
G. A, Hopkins, Z. M., & French, S. S. (2016). Physiological responses
to salinity vary with proximity to the ocean in a coastal amphib-
ian. Physiological and Biochemical Zoology, 89, 322-330. https://doi.
org/10.1086/687292

Hua, J., & Pierce, B. A. (2013). Lethal and sublethal effects of salinity on
three common Texas amphibians. Copeia, 2013, 562-566. https://
doi.org/10.1643/0T-12-126

Izzo, G., Ownby, D., & Snodgrass, J. W. (2021). Stream salamanders
are relatively tolerant of salty streams. Archives of Environmental
Contamination and Toxicology, 82, 255-265. https://doi.
org/10.1007/s00244-021-00875-7

Janas, U., Burska, D., Kendzierska, H., Pryputniewicz-Flis, D., & Lukawska-
Matuszewska, K. (2019). Importance of benthic macrofauna and
coastal biotopes for ecosystem functioning-Oxygen and nutrient
fluxes in the coastal zone. Estuarine, Coastal and Shelf Science, 225,
106238. https://doi.org/10.1016/j.ecss.2019.05.020

Karraker, N. E. (2007). Are embryonic and larval green frogs (Rana clam-
itans) insensitive to road deicing salt? Herpetological Conservation
and Biology, 2, 35-41.

Karraker, N. E., Gibbs, J. P., & Vonesh, J. R. (2008). Impacts of road
deicing salt on the demography of vernal pool-breeding am-
phibians.  Ecological Applications, 18, 724-734. https://doi.
org/10.1890/07-1644.1

Kefford, B. J., Buchwalter, D., Cafiedo-Arglielles, M., Davis, J., Duncan, R.
P., Hoffmann, A., & Thompson, R. (2016). Salinized rivers: Degraded
systems or new habitats for salt-tolerant faunas? Biology Letters, 12,
20151072. https://doi.org/10.1098/rsbl.2015.1072

Kefford, B. J., Fields, E. J., Clay, C., & Nugegoda, D. (2007). Salinity tol-
erance of riverine microinvertebrates from the southern Murray-
Darling Basin. Marine and Freshwater Research, 58, 1019-1031.
https://doi.org/10.1071/MF06046

Le, T. D. H., Kattwinkel, M., Schiitzenmeister, K., Olson, J. R., Hawkins, C.
P., & Schafer, R. B. (2019). Predicting current and future background
ion concentrations in German surface water under climate change.
Philosophical Transactions of the Royal Society B, 374, 20180004.
https://doi.org/10.1098/rstbh.2018.0004

Licht, P, Feder, M. E., & Bledsoe, S. (1975). Salinity tolerance and osmo-
regulation in the salamander Batrachoseps. Journal of Comparative
Physiology, 102, 123-134. https://doi.org/10.1007/BF00691298

Lorrain-Soligon, L., Bichet, C., Robin, F., & Brischoux, F. (2022). From
the field to the lab: Physiological and behavioural consequences of
environmental salinity in a coastal frog. Frontiers in Physiology, 13,
919165. https://doi.org/10.3389/fphys.2022.919165

Lorrain-Soligon, L., Robin, F., Lelong, V., Jankovic, M., Barbraud, C., &
Brischoux, F. (2022). Distance to coastline modulates morphology
and population structure in a coastal amphibian. Biological Journal
of the Linnean Society, 135, 478-489. https://doi.org/10.1093/bioli
nnean/blab165

Lorrain-Soligon, L., Robin, F., Rousseau, P., Jankovic, M., & Brischoux,
F. (2021). Slight variations in coastal topography mitigate the

Freshwater Biology BV LEYH

consequence of storm-induced marine submersion on amphibian
communities. Science of the Total Environment, 770, 145382. https://
doi.org/10.1016/j.scitotenv.2021.145382

Lukens, E., & Wilcoxen, T. E. (2020). Effects of elevated salinity on
Cuban treefrog Osteopilus septontrionalis aldosterone levels,
growth, and development. Marine and Freshwater Behaviour
and Physiology, 53, 99-111. https://doi.org/10.1080/10236
244.2020.1772062

Martinez-Megias, C., & Rico, A. (2021). Biodiversity impacts by multiple
anthropogenic stressors in Mediterranean coastal wetlands. Science
of the Total Environment, 818, 151712. https://doi.org/10.1016/j.
scitotenv.2021.151712

Maxwell, S. L., Butt, N., Maron, M., McAlpine, C. A., Chapman, S.,
Ullmann, A., Segan, D. B., & Watson, J. E. M. (2019). Conservation
implications of ecological responses to extreme weather and cli-
mate events. Diversity and Distributions, 25, 613-625. https://doi.
org/10.1111/ddi.12878

Maynard, L., & Wilcox, D. (1997). Coastal wetlands. Technical Reports.

