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Abstract: We evaluated the effect of seawater intrusion in coastal ecosystems on the freshwater
invertebrate community and on leaf litter decomposition under realistic scenarios in six outdoor
freshwater mesocosms containing fauna and flora, to which increasing volumes of seawater were
added. The resulting salinity values were 0.28 (control, freshwater only), 2.0, 3.3, 5.5, 9.3, and
15.3 mS cm−1. The effect of salinity was assessed for 65 days after seawater intrusion, by computing
the deviation of values in each treatment in relation to the control. Our results show that seawater
intrusion into freshwaters will affect the invertebrate communities and organic matter decompo-
sition, with salinities of up to 3.3–5.5 mS cm−1 having opposite effects to salinities of more than
9.3 mS cm−1. There was a net negative effect of the two highest salinities on mass loss and richness of
the invertebrates associated with the decomposing leaves. Regarding the invertebrate communities
of the mesocosms, there was a net negative effect of the intermediate salinity levels on abundance
and richness. Invertebrate life cycle traits conferring resilience and resistance tended to increase with
low and decrease with high salinity values, while avoidance traits showed an opposite trend, and
these responses were more pronounced on the later stage community. These wave-like responses of
the invertebrate species traits to increasing salinity suggest that the life-history and physiological
adaptations most suitable to cope with osmotic stress will differ between low and high salinity levels.

Keywords: freshwater invertebrates; invertebrate traits; litter decomposition; mesocosms; primary
salinization; seawater intrusion

1. Introduction

As a result of global warming, mean sea level increased 0.15–0.25 m between 1901
and 2018, with rates steadily increasing over time. The global mean sea level will most
certainly continue to rise throughout the 21st century [1]. Even under a scenario of very low
greenhouse gas (GHG) emissions, the likely global mean sea level rise by 2100 is predicted
to be 0.28–0.55 m, and the increase may reach as much as 0.63–1.01 m [1]. Moreover, due to
relative sea level rise, one in a century extreme sea level events are projected to occur at least
annually at more than half of all tide gauge locations by 2100, increasing the frequency and
severity of flooding and salinization of coastal areas (including freshwaters) along all low-
lying coasts [1]. Additionally, groundwater salinization due to prolonged droughts that
promote the inland retreat of the seawater/freshwater interface is also predicted to increase
due to climate change [1,2]. Freshwater ecosystems provide essential services and carry
out key processes, which depend on the integrity of populations and communities. How
freshwater organisms and ecosystem processes will respond to the increasing salinization
of coastal freshwaters, predicted by the Intergovernmental Panel on Climate Change [1],
is a fundamental quest for an integrated biodiversity and conservation management of
coastal ecosystems at risk.
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Studies on a wide variety of lakes, rivers, and wetlands have shown salinity effects on
freshwater organisms and on ecosystem structure and function [3–6]. Regarding freshwater
animals, salinity may have lethal effects once a threshold is exceeded, or sub-lethal effects,
reducing both organism and population fitness, and resulting in the decline of richness
with increasing salinity [3,6]. Salinity also affects organisms’ spatial distribution, trophic
and other interactions, biochemical cycles, and leaf litter decomposition (e.g., [3,7–9]),
thus altering ecosystem structure and function. Organic matter decomposition is one of
the most important ecosystem processes and, because it results from the activity of an
array of species in different trophic levels and taxonomic groups, provides a consolidated
measure of ecosystem integrity [10]. Field and laboratory studies show a consistent trend of
reduced organic matter processing in freshwaters with increasing salinity due to decreased
enzymatic activity and lower fungal biomass on decaying leaves (e.g., [11–13]). The
decrease of microbial colonization may also indirectly affect the detritivore freshwater
invertebrates, which rely on decomposing (i.e., microbially colonized) plant litter as a food
resource and contribute, while feeding, to litter processing [14]. Thus, salinity may decrease
organic matter processing in a feedback process involving microorganisms and invertebrate
detritivores, which can be further enhanced when it has direct effects on invertebrates, as
discussed above.

Most studies have assessed the effect of dryland and secondary salinization [3,12],
although seawater intrusion (primary salinization) already contributes significantly to
coastal salinization [5]. Natural seawater varies in ionic composition and differs from
salinized freshwater sources and dryland salinity [5], and ionic composition has been
shown to significantly affect the results obtained in other salinization studies (e.g., [15,16]).
Thus, the effects of primary salinization on organisms and on ecosystem processes requires
special consideration.

Species traits are linked to a myriad of environmental conditions presenting different
solutions to abiotic stress, such as the case of salinization [17]. Moreover, contrarily to taxa
identity, which varies geographically, traits allow the comparison of species assemblages
between waterbodies separated by large geographical distances [17], thus constituting a
useful tool to assess the effect of freshwater salinization worldwide.

