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Abstract: Our study shows that the current levels of anthropogenic exploitation of the Sicilian wet-
lands (Italy), combined with the likely exacerbation of climate-driven variables, are unsustainable
and could soon exclude many bird species from this metacommunity. Sicily is the largest island in the
Mediterranean Sea, and its wetlands represent a network of unreplaceable stopover sites that allow
waterbirds to rest and refuel during migratory journeys along the central-eastern Mediterranean bird
flyway. During the summer period, these species experience higher levels of environmental stress
as water scarcity and anthropogenic pressure are at their peak. Through field surveys, geoprocess-
ing and statistical analyses, we investigated: (a) the structure of the avian metacommunity of the
largest Sicilian wetlands during July–September and (b) the effects of 10 (geographic, hydrological
and anthropogenic) wetland attributes on avian diversity. We sampled 73 bird species, of which
30 are listed in annex I of the Birds Directive. The avian metacommunity was significantly nested
and non-modular; in addition, it presented elevated beta diversity and random species assemblage.
Environmental filtering superseded biotic interactions in determining species composition. Avian
diversity was significantly favored by higher water levels, water-level fluctuations and water dis-
charges, and disfavored by water diversion, salinity and tourism pressure. The knowledge concerning
the particular structure of the avian metacommunity of the Sicilian wetlands can facilitate the im-
plementation of conservation policies that could mitigate and compensate the effects of short- and
mid-term risks.

Keywords: climate change; environmental filtering; Mediterranean bird flyway; metacommunity
structure; species traits; trans-Saharan migrators; wetland characteristics; wetland exploitation

1. Introduction

The long-range distances covered by migratory birds make them among the most
difficult species to preserve [1]; in fact, threats to migratory species that occur in one geo-
graphic region may endanger their population size even at distant breeding and wintering
regions [2]. Birds make use of intermediate stopover sites along migratory journeys to rest
and refuel; thus, the effective conservation of migratory birds depends upon the availability
of habitats both at and between their breeding and non-breeding areas [3]. Waterbirds in
particular are at risk because of their reliance on wetlands [4]. Migratory waterbirds con-
gregate in large numbers at these key sites, making them extremely vulnerable to localized
threats; therefore, deterioration or loss of such wetlands have significant impacts at species
level [5]. Regrettably, with the increasing impact of anthropogenic and climatic changes, the
degradation and loss of wetlands are taking place worldwide, and are occurring faster than
for any other type of ecosystems [6]. The causes include, among others, land conversion,
water withdrawals, altered hydrology, eutrophication and pollution, overharvesting and
overexploitation [7,8].

The flyway-level conservation of migratory birds requires shifting the attention from
individual sites to the network of sites that provide stepping stones along migration
routes [9]. Italy is a natural bridge between Africa and Europe; thus, it constitutes a flyway
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of high importance for a large number of avian species crossing the Mediterranean Sea [10].
Sicily, due to its central position in the Mediterranean, plays a strategic role for birds
during migration, especially for trans-Saharan waders, as its wetlands supply the food
and protection that allow waterbirds to make migratory journeys whose success depends
on the integrity of this wetland network [11]. Therefore, the Sicilian wetlands behave as
bottleneck areas for many migratory bird species [12] and are ranked among the most
interesting natural sites at a European level [13].

Despite the utmost importance of the Sicilian wetlands for avian diversity, during
1990–2012, their surroundings were severely impacted by anthropogenic activities, with a
constant increase (about 50 ha/year) in agricultural areas and decrease (about 62 ha/year)
in natural and semi-natural ones, respectively [14]. These dynamics are now severely
threatening the Sicilian wetlands; in fact, water diversion for agricultural activities, an-
thropization and degradation of close surroundings, and tourism pressure are now usual
threats to these wetlands and the associated avian diversity [15]. The ongoing climate
change, by inducing the risks of complete wetland drainage (due to increased evaporation
in summer) and increased saltwater intrusion (due to sea level rise), will further impact
these wetlands by 2040 [15]. These recent land-use dynamics came after a massive process
of transformation that affected the Sicilian wetlands, whose total surface area in the last
century dropped from about 100,000 ha in 1865, to about 47,000 in the 1930s and to less
than 5000 ha nowadays, for the most part artificial [16].