Michel, M. J.,, & Burke, S. (2011). Consequences of an amphib-
ian malformity for development and fitness in complex en-
vironments. Freshwater Biology, 56, 1417-1425. https://doi.
org/10.1111/j.1365-2427.2011.02580.x

Moorman, A. M., Moorman, T. E., Baldassarre, G. A., & Richard, D. M.
(1991). Effects of saline water on growth and survival of mottled
duck ducklings in Louisiana. The Journal of Wildlife Management, 55,
471-476. https://doi.org/10.2307/3808977

O'Dell, D. 1., Karberg, J. M., Beattie, K. C., Omand, K. A., & Buck, E. C.
(2021). Changes to spotted turtle (Clemmys guttata) habitat selec-
tion in response to a salt marsh restoration. Wetlands Ecology and
Management, 29, 301-313. https://doi.org/10.1007/s11273-021-
09788-7

Paiva, F., Pauli, N.-C., & Briski, E. (2020). Are juveniles as tolerant to sa-
linity stress as adults? A case study of Northern European, Ponto-
Caspian and North American species. Diversity and Distributions, 26,
1627-1641. https://doi.org/10.1111/ddi.13147

Peters, C. N., Kimsal, C., Frederiks, R. S., Paldor, A., McQuiggan, R., &
Michael, H. A. (2021). Groundwater pumping causes salinization of
coastal streams due to baseflow depletion: Analytical framework
and application to Savannah River, GA. Journal of Hydrology, 604,
127238. https://doi.org/10.1016/j.jhydrol.2021.127238

Potts, W. T. W. (1954). The energetics of osmotic regulation in brackish-
and fresh-water animals. Journal of Experimental Biology, 31, 618-
630. https://doi.org/10.1242/jeb.31.4.618

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ranjbar, A., & Ehteshami, M. (2019). Spatio-temporal mapping of salinity
in the heterogeneous coastal aquifer. Applied Water Science, 9, 1-14.
https://doi.org/10.1007/s13201-019-0908-x

Reid, A. J., Carlson, A. K., Creed, I. F,, Eliason, E. J,, Gell, P. A., Johnson,
P. T., Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J.,
Smol, J. P,, Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D.,
& Cooke, S. J. (2019). Emerging threats and persistent conservation
challenges for freshwater biodiversity. Biological Reviews, 94, 849~
873. https://doi.org/10.1111/brv.12480

Richter, I., & Xie, S.-P. (2008). Muted precipitation increase in global
warming simulations: A surface evaporation perspective. Journal
of Geophysical Research: Atmospheres, 113, D24118. https://doi.
org/10.1029/2008JD010561

Royle, J. A. (2004). N-mixture models for estimating population size from
spatially replicated counts. Biometrics, 60, 108-115. https://doi.
org/10.1111/j.0006-341X.2004.00142.x

Sauer, F. G, Bundschuh, M., Zubrod, J. P, Schéfer, R. B., Thompson, K., &
Kefford, B. J. (2016). Effects of salinity on leaf breakdown: Dryland
salinity versus salinity from a coalmine. Aquatic Toxicology, 177,
425-432. https://doi.org/10.1016/j.aquatox.2016.06.014

5101 SUOWILIOD BAIE.D 3Rl dde 3} Ad PeuBAOB 32 SOILE YO ‘88N J0 S3INJ 0 ARICII BUIIUO AB|1A UO (SUONIPUOD-PLE-SLLLBI WO A3 1M ARG PUI|UO//SAIY) SUONIPUOD PUE SWLB | 84} 39S *[£202/S0/GT] U ARIqIT8UIIUO B]IM ‘90Ul BLBIR0D Ad E0THT GMY/TTTT'OT/I0P/L0D /5| 1M AZRIq1BU|UO//SANY W04} PpeOUMOQ ‘0 */2vZG9ET