In the present study, we aimed to contribute to the knowledge on the effects of primary
salinization on key drivers of organic matter decomposition in low-lying coastal ecosys-
tems. We assessed the effects of seawater intrusion events of five different magnitudes (2.0,
3.3, 5.5, 9.3, and 15.3 mS cm−1) on leaf litter decomposition and invertebrate communities,
using dilutions of ocean water in 1500 L outdoor mesocosms under realistic conditions. We
hypothesized that increasing salinity will decrease (H1) leaf litter decomposition and (H2)
invertebrate abundance and richness. Regarding invertebrate traits, we also hypothesized
that increasing salinity will (H3) increase the proportion of traits conferring resilience (short
lifespan, ovoviviparous reproduction, and aerial respiration) and resistance (multivoltin-
ism), due to the selection of taxa showing traits most suitable to cope with a given salinity,
and (H4) decrease the proportion of traits conferring avoidance (amphibiotic life cycles
and terrestrial reproduction), as taxa not able to cope with the osmotic stress disperse to
other aquatic bodies. Finally, if the studied salinity levels do not cause acute toxic effects,
we hypothesized that (H5) the proportion of resilience and resistance will increase while
avoidance traits will decrease over time.

2. Materials and Methods
2.1. Outdoor Mesocosms

The present study was carried out in six lentic mesocosms during November 2013–
January 2014 using the setup described in [18]. The mesocosms consisted of black rigid
polyvinyl chloride containers with a capacity of 1500 L (1.5 m diameter, 1 m depth),
buried into the ground to surface level at Escola Superior Agrária de Coimbra (Coimbra,
40◦12′ N, 8◦27′ W). The mesocosms were prepared in September 2013, using sediment
(300 L; Lagoa dos Teixoeiros 40◦18′ N, 8◦46′ W) and 1000 L of freshwater, 600 L from
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a spring-fed stream (Olhos d’Água do Rio Anços 39◦58′ N, 8◦24′ W) and 400 L from
a local well. Mesocosms were evenly inoculated with the macrophytes Potamogeton sp.
and Myriophyllum sp. (8 individuals each per mesocosm; Olhos d’Água do Rio Anços),
macroinvertebrates and zooplankton (collected at Olhos d’Água do Rio Anços, Lagoa dos
Teixoeiros, Lagoa das Braças 40◦14′ N, 8◦48′ W, and Lagoa da Vela 40◦16′ N, 8◦47′ W), in
addition to the phytoplankton, zooplankton, macroinvertebrates, and microbial organisms
indirectly introduced via the sediment, water, and macrophytes. The mesocosms were left
stabilizing for 7 weeks before seawater intrusion.

Seawater intrusion was simulated using Atlantic Ocean water (West coast of Central
Portugal; 52.7 mS cm−1). On 20 November 2013 (day 0), a water volume was removed
from each mesocosm (between 32 and 280 L, filtered to return back organisms bigger than
50 µm), and the same seawater volume was added to the respective mesocosm (using
a 1.65-fold dilution factor), resulting in the following five electrical conductivity values,
hereafter used to designate the various treatments: 2.0, 3.3, 5.5, 9.3, and 15.3 mS cm−1;
a sixth mesocosm (freshwater only) was left intact to be used as the control treatment
(0.28 mS cm−1). Preliminary laboratory toxicity tests with a range of seawater dilutions
revealed lethal effects on invertebrates close to 15 mS cm−1 (at higher than 12 mS cm−1

for the cladoceran Daphnia magna and the cnidarian Hydra attenuata, and at higher than
18 mS cm−1 for the insect Chironomus riparius), whereas [15] found seawater sublethal
effects on the rotifer Brachionus calyciflorus and Daphnia longispina between 2 and 5 mS cm−1.

Electrical conductivity, pH, and dissolved oxygen were measured in situ two times
before (days -14 and -6) and four to six times after seawater intrusion (days 2, 7, 14,
21, 28, and 65) with field probes (Wissenschaftlich Technische Werkstätten, Weilheim,
Germany: WTW conductivity440i, WTW pH330i, and WTW OXI 330i, respectively). Water
temperature was recorded every 15 min with a Hobo Pendant Temp/Light logger UA-
002-64 (Onset company, Cape Cod, MA, USA), except in treatment 3.3 mS cm−1, where
the equipment malfunctioned. Water samples (one per mesocosm) were collected on the
same occasions (except for day -14), and a Hach DR/2000 photometer (Hach company,
Loveland, CO, USA) was used to quantify the following nutrient concentrations (mgL−1;
three replicate measurements per water sample), according to Hach manual: ammonia
(N-NH3; method 8038), nitrate (N-NO3

−; method 8192), orthophosphate (PO4
3−; method

8048), and sulphate (SO4
2−; method 8051). Monthly air temperature and precipitation

values during the study period were obtained from a nearby meteorologic station (Escola
Superior Agrária, Bencanta: 40◦12′ N, 8◦41′ W, altitude 17 m).