In this work, we investigated for the first time the structure of the avian metacommu-
nity of the largest Sicilian wetlands (Figure 1) in summer (July–September), and the effects
of wetland (geographic, hydrological and anthropogenic) attributes on avian diversity. The
average distance between the studied wetlands was 11.8 km and the total surface area was
676 ha. In summer, this avian metacommunity experiences high levels of environmental
stress as water scarcity and anthropogenic pressure are at their peak. We used results
to: (a) raise firm hypotheses on the mid-term development of this metacommunity of
utmost importance for many avian species of the central-eastern Mediterranean flyway and
(b) advance proposals for its preservation in the face of increasing anthropogenic pressure
and climate change.

Figure 1. The Sicilian wetlands under study (Italy). Wetlands are marked with arrows and names.
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2. Materials and Methods
2.1. Field Surveys

For each wetland during July–September 2016, we accomplished six sampling sessions
of avian diversity, with intervals of 15 days between successive sessions. We used regularly
spaced sampling points with 200 m minimum distance in order to minimize spatial auto-
correlation [17]. In total, we employed 58 sampling points using the standard point count
sampling method [18], i.e., 100 m observation distance around each sampling point during
15 min observation time with recording of visual or vocal contacts. The list of bird species
sampled in the Sicilian wetlands is shown in Table S1.

2.2. Wetland Attributes

For each wetland, we assigned 3 geographic (wetland size, isolation and distance to
the coastline), 3 hydrological (mean water level, water-level fluctuation and salinity) and
4 anthropogenic (water diversion for farming activities, water discharges, tourism pressure
and anthropization level) attributes. We did not consider hunting among the anthropogenic
attributes as there was a complete hunting ban in all the studied sites; in fact, 14 wetlands
out of 16 belong to the Natura 2000 network, while the remaining 2 (Faro and Ganzirri)
lie within the oriented natural reserve Laguna Capo Peloro. The 10 wetland attributes are
described in Table S2.

2.3. Species Functional Traits

Based on the available literature [19], we assigned 3 functional traits to each bird
species (Table S3): dietary guild (7 categories), foraging guild (6 categories) and migratory
guild (4 categories).

2.4. Avian Diversity

We measured α diversity (mean number of species per wetland), γ diversity (total
number of species in the metacommunity) and β diversity. The latter was calculated from
the matrix of pairwise dissimilarities in species composition [20] as:

β =
n

∑
j=1

n

∑
i = 1
i 6= j

Dij

n (n− 1)

where n is the number of wetlands and Dij is the compositional dissimilarity between the
ith and jth wetlands measured using Jaccard’s dissimilarity index for binary data:

Dij = 1−
mij

mij + pij

where mij is the number of matches (species with presences in both wetlands) and pij is the
number of mismatches (species with presence in just one wetland) between the ith and jth
wetlands. Dij could range from 0 (p = 0; i.e., no mismatches) to 1 (m = 0; i.e., no matches). As
β was the average Dij among the n × (n−1) off-diagonal pairs of wetlands, it also ranged
in the [0,1] interval.

2.5. Metacommunity Structure
2.5.1. Metacommunity Modularity

In the species-by-site incidence matrix of a metacommunity, a module corresponds to
groups of sites and species that are strongly linked together [21]. We used the Q metric [22]
to test whether our metacommunity was formed by distinctive and repeated species
compositions across an ordered set of sites. Q was calculated as:

Q =
r

∑
q=1

[
Lq

L
−
(

Kq

2L

)2
]
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where r was the number of modules in the network, L was the total number of links, Lq
was the number of links between all the nodes within module q and Kq was the sum of the
number of links of all the nodes in module q (i.e., the number of links within module q plus
the number of links connecting members of module q to other modules).

We used the fast greedy algorithm to perform the search for the partition of the
network into modules that maximized Q. To verify whether the modularity found by the
maximization significantly differed from a theoretical benchmark, we used the Erdős–Rényi
null model [23] and the null model 2 [24]. The first null model generated networks of
the same size and connectance as those of our metacommunity, with edges randomly dis-
tributed among the nodes. The second null model also preserved the original distribution
of edges per node. We performed 104 null model simulations, after which the resulting
probability p was the proportion of random networks with Qsim ≥ Q, i.e., the probability
that a more modular metacommunity could occur just by chance [22]. We accepted the
null hypothesis of non-modularity if 0.05 < p < 0.95 and rejected the null hypothesis if p
exceeded these bounds.