https://doi.org/10.1152/physrev.00037.2007
https://doi.org/10.1016/j.envpol.2012.10.002
https://doi.org/10.1655/HERPMONOGRAPHS-D-14-00006
https://doi.org/10.1655/HERPMONOGRAPHS-D-14-00006
https://doi.org/10.1086/687292
https://doi.org/10.1086/687292
https://doi.org/10.1643/OT-12-126
https://doi.org/10.1643/OT-12-126
https://doi.org/10.1007/s00244-021-00875-7
https://doi.org/10.1007/s00244-021-00875-7
https://doi.org/10.1016/j.ecss.2019.05.020
https://doi.org/10.1890/07-1644.1
https://doi.org/10.1890/07-1644.1
https://doi.org/10.1098/rsbl.2015.1072
https://doi.org/10.1071/MF06046
https://doi.org/10.1098/rstb.2018.0004
https://doi.org/10.1007/BF00691298
https://doi.org/10.3389/fphys.2022.919165
https://doi.org/10.1093/biolinnean/blab165
https://doi.org/10.1093/biolinnean/blab165
https://doi.org/10.1016/j.scitotenv.2021.145382
https://doi.org/10.1016/j.scitotenv.2021.145382
https://doi.org/10.1080/10236244.2020.1772062
https://doi.org/10.1080/10236244.2020.1772062
https://doi.org/10.1016/j.scitotenv.2021.151712
https://doi.org/10.1016/j.scitotenv.2021.151712
https://doi.org/10.1111/ddi.12878
https://doi.org/10.1111/ddi.12878
https://doi.org/10.1111/j.1365-2427.2011.02580.x
https://doi.org/10.1111/j.1365-2427.2011.02580.x
https://doi.org/10.2307/3808977
https://doi.org/10.1007/s11273-021-09788-7
https://doi.org/10.1007/s11273-021-09788-7
https://doi.org/10.1111/ddi.13147
https://doi.org/10.1016/j.jhydrol.2021.127238
https://doi.org/10.1242/jeb.31.4.618
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1007/s13201-019-0908-x
https://doi.org/10.1111/brv.12480
https://doi.org/10.1029/2008JD010561
https://doi.org/10.1029/2008JD010561
https://doi.org/10.1111/j.0006-341X.2004.00142.x
https://doi.org/10.1111/j.0006-341X.2004.00142.x
https://doi.org/10.1016/j.aquatox.2016.06.014

LORRAIN-SOLIGON T AL.

il—Wl |B2A® reshwater Biology

Schroeder, K., Chiggiato, J., Josey, S. A., Borghini, M., Aracri, S., &
Sparnocchia, S. (2017). Rapid response to climate change in a mar-
ginal sea. Scientific Reports, 7, 1-7. https://doi.org/10.1038/s4159
8-017-04455-5

Schultz, E. T., & McCormick, S. D. (2012). Euryhalinity in an evolution-
ary context. Fish Physiology, 32, 477-533. https://doi.org/10.1016/
B978-0-12-396951-4.00010-4

Sheil, D., & Burslem, D. (2013). Defining and defending Connell's interme-
diate disturbance hypothesis: A response to fox. Trends in Ecology &
Evolution, 28,571-572. https://doi.org/10.1016/j.tree.2013.07.006

Smith, M. J,,Schreiber, E.S. G., Scroggie, M. P.,Kohout, M., Ough, K., Potts,
J., Lennie, R., Turnbull, D., Jin, C., & Clancy, T. (2007). Associations
between anuran tadpoles and salinity in a landscape mosaic of wet-
lands impacted by secondary salinisation. Freshwater Biology, 52,
75-84. https://doi.org/10.1111/j.1365-2427.2006.01672.x

Teixeira, A., Duarte, B., & Cacador, I. (2014). Salt marshes and biodiver-
sity. In M. A. Khan, B. Béer, M. Oztiirk, T. Z. Al Abdessalaam, M.
Clusener-Godt, & B. Gul (Eds.), Sabkha ecosystems: Volume IV: Cash
crop halophyte and biodiversity conservation. Tasks for vegetation
science (pp. 283-298). Springer.

Tornabene, B. J., Breuner, C. W., & Hossack, B. R. (2021). Comparative
effects of energy-related saline wastewaters and sodium chloride
on hatching, survival, and fitness-associated traits of two amphib-
ian species. Environmental Toxicology and Chemistry, 40, 3137-3147.
https://doi.org/10.1002/etc.5193

Velasco, J., Gutiérrez-Canovas, C., Botella-Cruz, M., Sdnchez-Fernandez,
D., Arribas, P., Carbonell, J. A., Millan, A., & Pallarés, S. (2019).
Effects of salinity changes on aquatic organisms in a multiple
stressor context. Philosophical Transactions of the Royal Society B,
374,20180011. https://doi.org/10.1098/rstb.2018.0011

Venancio, C., Castro, B. B., Ribeiro, R., Antunes, S. C., Abrantes, N.,
Soares, A., et al. (2019). Sensitivity of freshwater species under
single and multigenerational exposure to seawater intrusion.
Philosophical Transactions of the Royal Society B, 374, 20180252.
https://doi.org/10.1098/rstb.2018.0252

Venancio, C., Castro, B. B., Ribeiro, R., Antunes, S. C., & Lopes, |. (2019).
Sensitivity to salinization and acclimation potential of amphibian
(Pelophylax perezi) and fish (Lepomis gibbosus) models. Ecotoxicology
and Environmental Safety, 172, 348-355. https://doi.org/10.1016/j.
ecoenv.2019.01.099