2.2. Leaf Litter Decomposition and Associated Invertebrates

The effect of seawater intrusion on organic matter decomposition was assessed using
alder (Alnus glutinosa (L.) Gaertn.) leaves, a common riparian species in the study area.
Alder is considered a key riparian plant species and a model litter widely used in decompo-
sition experiments across Europe and elsewhere [19]. Five days before seawater intrusion
(15 November 2013), groups of 5 air-dried leaves (1.15 g ± 0.09 standard deviation [SD])
were sprinkled with distilled water to avoid damage, tied by the petiole to form leaf packs,
and nine leaf packs were introduced and let sunk naturally in each mesocosm. On the
day of seawater intrusion (day 0: 20 November 2013), three replicates were removed to
determine mass loss due to leaching and establish initial leaf mass values. Sampling was
carried out after 16 (6 December 2013) and 63 days (22 January 2014) of immersion.

On each sampling occasion, three leaf packs were retrieved from each mesocosm,
introduced individually in plastic bags, and transported in an ice-chest for immediate
processing. In the laboratory, the leaves were gently washed with tap water over a 0.2 mm
mesh to detach adhering debris and invertebrates, oven-dried (60 ◦C, 3 days), and weighed
to the nearest 0.1 mg to determine oven-dry mass.

The oven-dry mass of the leaves used in the experiment was estimated by multiplying
their air-dry mass by the humidity factor. Three extra leaf packs were weighed, oven-dried
(60 ◦C, 3 days), and weighed again (±0.1 mg) to determine the humidity factor (oven-
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dry/air-dry mass; mean ± 1 SD: 0.857 ± 0.015). To account only for the effect of biological
activity on mass loss, the oven-dry mass remaining on day 0 was used to determine the
leaching factor (final/initial oven-dry mass; overall mean ± 1 SD: 0.915 ± 0.012). Oven-dry
mass remaining at each sampling day was divided by the leaching factor to correct for
mass loss due to leaching during the 5 days immersion period before seawater intrusion.
Final values were expressed as the percentage loss of initial oven-dry mass after leaching
of soluble compounds.

The invertebrates associated with the leaves were collected, sorted, stored in the cold,
identified to order or family level [18], and counted under a binocular stereoscope within
the next 24 h. Values were expressed as number of individuals (abundance) or number of
taxa (richness) per leaf pack.

2.3. Invertebrate Communities of the Mesocosms

The data and methods are from [18]. Briefly, the invertebrates were sampled at 14 and
6 days before seawater intrusion to assess the similarity of the mesocosms, and six times
after (2, 7, 14, 21, 28, and 65 days) to assess the effect of seawater intrusion. Sampling was
carried out with a hand net (0.5 mm mesh) and consisted of three equidistant passages of
the net across the diameter of the mesocosms at the macrophyte level. The invertebrates
were carefully collected and stored in 50 mL plastic containers with 70% ethanol, identified
to family level and counted. Values were expressed as number of individuals (abundance)
or number of taxa (richness) per mesocosm.

2.4. Invertebrate Life Cycle Traits

Using the rationale of [17], five life cycle and one physiological trait categories
from [20] were aggregated as combinations of traits providing resilience, resistance, and
avoidance to osmotic stress. Life cycles shorter than one-year reduce time and energy to
reach adult stage with earlier reproduction, ovoviviparity provides egg protection from
environmental conditions, and aerial respiration allows coping with low dissolved oxygen
concentrations, which may occur at high salinities [21] and were aggregated as combina-
tions providing resilience to osmotic stress. Life cycles with more than one generation per
year provide resistance as they increase the capacity to reach high population numbers
and recover after disturbance. Finally, amphibiotic life cycles (taxa with non-aquatic life
stages) and terrestrial reproduction provide independence from the aquatic environmental
conditions and allow dispersion to other aquatic environments thus providing avoidance
capacities.

The proportion of a trait category per treatment was calculated according to [20].
Each taxon was attributed an affinity score of 0 (no affinity) to 3 (strong affinity) for the
trait category, and the frequency of that category in a taxon (Table S1 in Supplementary
Materials) was calculated by dividing the score of the category by the sum of scores of all
possible categories. Finally, the frequency of the taxon presenting the trait category (or the
average frequency of the various categories in the cases of resilience and avoidance) was
multiplied by the proportion of individuals in that taxon, and the resulting values summed
for each sample.

2.5. Data Analysis

The experimental design includes only one mesocosm per treatment, i.e., no replicates,
with measurements along time. Thus, initial abiotic and biotic conditions before seawa-
ter intrusion as well as the physicochemical parameters during the study period were
compared with a repeated-measures procedure using the collection dates as the repeated-
measures factor. To avoid violation of the sphericity assumption, the procedure was applied
to groups of variables as a multivariate analysis of variance (MANOVA, [22]), as follows.
Before seawater intrusion: one dependent variable was composed of dissolved oxygen,
pH, temperature, and electrical conductivity and the other of invertebrate abundance
and richness. During the experimental period, one dependent variable was composed
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of ammonia and sulphate, which increased with increasing salinity, and the other was
composed of dissolved oxygen, pH, nitrate, and phosphate. Prior to analysis, normal-
ity was checked with the Shapiro–Wilk’s test and homoscedasticity was checked with
the Bartlett’s test (normal distribution data) or the Levene’s test (nonnormal distribution
data). Nonnormal and/or heteroscedastic data was transformed using the square root
transformation, x′ =