2.5.2. Metacommunity Nestedness

A nested metacommunity is a type of hierarchical organization where the species
that exist on a few sites tend to be found also on those sites inhabited by many different
species [25]. To quantify the degree of nestedness of our avian metacommunity, we utilized
the index T [25] that provides a measure of the metacommunity nestedness by assessing
the deviation of the observed presence–absence matrix from one of the same rank and
fill that is perfectly nested. T ranges from 0 (perfectly nested matrix) to 100 (completely
disordered). We used a genetic algorithm to find the minimum value of T that could be
obtained by permuting rows and columns of the observed presence–absence matrix [26] as:

min(T) = min(

100×∑
ij

uij

n× s×Umax
)

where n and s are the number of wetlands and species in the metacommunity, respectively,
uij is the unexpectedness of the generic matrix element and Umax is approximately the
maximum possible disorder of any given matrix (Umax ~ 0.04145; [26]). We tested the
significance of min(T) against the T values of 104 randomly simulated matrices, and the
proportion of random matrices having the same or lower T (i.e., same or higher nestedness)
was the p-value [25]. We used three null models to generate random matrices; thus, we
had three different p-values associated with different row and column constraints during
randomizations.

In nested metacommunities, there could be species or sites, termed “idiosyncratic”,
that do not follow the nestedness rule [26]. We thus identified also the species and sites
that violated the ecological and geographic gradients of nested species distributions.

2.5.3. Species Assemblage

We used two indices, the checkerboard score C-score [27] and the number of checker-
board species pairs Nc [28], to test for non-random patterns of species co-occurrences. The
C-score measures the average number of “checkerboard units” (i.e., 0–1, 1–0), between all
possible pairs of species. For s species, there are s x (s–1)/2 species pairs; therefore, the
C-score was:

C = 2×

s
∑

k=1
∑

l>k
(tk − t)(tl − t)

s(s− 1)
where s is the number of species, t is the number of shared sites (sites containing both
species) and tk and tl are the number of occurrences of species k and l, respectively.

Instead, Nc counts the number of species pairs in the presence–absence matrix that
form perfect checkerboards, i.e., the number of unique pairs of species that never occur
together in the same wetland. The observed indices (Cobs and Ncobs) were compared with
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those derived from 104 randomly assembled null matrices (Csim and Ncsim), and results
were classified into three possible categories of outcomes: species aggregation (Cobs and
Ncobs significantly lower than in a random assemblage), species segregation (Cobs and Ncobs
significantly higher than in a random assemblage) and random pattern.

As we wished to retain the differences among sites and among species, we used
the fixed rows–fixed columns null model with the sequential swap randomization algo-
rithm [29]. Species frequencies and the number of species in each wetland were retained
in the random matrices (rare species remained rare and common species remained com-
mon; hospitable wetlands remained hospitable and inhospitable wetlands remained inhos-
pitable). This was biologically realistic as species and wetlands had very different traits
(Tables S2 and S3); in addition, this null model has low Type I and II errors [29].

2.6. Effects of Wetland Attributes on the Avian Metacommunity
2.6.1. Effects on Species Richness

To test if, and to what degree, species richness was influenced by habitat filtering, we
calculated correlations between the number of species and wetland attributes. To avoid
possible collinearities among wetland attributes, we used the partial (i.e., correlation of the
residuals after regression on the controlling variables) Spearman rank correlation coefficient
rho to distinguish their independent effects on species richness.

2.6.2. Effects on Species Guilds

We used the fourth-corner method [30] to evaluate the significance of the associa-
tions between avian traits (diet, foraging and migration) and the hydrological attributes
(mean water level, water-level fluctuation and salinity) of wetlands. We chose the per-
mutation model based on the results of the species assembly analysis (paragraph 2.5.3);
thus, we opted for the environmental control model [30]. Realizations of this null hy-
pothesis were generated by permuting at random the values within each row vector
(species), independently from row to row. We assessed the one-tailed significance based on
9999 permutations. We used Holm’s procedure to accommodate the increased probability
of committing a Type I error due to multiple simultaneous tests [30].