Venancio, C., Ribeiro, R., & Lopes, I. (2020). Active emigration from cli-
mate change-caused seawater intrusion into freshwater habitats.
Environmental Pollution, 258, 113805. https://doi.org/10.1016/j.
envpol.2019.113805

Venancio, C., Ribeiro, R., & Lopes, |. (2022). Seawater intrusion: An ap-
praisal of taxa at most risk and safe salinity levels. Biological Reviews,
97, 361-382. https://doi.org/10.1111/brv.12803

Vermeer, M., & Rahmstorf, S. (2009). Global sea level linked to global
temperature. Proceedings of the National Academy of Sciences
of the United States of America, 106, 21527-21532. https://doi.
org/10.1073/pnas.0907765106

Viertel, B. (1999). Salt tolerance of Rana temporaria: Spawning site selec-
tion and survival during embryonic development (Amphibia, Anura).
Amphibia-Reptilia, 20, 161-171. https://doi.org/10.1163/15685
3899X00178

Wake, D. B., & Koo, M. S. (2018). Amphibians. Current Biology, 28,
R1237-R1241. https://doi.org/10.1016/j.cub.2018.09.028

Wells, K. D. (2007). The ecology and behavior of amphibians. University of
Chicago Press.

Xue, Z., He, R., Fennel, K., Cai, W.-J,, Lohrenz, S., & Hopkinson, C.
(2013). Modeling ocean circulation and biogeochemical variability
in the Gulf of Mexico. Biogeosciences, 10, 7219-7234. https://doi.
org/10.5194/bg-10-7219-2013

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Lorrain-Soligon, L., Robin, F.,
Barbraud, C., & Brischoux, F. (2023). Some like it salty:
Spatio-temporal dynamics of salinity differentially affect
anurans and caudates in coastal wetlands. Freshwater Biology,
00, 1-14. https://doi.org/10.1111/fwb.14103

5101 SUOWILIOD BAIE.D 3Rl dde 3} Ad PeuBAOB 32 SOILE YO ‘88N J0 S3INJ 0 ARICII BUIIUO AB|1A UO (SUONIPUOD-PLE-SLLLBI WO A3 1M ARG PUI|UO//SAIY) SUONIPUOD PUE SWLB | 84} 39S *[£202/S0/GT] U ARIqIT8UIIUO B]IM ‘90Ul BLBIR0D Ad E0THT GMY/TTTT'OT/I0P/L0D /5| 1M AZRIq1BU|UO//SANY W04} PpeOUMOQ ‘0 */2vZG9ET


https://doi.org/10.1038/s41598-017-04455-5
https://doi.org/10.1038/s41598-017-04455-5
https://doi.org/10.1016/B978-0-12-396951-4.00010-4
https://doi.org/10.1016/B978-0-12-396951-4.00010-4
https://doi.org/10.1016/j.tree.2013.07.006
https://doi.org/10.1111/j.1365-2427.2006.01672.x
https://doi.org/10.1002/etc.5193
https://doi.org/10.1098/rstb.2018.0011
https://doi.org/10.1098/rstb.2018.0252
https://doi.org/10.1016/j.ecoenv.2019.01.099
https://doi.org/10.1016/j.ecoenv.2019.01.099
https://doi.org/10.1016/j.envpol.2019.113805
https://doi.org/10.1016/j.envpol.2019.113805
https://doi.org/10.1111/brv.12803
https://doi.org/10.1073/pnas.0907765106
https://doi.org/10.1073/pnas.0907765106
https://doi.org/10.1163/156853899X00178
https://doi.org/10.1163/156853899X00178
https://doi.org/10.1016/j.cub.2018.09.028
https://doi.org/10.5194/bg-10-7219-2013
https://doi.org/10.5194/bg-10-7219-2013
https://doi.org/10.1111/fwb.14103

	Some like it salty: Spatio-­temporal dynamics of salinity differentially affect anurans and caudates in coastal wetlands
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study site and sampling
	2.2|Review of salt tolerance
	2.3|Data analysis
	2.3.1|Spatio-­temporal variation in salinity
	2.3.2|Species presence and abundances
	2.3.3|Salinity and life stages
	2.3.4|Malformations occurrence


	3|RESULTS
	3.1|Spatio-­temporal variation of salinity
	3.2|Species presence and abundances
	3.3|Salinity and life stages
	3.4|Malformations occurrence

	4|DISCUSSION
	4.1|Spatio-­temporal dynamics of salinity
	4.2|Variation in tolerance to salinity in coastal amphibians
	4.3|Seasonal increase in salinity and life-­stages

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