√
x + 3/8 in the case of invertebrate abundance and richness or the

logarithmic transformation, x′ = ln(x + 1), in the case of the physicochemical data [22].
Given that the MANOVA is robust, operating well even with considerable heterogeneity
of variances and deviations from normality [22], the procedure was still carried out even
when normality or homoscedasticity were not achieved after transformation. Whenever a
significant difference among treatments was found, post-hoc multiple comparisons were
carried out with the Tukey test. All these procedures were performed with STATISTICA
Version 10.0 (StatSoft, Inc., Tulsa, OK, USA) with the level of significance set at 0.05.

Regarding the biotic variables, rather than comparing the treatments, our aim was
to assess the departure of the values in each treatment in relation to the control. Thus,
the effect of salinity on litter decomposition and on the invertebrates was assessed by
computing the average deviation and the 95% confidence limits (CL) of values in each
treatment in relation to the values in the control, using all samples collected over the time
period. For each response variable, the deviation of the value in each sample of a treatment
in relation to the value in each sample of the control (2 sampling dates × 3 leaf packs for
the decomposition experiment, and 6 sampling dates for the mesocosms’ invertebrates)
was computed as: (value in treatment-value in control)/value in control. We considered
that there was a net effect of salinity in a treatment in relation to the control whenever the
95% CL were lower than the mean deviation, indicating that the treatment and the control
samples came from different statistical populations.

3. Results
3.1. Abiotic Variables

Average air temperature in the study area ranged from 9.8 to 11.5 ◦C during the study
period. Total precipitation increased along the time period, with 17.2 mm in November,
163.8 mm in December, and 204.6 mm in January. There were no significant differences
among the mesocosms in the abiotic variables (electrical conductivity, dissolved oxygen,
pH, and temperature) before seawater intrusion (MANOVA: F0.05(1)10,10 = 1.90, p = 0.17;
Table S2 in Supplementary Materials); it was not possible to compare the mesocosms
regarding nutrients because there was only one measurement before seawater intrusion
(Table 1).
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Table 1. Average values ± 1 SD (and range) of water physicochemical characteristics before (one to two measurements per mesocosm) and during the 65 days study period after seawater
intrusion (four to six measurements per mesocosm).

Treatment Electrical Conductivity
(mS cm−1)

Dissolved Oxygen
(mg L−1)

Temperature
(◦C) pH Nitrate

(mg N-NO3 L−1)
Ammonia

(mg N-NH3 L−1)
Orthophosphate
(mg PO4 3− L−1)

Sulfate
(mg SO4 2− L−1)

Before n = 2 n = 2 n = 2 n = 2 n = 1 n = 1 n = 1 n = 1

All
mesocosms

0.27 ± 0.01
(0.26–0.27)

10.9 ± 0.6
(9.6–11.9)

14.9 ± 2.4
(12.3–17.3)

8.0 ± 0.1
(7.8–8.2)

2.9 ± 0.9
(1.8–4.2)

0.19 ± 0.10
(0.07–0.34)

0.05 ± 0.03
(0.01–0.08)

10 ± 3
(7–16)

During n = 6 n = 4 n = 5 n = 6 n = 6 n = 6 n = 6 n = 5

Control
(0.28 mS cm−1)

0.26 ± 0.05
(0.18–0.29)

12.0 ± 1.7
(10.1–14.2)

8.0 ± 1.6
(6.0–10.0)

8.2 ± 0.6
(7.8–9.4)

4.3 ± 0.7
(2.0–6.9)

0.14 ± 0.12
(0.02–0.33)

0.07 ± 0.06
(0.01–0.17)

15 ± 12
(7–36)

2.0 mS cm−1 1.86 ± 0.31
(1.26–2.05)

17.5 ± 2.5
(13.9–19.2)

8.1 ± 1.6
(6.1–10.0)

8.3 ± 0.5
(7.8–9.2)

3.8 ± 0.8
(3.3–4.8)

0.36 ± 0.36
(0.00–0.48)

0.09 ± 0.06
(0.05–0.16)

104 ± 54
(56–184)

3.3 mS cm−1 3.05 ± 0.53
(2.10–3.34)

14.4 ± 0.5
(13.9–15.0) no data 8.3 ± 0.4

(7.9–9.0)
3.6 ± 0.4
(3.0–4.0)

0.25 ± 0.20
(0.01–0.60)

0.08 ± 0.06
(0.04–0.15)

132 ± 57
(74–220)

5.5 mS cm−1 5.10 ± 0.66
(3.85–5.52)

14.5 ± 1.1
(12.8–15.3)

8.5 ± 1.6
(6.6–10.3)

8.3 ± 0.4
(7.9–9.2)

3.7 ± 1.1
(2.2–5.2)

0.36 ± 0.33
(0.01–0.95)