2.6.3. Effects on Single Species

We used randomizations [31] to test the hypothesis that wetland attributes were affect-
ing the commonness and rarity of bird species. The test calculated for each species was:

Ek = Pk − Ak

where Pk was the average of the wetland attribute where species k was present and Ak was
the average of the environmental variable where species k was absent. Ek was compared to
104 null model randomizations that assigned species occurrences randomly and indepen-
dently to wetlands. Next, for each pair of species and wetland attribute, we calculated the
Z-score:

Z =
Ek − µsim

σsim
where µsim and σsim were the mean and standard deviation of the simulated Ek, respectively.
Z was thus the number of standard deviation units that the observed Ek lay above or below
the expectation of the simulated distribution.

For each attribute, we calculated the number of positive (Z > 0; i.e., the more the
better) and negative (Z < 0; i.e., the less the better) effects on the avian species. To test
for the statistical significance of the overall effect of each wetland attribute on the avian
metacommunity, we computed the cumulative binomial probability pb to find at least the
observed number of positive and negative Z-scores.

3. Results

The wetland attributes are shown in Table 1, with the matrices of species-by-site inci-
dence and pairwise dissimilarities in species composition shown in Figure 2 and Table S4,
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respectively. The diversity indices were 19.25 (α diversity), 73 (γ diversity) and 0.808
(β diversity). The wetlands with the highest species richness were Roveto (52 species),
Gela (42), Gornalunga (28), Baronello (28) and Cuba (24). The most common species were
the Grey Heron (13 presences out of 16 wetlands), the Little Egret (13), the Eurasian Coot
(11), the Black-headed Gull (9) and the Little Grebe (9). The bird species were unevenly
distributed with respect to two functional traits out of three (Figure 3).

The most common diet was based on invertebrates (24 species out of 73), while surface
feeders (19 species) were the largest foraging guild. Trans-Saharan migrators (28 species)
were the predominant migratory guild.

Modularity was equal to 0.254 and both resultant models were non-significant (Erdős–
Rényi model: p = 0.70; null model 2: p = 0.39).

The avian metacommunity was significantly nested for all the null models
(p-values < 0.001). The T of the packed matrix (Figure S1) was 12.85. The average T
values generated by the three null models were 54.40 (±3.29 SD), 44.02 (±2.81 SD) and
38.08 (±3.20 SD), respectively. We detected several idiosyncratic wetlands (Faro, T = 29.43;
Longarini, T = 24.99; Preola, T = 22.29; Tindari, T = 20.43; Table S5) and species (Eurasian
Wigeon, T = 90.84; Common Sandpiper, T = 52.98; Kentish Plover, T = 46.98; Yellow-legged
Gull, T = 42.81; Table S6).

The analysis of species assemblage did not show any aggregated or segregated pat-
terns. Cobs was 3.934 and was non-significant (p(Cobs ≤ Csim) = 0.896; p(Cobs ≥ Csim) = 0.104;
Figure S2). Nc

obs was 637 and was also not significant (p(Nc
obs ≤ Nc

sim) = 0.838;
p(Nc

obs ≥ Nc
sim) = 0.162; Figure S2).

After controlling for other independent variables, species richness was positively
correlated with water-level fluctuations (partial Spearman rho = 0.48, p < 0.05), wetland
size (rho = 0.20), mean water level (rho = 0.16), isolation (rho = 0.10) and water discharges
(rho = 0.08). Negative correlations occurred with water diversion (rho = −0.25), salinity
(rho = −0.21), tourism pressure (rho = −0.13), anthropization (rho = −0.04) and distance to
the coastline (rho = −0.04).

The fourth-corner analysis showed that the mean water level had many significant
impacts on the species guilds (Figure 4).

Table 1. Attributes of the 16 wetlands under study in Sicily (Italy). The last five attributes were
measured on a semi-quantitative scale of 0 to 3 (0 if it was absent, 1 if localized, 2 if scattered and
3 if widespread), using both technical (the authors) and local (the natives, local policymakers and
landowners) expertise. Refer to Table S2 for a detailed description of each attribute.

Wetland
Wetland
size (ha)

Isolation
(m)

Distance to
the Coastline

(m)

Mean
Water

Level (cm)

Water-Level
Fluctuation

(cm)
Salinity

Water
Diversion

Water
Discharges

Tourism
Pressure

Anthropization

Auruca 31.4 461 1009 0.0 0.0 1 3 2 0 3
Baronello 20.5 461 779 24.3 10.7 0 1 2 1 2

Cuba 61.5 208 1499 2.9 3.0 0 2 0 0 1
Faro 26.9 818 409 1849.3 1.4 2 3 2 3 3

Ganzirri 34.1 816 990 497.6 2.6 2 3 3 3 3
Gela 107.8 65,943 2326 99.5 42.2 0 3 3 1 3

Gornalunga 13.9 63,208 0 33.9 11.9 2 0 2 2 3
Longarini 109.9 208 1674 1.2 1.5 3 3 3 3 3
Morghella 49.6 4798 19 0.6 1.2 1 3 2 1 3
Pantano
Bruno

16.5 1419 1162 11.2 6.8 0 2 2 1 3

Pantano
Grande

28.3 0 274 4.9 3.0 2 0 0 3 0

Pantano
Piccolo

15.9 0 19 26.3 5.0 1 0 0 2 0

Preola 30.8 488 1318 145.6 6.4 0 0 0 1 2
Roveto 124.1 628 0 14.1 10.2 3 1 2 1 1
Tindari 7.4 50,349 198 200.1 86.4 3 0 0 3 0
Tondi 6.1 488 1916 506.1 17.4 0 0 0 0 1
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Figure 2. Species-by-site incidence matrix. Darker cells indicate presences and lighter ones stand
for absences.
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Figure 3. Functional traits ((a): diet; (b): migration; (c): foraging) of the avian species sampled in
16 Sicilian wetlands in summer. Numbers in the spider diagrams indicate how many species belong
to a particular guild. See Table S3 for a detailed description of the functional traits.

Figure 4. Results of the fourth-corner analysis. The negative or positive effects of the hydrological
variables (in order from left to right: mean water level, water-level fluctuations, salinity) on the
species guilds are shown. See Table S3 for a detailed description of species guilds.
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With regard to the dietary guilds (Figure 4), higher water levels significantly favored:
(a) omnivores, (b) carnivores also feeding on fish and invertebrates and (c) piscivores.
Species feeding on invertebrates were significantly favored by lower water levels. As for
the foraging guilds, more elevated water levels significantly favored divers from flight,
divers from the surface and surface feeders; by contrast, small waders and intermediate
waders were significantly disfavored. Of the migratory guilds, Mediterranean migrants
were significantly favored by higher water levels as most of them had types of diet favored
by higher water levels (Table S7). By contrast, most of the trans-Saharan migrants were
disadvantaged because of a diet mainly based on invertebrates. Water-level fluctuation and
salinity were less relevant at guild level as diversified effects occurred within guilds, thus
preventing the overall effect from being significant.

The randomization tests of the effects of wetland attributes on the avian metacom-
munity (Figure 5) showed that five wetland attributes significantly and positively affected
avian diversity: water-level fluctuations (positive effect on 62 species out of 73; pb < 0.01),
wetland size (pb < 0.01), mean water level (pb < 0.01), water discharges (pb < 0.01) and
isolation (pb < 0.05). Conversely, water diversion (negative effect on 48 species out of 73;
pb < 0.01), salinity (pb < 0.05) and tourism pressure (pb < 0.05) significantly and negatively
impacted the avian diversity of the metacommunity.

Figure 5. The number of bird species favored or disfavored by each wetland attribute is shown.
Asterisks indicate the statistical significance (* p < 0.05, ** p < 0.01) of each attribute’s effect on the
avian diversity (73 species) of the Sicilian wetlands based on the cumulative binomial probability.

4. Discussion

In summer, the avian metacommunity was significantly nested and non-modular; in
addition, it presented random species assemblage and elevated beta diversity. This knowl-
edge concerning the metacommunity structure has clear implications for the conservation
of the avifauna.

Modularity indicates areas and species more closely related with each other than with
other areas and species [32], i.e., sets of sites with biotic affinity that could be considered
biodiversity management units. The absence of modularity detected in this study implies
that conservation approaches based on biodiversity management units (i.e., clusters of
contiguous wetlands for which similar conservation policies can be applied) would fail.
The structure of the avian metacommunity of the Sicilian wetlands requires conservation
plans customized to fit the attributes of each single wetland and the ecological requirements
of its bird species.

Nestedness unveils a type of metacommunity where generalists interact with other gen-
eralists, and specialists only interact with generalists but not other specialists [33]. Nested-
ness can be caused by several ecological mechanisms, e.g., habitat quality (habitats of higher
quality are preferably colonized [34]). Whatever the reason, in nested species assemblages,



Diversity 2022, 14, 696 10 of 13

the species present in species-poor sites are a proper subset of those present in species-rich
sites [35,36], which proves the priority for conservation of the most hospitable wetlands.