0.09 ± 0.04
(0.05–0.17)

233 ± 170
(112–504)

9.3 mS cm−1 8.58 ± 1.02
(6.61–9.22)

14.2 ± 1.8
(12.7–16.3)

8.3 ± 1.7
(6.3–10.1)

8.4 ± 0.4
(7.9–9.0)

4.1 ± 1.6
(2.9–6.9)

0.70 ± 0.70
(0.02–1.86)

0.08 ± 0.05
(0.03–0.15)

341 ± 136
(188–520)

15.3 mS cm−1 14.01 ± 1.62
(11.00–15.12)

14.8 ± 0.9
(13.6–15.7)

8.2 ± 1.7
(6.1–10.0)

8.5 ± 0.4
(8.0–9.0)

4.3 ± 1.7
(2.0–6.9)

2.12 ± 0.93
(0.29–2.75)

0.11 ± 0.06
(0.08–0.21)

466 ± 241
(282–828)
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During the 65 days following the seawater intrusion, dissolved oxygen, pH, nitrate and
phosphate remained similar among the treatments (MANOVA: F0.05(1)5,18 = 0.53, p = 0.75;
Table S2 in Supplementary Materials), but there was a significant effect of treatment on
ammonia and sulphate (MANOVA: F0.05(1)5,22 = 113.56, p < 0.0001; Table S2 in Supple-
mentary Materials), which increased with increasing salinity (Figure S1 in Supplementary
Materials) and were only similar between treatments 2.0 and 3.3 mS cm−1 and between
treatments 3.3 and 5.5 mS cm−1. Electrical conductivity decreased in all treatments as
precipitation increased, attaining minimum values by day 65, but the values in the treat-
ments never overlapped (Table 1). Ammonia concentrations also decreased along time,
while sulphate values increased (Figure S1 in Supplementary Materials), resulting in a
signification interaction between treatment and time (Table S2 in Supplementary Materials).

3.2. Leaf Litter Decomposition and Associated Invertebrates

On average, leaf packs in treatments 3.3 and 5.5 mS cm−1 lost more mass than the
control, with mass loss decreasing with increasing salinity afterwards (Figure 1a). However,
salinity had a significant effect only in treatment 15.3 mS cm−1, where mass loss showed a
net decrease in relation to the control (Table 2).

Table 2. Average deviation ± 95% confidence limits of values in a treatment in relation to the control for the response
variables of the leaf litter decomposition experiment and for the invertebrate communities in the mesocosms. Values in red
represent a net (negative or positive) effect of a given salinity value on the response variable. Proportion of invertebrates
with (a) short lifespan, ovoviviparous reproduction, and aerial respiration, (b) more than one generation per year, and (c)
non-aquatic life stages and terrestrial reproduction.

Leaf Litter Decomposition

All data (n = 6) 2.0 mS cm−1 3.3 mS cm−1 5.5 mS cm−1 9.3 mS cm−1 15.3 mS cm−1

Mass loss −0.21 ± 0.26 0.06 ± 0.34 0.15 ± 0.37 −0.59 ± 0.67 −0.78 ± 0.55
Invertebrate abundance 0.64 ± 0.80 0.14 ± 0.41 0.85 ± 1.28 0.33 ± 0.88 0.17 ± 0.38

Invertebrate richness 0.22 ± 0.55 −0.13 ± 0.32 −0.06 ± 0.31 −0.16 ± 0.13 −0.33 ± 0.21
(a) Resilience traits −0.09 ± 0.18 −0.01 ± 0.29 0.33 ± 0.14 0.19 ± 0.26 0.22 ± 0.38
(b) Resistance traits −0.34 ± 0.47 0.02 ± 0.57 0.74 ± 0.54 0.50 ± 0.80 0.69 ± 0.85
(c) Avoidance traits 0.39 ± 0.21 −0.19 ± 0.41 −0.27 ± 0.33 −0.23 ± 0.35 −0.40 ± 0.49

Day 63 (n = 3) 2.0 mS cm−1 3.3 mS cm−1 5.5 mS cm−1 9.3 mS cm−1 15.3 mS cm−1

(a) Resilience traits 0.05 ± 0.16 0.18 ± 0.34 0.44 ± 0.02 0.40 ± 0.13 0.47 ± 0.11
(b) Resistance traits 0.04 ± 0.17 0.40 ± 0.60 1.17 ± 0.35 1.13 ± 0.49 1.17 ± 0.33
(c) Avoidance traits 0.56 ± 0.10 −0.40 ± 0.58 −0.54 ± 0.12 −0.46 ± 0.36 −0.67 ± 0.65

Invertebrate Communities in the Mesocosms

All sampling days (n = 6) 2.0 mS cm−1 3.3 mS cm−1 5.5 mS cm−1 9.3 mS cm−1 15.3 mS cm−1

Invertebrate abundance −0.17 ± 0.35 −0.34 ± 0.24 −0.25 ± 0.20 0.01 ± 0.55 −0.15 ± 0.87
Invertebrate richness −0.14 ± 0.26 −0.28 ± 0.20 −0.08 ± 0.24 −0.07 ± 0.26 0.07 ± 0.24
(a) Resilience traits 0.06 ± 0.04 0.13 ± 0.07 0.08 ± 0.08 0.04 ± 0.10 −0.09 ± 0.14
(b) Resistance traits 0.06 ± 0.07 0.16 ± 0.10 0.05 ± 0.14 0.05 ± 0.13 −0.14 ± 0.18
(c) Avoidance traits 0.01 ± 0.13 0.11 ± 0.19 −0.05 ± 0.12 0.02 ± 0.10 0.06 ± 0.23

Days 21–65 (n = 3) 2.0 mS cm−1 3.3 mS cm−1 5.5 mS cm−1 9.3 mS cm−1 15.3 mS cm−1

(a) Resilience traits 0.08 ± 0.08 0.11 ± 0.12 0.12 ± 0.10 0.03 ± 0.22 −0.15 ± 0.07
(b) Resistance traits 0.06 ± 0.13 0.15 ± 0.14 0.10 ± 0.14 0.04 ± 0.26 −0.21 ± 0.14
(c) Avoidance traits −0.12 ± 0.10 0.04 ± 0.16 −0.08 ± 0.08 0.02 ± 0.21 0.18 ± 0.33
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Proportion of resilience traits (short lifespan, ovoviviparous reproduction, and aerial respiration); (e) Proportion of re-
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The abundance of invertebrates colonizing the leaves reached, at the most, 11–24
individuals per leaf pack (Figure 1b). Four taxa constituted 89% of all individuals: juveniles
of Anisoptera (Corduliidae; 32%) and Zygoptera (Coenagrionidae; 19%), Chironomidae
(24%), and Ostracoda (14%). The other taxa (Table S3 in Supplementary Materials) were
rare and represented, at the most, 3% of all individuals. There were no leaf-shredding
invertebrates; predators were the most abundant functional feeding group (56%), followed
by gathering-collectors (23%), filtering-collectors (19%) and scrapers (3%). There was
no significant effect of salinity on abundance (Table 2), although average invertebrate
abundance was higher in salinities ranging from 2.0 to 5.5 mS cm−1 than in the control



Diversity 2021, 13, 599 9 of 15

(Figure 1b). Average richness decreased with increasing salinity (Figure 1c) and was
significantly lower in treatments 9.3 and 15.3 mS cm−1 than in the control (Table 2).

The proportion of traits conferring resilience and resistance was significantly higher
in treatment 5.5 mS cm−1 than in the control (Figure 1d,e; Table 2) while the proportion
of traits conferring avoidance was significantly higher in treatment 2.0 mS cm−1 than in
the control (Figure 1f; Table 2). When only data from day 63 were considered, resilience
and resistance traits significantly increased from salinity level 5.5 mS cm−1 upwards
(Figure 2a,b; Table 2) while avoidance traits (Figure 2c) significantly decreased for salinities
higher than 5.5 mS cm−1 and increased in the lowest salinity treatment (2.0 mS cm−1) in
relation to the control (Table 2).
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3.3. Invertebrate Coomunities in the Mesocosms

There were no significant differences among the mesocosms in invertebrate abundance
and richness before seawater intrusion (MANOVA: F0.05(1)5,6 = 0.92, p = 0.53; Table S2 in
Supplementary Materials); average abundance per mesocosm ranged from 15.0 ± 0.0
SD to 23.5 ± 3.5 SD, while average richness per mesocosm ranged from 3.0 ± 0.0 SD
to 5.5 ± 0.7 SD (Table S4 in Supplementary Materials). Baetidae constituted 60% of all
individuals, followed by Chironomidae (17%), Corduliidae and Corixidae (both with 7%).

After seawater intrusion, average abundance per sampling day ranged from 39 indi-
viduals in treatment 3.3 to 49 individuals in the control (Figure 3a). Baetidae constituted
61% of all individuals, followed by Chironomidae (14%), Corduliidae (13%) and Coenagri-
onidae (4%). The other taxa were rare and represented, at the most, 2% of all individuals
(Table S4 in Supplementary Materials). Invertebrate abundance decreased with seawater
intrusion (Figure 3a), with a net negative effect of salinity in treatments 3.3 and 5.5 mS cm−1

(Table 2). Average richness decreased with low salinity levels, and increased afterwards,
with no significant deviations in relation to the control (Figure 3b; Table 2).
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deviation of the values in a treatment (open circles) in relation to the values in the control (close circles) according to Table 2.
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There was a net increase in the proportion of resilience (treatments 2.0 and 3.3 mS cm−1)
and resistance (treatment 3.3 mS cm−1) traits in relation to the control (Figure 3c,d; Table 2),
while avoidance traits showed no significant deviations in relation to the control (Figure 3e;
Table 2). When only data from days 21–65 were considered (Figure 2d–f; Table 2), resilience
traits showed a net increase in treatments 2.0 to 5.5 mS cm−1 and a net decrease in treatment
15.3 mS cm−1 (Figure 2d), resistance traits showed a net increase in treatment 3.3 mS cm−1

and a net decrease in treatment 15.3 mS cm−1 (Figure 2e), and avoidance traits showed a
net decrease in treatments 2.0 and 5.5 mS cm−1 in relation to the control (Figure 2f; Table 2).