Random species assemblage indicates that bird species individualistically colonized
the available wetlands, i.e., species were found at locations where they encountered appro-
priate living conditions [37], which was likely favored by the high dispersal and mobility
of avian species and short distances among wetlands (Table S8). In this type of meta-
community, species act independently of one another, species associations are weak and
environmental control is predominant [30].

The elevated β diversity (0.808 out of a maximum of 1) detected in this study can be
explained in light of localized habitat filtering. When anthropogenic and environmental
impacts are patchy in space, β diversity is likely to increase at the regional scale as many
species become rarer [38]. In fact, in our case study, 15 avian species occurred in only one
wetland out of 16, while 39 species occurred in three or less wetlands (Table S9).

The detected random species assemblage and elevated β diversity imply that envi-
ronmental filtering superseded biotic interactions in determining species composition in
this avian metacommunity. In fact, our analyses showed the significant effects of several
wetland attributes on the avifauna, which in turn suggests that proper interventions on
such attributes will have substantial beneficial effects.

Implications for the Conservation of the Avian Metacommunity of the Sicilian Wetlands

While all the studied wetlands are important stepping stones for this avian meta-
community and deserve conservation measures, the preservation, or betterment, of the
hydrological and anthropogenic attributes of the most hospitable wetlands (Roveto, Gela,
Gornalunga and Baronello; Figure S1) is essential as they provide the precondition for
the presence of most species, independently of their taxonomic or functional group. For
instance, the first two wetlands in terms of species richness (Roveto and Gela) hosted
64 species out of 73. However, this approach would fail to preserve some idiosyncratic
species, including the Eurasian Wigeon, the Common Sandpiper, the Kentish Plover, the
Yellow-legged Gull, the Slender-billed Gull, the Common Kingfisher and the Common
Ringed Plover (Table S6). Preserving or improving the attributes of some idiosyncratic
wetlands, such as Preola and Faro (Table S5), would favor the idiosyncratic species as well.

Water depth significantly affected species composition. Water depth influences the
accessibility of foraging habitats for waterbirds due to bird morphology (e.g., the lengths
of tarsometatarsi or necks [39]). The wetlands with higher avian diversity had mean
water levels between 14 and 34 cm (Baronello, Gornalunga and Roveto; Table 1), with
the exception of Gela (99 cm) that, however, compensated with an elevated water-level
fluctuation (42.2 cm). Water-level variations create habitats with different water depths in
time and space, which provides more foraging opportunities and consequently supports
higher species richness [40]. This suggests that, in summer, the avian diversity of this
metacommunity can be properly sustained by: (a) intermediate water levels <35 cm) with
low fluctuations (<10 cm) or (b) higher water levels (<100 cm) with higher water-level
variations (>40 cm). These hydrological characteristics should be maintained in these
wetlands, and also promoted at other sites, using water control structures to artificially
regulate water depth and fluctuation.

Water diversion for agricultural activities negatively impacted many bird species; in
fact, scattered or widespread water uptakes, combined with natural evaporation, caused
many wetlands to have a water shortage or complete drainage (Table 1). While this can
temporarily favor small and intermediate waders, on a mid-term basis, water diversion will
represent a major threat to all the bird species due to the risk of wetland drainage in summer,
with the exception of the few wetlands where water levels are elevated (Preola, Tindari and
Tondi) or artificially controlled (Faro and Ganzirri). Unrestrained water diversion should
be thus prohibited before and during the summer period in the most hospitable wetlands
(Roveto, Gornalunga and Baronello) and where water levels are already low (Auruca, Cuba,
Longarini, Morghella, Pantano Bruno and Pantano Grande).
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Unexpectedly, water discharges had positive effects on many bird species. Due to the
low mean water levels (<15 cm) in many wetlands (Cuba, Longarini, Morghella, Pantano
Bruno, Pantano Grande and Roveto; Table 1), water discharges, although rich in pollutants,
often represent the only alternative to complete drainage. As things stand, the prohibition
or limitation of water discharges in summer would negatively impact many bird species.
However, even if short-term effects of water discharges on bird richness were prevalently
positive, the mid- and long-term consequences of contaminants on these waterbirds are
unknown, and water pollution could arguably cause illness and decrease the reproductive
success [41]. Accordingly, alternative solutions are necessary in the near future, based
on: (a) the prohibition of water diversion for agricultural activities and (b) water control
structures to artificially raise and lower water levels. In this scenario, water discharges
would no longer be useful to sustain avian diversity; rather, their pollutant effects would
be disadvantageous.