4. Discussion
4.1. Leaf Litter Decomposition and Associated Invertebrates

Mass loss estimation excluded the leaching period, which has been shown to be
affected by salinity associated parameters [5,23] and there were no invertebrate shredders
colonizing the leaves. We may thus assume that mass loss was mainly due to microbial
degradation, and that the 61% lower mass loss in treatment 15.3 mS cm−1 was a result of
decreased microbial activity on leaf litter. Increasing salinity has been systematically found
to decrease autochthonous and allochthonous organic matter decomposition, microbial
activity and/or fungal biomass associated with decomposing litter [11,12,23]. A significant
decrease of mass loss of the North American species (family Sapindaceae) Acer rubrum
leaf litter in mesocosms has been found with increasing salinity (0 to 13 psu) and mass
loss correlated with bacterial diversity, with distinct bacterial communities associated to
each of the four tested salinities [24]. Interestingly, bacterial diversity in the latter study
increased with salinity during the first 18 days, suggesting that some small compensation
by bacteria mitigated the effect of salinity, but the effect may be temporary since the pattern
was reversed the longer the term. In the present study, mass loss was higher (although not
significantly) at intermediate salinity (3.3 mS cm−1) in relation to the control, suggesting
that at low salinity levels, microbial activity may be enhanced by the presence of ions, such
as Ca2+ and Mg2+ [11]. Overall, the results found here support our first hypothesis (H1)
indicating a decrease in mass loss if salinity rises to 15.3 mS cm−1 with consequences for
the aquatic detritivore food webs.

Richness of the invertebrates associated with decomposing leaves decreased with
salinities equal to or higher than 9.3 mS cm−1. However, most taxa were rare, and the
response of richness to salinity may just be an artifact related to the choice of this habitat
for reasons other than salinity. For instance, the invertebrates were dominated by juvenile
Zygoptera and Anisoptera, predators that probably encountered in the leaf packs appro-
priate shelter during the earlier life stages. Since the invertebrates colonizing the leaves
are only a subset of the source community, we thus considered mainly the invertebrate
communities of the mesocosms for assessing the effects of salinity.

4.2. Invertebrates in the Mesocosms

It has been suggested that salinities as low as 1 g L−1 (<2 mS cm−1) may already
have toxic effects to invertebrates with sublethal effects occurring at even lower salinities,
resulting in the reduction of diversity and abundance with increasing salinity [25]. In
the present study, abundance and richness were decreased in all salinity treatments in
relation to the control, although only significantly at intermediate salinity levels (3.3
and 5.5 mS cm−1). This could be due to the low taxonomic resolution of our data set,
not adequate to detect significant differences. A sharp decrease in taxonomic diversity
may occur above conductivities of 5 to 20 mS cm−1 [21], but most studies showing a
reduction in richness with increasing salinity were carried out along salinity gradients
where the invertebrate communities were already adapted to the environmental conditions
(e.g., [26]), and may not adequately represent the short-term effect of increasing salinity
on the invertebrate assemblages. Additionally, [27] suggested that changes in invertebrate
diversity will occur only at salinities ≥ 10 g L−1 (approximately 15.5 mS cm−1). Thus,
the salinities tested in the present study may have been too low to show a significant
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decrease in richness of the invertebrate community or, given the observations regarding
the taxonomic groups (below), most probably the timelapse of 65 days was too short to
show the disappearance of some taxa. Given the above results, our second hypothesis (H2)
was supported only for low salinity levels.

Most of the taxa were rare, precluding conclusions on the effect of salinity on richness
even when they were absent from the salinity treatments, as in the case of the dipter-
ans Culicidae (absent in treatment 15.3 mS cm−1) and the riffle bugs Veliidae (absent in
treatments 9.3 and 15.3 mS cm−1). The gastropod Physidae represented only 2.7% of all
individuals associated with the leaves and 0.5% of the individuals in the mesocosms, but it
was absent in both cases from salinities ≥ 9.3 mS cm−1, conforming to the maximum salin-
ity tolerance of 6.8 g L−1 determined by [28]. The performance of these gastropods has been
found to be increased by salinity levels of up to 1 mS cm−1 and decrease at 3 (reproduction)
to 5 mS cm−1 (growth), which would explain the disappearance of these gastropods at
salinities ≥ 9.3 mS cm−1 [29]. Moreover, these scrapers could have been affected directly
by salinity and indirectly by salinity-induced changes in their food source [25].