Salinity proved harmful for many avian species. Most birds avoid saline water as
it causes weight loss by dehydration, reduction in the waterproofing of feathers and an
increase in the energy costs of thermoregulation [42]. Water salinity also affects the species
composition of aquatic plant communities [43]; in fact, we found negative significant effects
on herbivorous species. Accordingly, limiting water salinity is critical in order to support
the foraging habitats for most species of this metacommunity. However, several wetlands
(Longarini, Roveto and Tindari) already experience widespread saltwater intrusions, while
others (Faro, Ganzirri, Gornalunga and Pantano Grande) have scattered ones (Table 1).
In addition, sea level is expected to increase by almost 9 cm by 2040 [15]; therefore, the
construction of artificial dune cordons at least 10 cm high and the reinforcement of natural
ones are urgently required around the wetlands near the coastline (Roveto, Gornalunga,
Morghella, Pantano Piccolo and Tindari), with the highest priority assigned to the most
hospitable wetlands.

Tourist and recreational activities (e.g., walking, camping, angling) are a further
significant impingement on this avian metacommunity. Their manifold effects include,
among others, noise disturbance leading to reduced breeding success and modified habitat
use, damage to nests and increased water pollution [8]. Tourist and recreational activities
should be prohibited around the most hospitable wetlands (Roveto, Gela, Gornalunga and
Baronello) and limited around those wetlands where they are already widespread (Faro,
Ganzirri, Longarini, Pantano Grande and Tindari).

5. Conclusions

Our study emphasized the critical condition of the avian metacommunity of the
Sicilian wetlands during the summer period. Severe threats are affecting most wetlands,
with significant negative effects on the associated avifauna. Climate change will further
worsen the risk of water shortage and salinization. Our study also evidenced that the
particular structure of this avian metacommunity would facilitate the implementation of
conservation policies that could mitigate and compensate these effects.

As 14 wetlands out of 16 belong to the Natura 2000 network, these policies seem highly
practicable. In addition, the massive processes of: (a) size reduction of the Sicilian wetlands
in the last century and (b) anthropization of the surroundings in the past 30 years urge
the application of measures of wetland enhancement by increasing the size of the existing
wetlands and creating new ones, which would support the objectives of the Birds Directive
and would be deliverable under the EU 2030 Biodiversity Strategy.

However, in a worst-case scenario where these conservation measures will not be
applied, or at least not pro-actively, our study indicates that the likely consequence will be
the exclusion of many bird species from this metacommunity, and a drastic reduction in the
number of migrating individuals for the remaining species. Considering the crucial place-
ment of these wetlands as last stopover sites before crossing the Mediterranean Sea, new
scientific questions arise: What would be the effect on the central-eastern Mediterranean
flyway if many avian species could no longer use the most important platform for migra-
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tion along the Italian peninsula? How could different species and populations cope with
longer migration distances if the last stopover sites before crossing the Mediterranean were
instead the wetlands situated hundred kilometers further north in Campania, Apulia and
Latium (assuming that their habitat quality and extent will be preserved in the near future)?
What would be the ecological trade-off of this epochal change for the migratory avifauna?

Although ad hoc studies are required to answer these questions, we speculate that the
dismissal of the Sicilian wetlands as migratory stepping stones could seriously hinder the
migratory flow of many bird species along the central Mediterranean.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d14090696/s1, Figure S1: Nested distributions of 73 avian species at 16 wetlands in Sicily during
the summer period; Figure S2: Results of 10,000 null model simulations for the two indices C-score
and number of checkerboard species pairs; Table S1: List of the avian species sampled in the Sicilian
wetlands; Table S2: Description of the attributes of the 16 wetlands under study in Sicily; Table S3:
Functional traits (diet, foraging, migration) of the bird species sampled in the Sicilian wetlands;
Table S4: Pairwise dissimilarities in species composition among wetlands; Table S5: Idiosyncratic
wetlands in Sicily; Table S6: Idiosyncratic bird species in the Sicilian wetlands; Table S7: Cross-
tabulation analysis of species guilds; Table S8: Boundary-to-boundary distances among the wetlands
under study; Table S9: List of the bird species with three or less occurrences out of 16 wetlands.
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