On the other hand, the ephemeropterans Baetidae were abundant. Total Baetidae
(cf. genus Cloeon and/or Centroptilum) abundance was lower in all salinity treatments
(88–151 individuals) than in the control (177 individuals), with the lowest abundance in
treatment 15.3 mS cm−1. Moreover, average Baetidae abundance in treatment 15.3 mS
cm−1 decreased 86% from the first seven days (35 individuals per sample) to day 14 after
seawater intrusion (average of five individuals per sample) and maintained these low
values until day 65, with a significant deviation in relation to the control during that period
(−0.84 ± 0.06 95% CL, n = 4). This pattern conforms to the salinity tolerance of 9.8 g L−1

and to LC50 values of 13–14 mS cm−1 determined in other studies [28,30,31] and suggests
the disappearance of this taxon if salinity rises to 15.3 mS cm−1.

Chironomids were also abundant; abundance was higher in the control than in the
salinity treatments and followed a V-shaped curve with lowest values in treatment 5.5 mS
cm−1. In other studies, Chironomus sp. showed an inverted U-shape curve of abundance
with highest survival at as much as 5 mS cm−1 and a steep decline at 10–15 mS cm−1 [32].
As chironomids are the largest family of aquatic insects [33] and their salinity tolerance
varies widely among species (3.9 to 53.8 g L−1 [28]), it is not possible, from our results, to
predict the outcomes of rising salinity levels on this taxonomic group.

Finally, the other abundant taxonomic groups were the odonatans Corduliidae and
Coenagrionidae. Corduliidae showed a V-shaped response to salinity, with minimum at
3.3 mS cm−1, whereas Coenagrionidae showed a U-shaped response with minimums at
2.0–9.3 mS cm−1. Values in literature indicate salinity tolerances for Anisoptera varying
from 5.9 to 14.8 mg L−1 [34], while Coenagrionidae have a salinity tolerance of 9.1 to 18 g
L−1 [28]. However, given the obtained response, it is not possible to determine a maximum
value above which changes in salinity will have effects on these taxonomic groups.

4.3. Invertebrate Traits

Contrarily to [21], who found a tendency for a decrease in the proportion of organisms
with short lifespan and an increase in the proportion of multivoltine life cycles in rivers
with increasing natural salinity, the present study found that the proportion of resilience
and resistance traits were increased only at low salinity levels of up to 3.3 mS cm−1,
decreasing with increasing salinity afterwards. Several species’ traits may concur for
adapting to a particular environment and often they may respond in opposite directions to
the same environmental stress through trade-offs [17]. For instance, while short lifespan
may confer resilience by decreasing the amount of energy necessary to cope with osmotic
stress [21], long development time may also confer resilience to high salinity [17]. At high
salinity levels, the trade-offs with (other) traits conferring resilience and resistance may
have surpassed the effects on the traits assessed in the present study, suggesting that the
strategies for coping with osmotic stress differed in low and high salinity levels. Thus, our
third hypothesis (H3) of increased resilience and resistance with salinity was only partially
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accepted, since the proportion of these traits decreased in the highest salinity treatment.
We found no effects of salinity on avoidance, thus rejecting our fourth hypothesis (H4).
Finally, our fifth hypothesis (H5) that resilience and resistance traits would increase while
avoidance traits would decrease with time was only partially accepted. For the low salinity
levels of up to 5.5 mS cm−1, resilience and resistance increased while avoidance decreased
with time after seawater intrusion. However, the opposite occurred at the highest tested
salinity (15.3 mS cm−1), once again suggesting different strategies to cope with low and
high salinity levels.

5. Conclusions

In conclusion, our results show that seawater intrusion into freshwaters will affect
both ecosystem structure and function, at least in respect to the invertebrate communities
and to organic matter decomposition. This occurred even though the salinity levels in
the treatments decreased along time due to precipitation events (Table 1, Figure S1 in
Supplementary Materials), suggesting that the effects found in the present study may occur
even at lower salinities than the ones tested in the experiment. During the 2 months after
seawater intrusion, we obtained a wave-like response to increasing salinity for all variables.
However, contrary to the hypothesis of [25], the hump at low salinity levels occurred only
for mass loss, while for both abundance and richness of the invertebrate community, there
was a depression at low salinity levels. In any case, the direction of the effect of salinity
will depend on the magnitude of the intrusion events, with salinities of up to 3.3–5.5 mS
cm−1 having opposite effects to salinities of more than 9.3 mS cm−1. Moreover, there was
also a wave-like response of the species traits to increasing salinity, suggesting that the
life-history and physiological adaptations most suitable to cope with osmotic stress will
differ between low and high salinity levels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13110599/s1, Figure S1: Temporal variation of the physicochemical values in each treatment
during the 65 days after seawater intrusion, Table S1: Invertebrate trait categories used to characterize
resilience, resistance, and avoidance to osmotic stress, Table S2: Statistical results for the variables
characterizing initial abiotic and biotic conditions of the mesocosms and of the physicochemical
parameters during the 65 days after seawater intrusion, Table S3: Abundance of the invertebrates
colonizing the leaf litter, Table S4: Abundance of the invertebrates sampled in the mesocosms.
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