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Abstract

This study investigates the distribution and conservation status of plant species in lentic
wetlands of Mediterranean islands. Field data on vascular macrophytes were collected
from the online national databases of the “Conservation of the island wetlands of the
Mediterranean Basin” (MedIsWet). A comprehensive inventory of wetlands was conduct-
ed, and information on the main anthropogenic impacts and conservation priorities was
compiled. In addition to all vascular hygro- and hydrophytes, we retained information on
those species typically adapted to environments with intermittent or temporary wetness.
A significant knowledge gap regarding the distribution and conservation of plant species
in Mediterranean wetlands was found. A lower endemism rate was observed particularly
in coastal wetlands. However, approximately 25% of species, mainly with relatively wide
distribution, were identified as endangered or with unknown conservation status. Includ-
ing all macrophytes adapted to seasonal wetness is crucial when considering wetland
conservation efforts. The research emphasised the importance of considering diverse wet-
land types, including seasonal and permanent, natural and artificial, for effective plant
conservation. Artificial wetlands emerged as potential habitats with considerable biodi-
versity conservation value. This study provides a comprehensive inventory of wetlands
and valuable insights into the distribution, ecology, and conservation relevance of aquatic
macrophytes in Mediterranean islands. The research enhances our understanding of bio-
geographic patterns and processes, offers critical information for the management and
conservation of Mediterranean island wetlands, and presents a replicable approach that
can be applied to other wetland contexts.
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Introduction

The Mediterranean Basin is a mega biodiversity hotspot (Cafiadas et al. 2014), and aquatic
plants are an important, specific element in maintaining this status (Chappuis et al. 2012;
Rodriguez-Merino et al. 2019).

Although generally assumed to have broad world distributional ranges (Murphy et al.
2019), aquatic plants are often listed in the Annexes of the Habitats Directive (92/43/EEC)
and in the “Top 50 Mediterranean Island Plants’ to be urgently conserved (Pasta et al. 2017).
Apart from the several ecosystem services provided, wetlands support a disproportionate
amount of global diversity of vertebrates, invertebrates, and plants (Balian et al. 2008;
Chambers et al. 2008), which are mainly threatened by habitat and vegetation degradation
due to land reclamation and intensive use, and the introduction of exotic plants (Basset et al.
2006; Mayoral et al. 2018; Fois et al. 2021). Consequently, numerous studies on Mediter-
ranean biodiversity have been developed in wetlands, even though they are mostly limited
to specific types, such as coastal and riverine environments (Cuena-Lombrafa et al. 2021;
Barone et al. 2022). Several authors have instead pointed out the urgency of considering
other types of wetlands that are home to rare and/or threatened plants, such as temporary
ponds (Lumbreras et al. 2016; Bagella 2023), springs (Fernandez-Martinez et al. 2023) or
water dripping crevices (Sciandrello et al. 2023). Some artificial wetlands are also emerging
as interesting environments for biodiversity conservation (e.g. De Martis et al. 2016; Briggs
etal. 2019).

Aquatic plants and, in particular, macrophytes (i.e., large enough to see with the naked
eye) are generally defined as “aquatic photosynthetic organisms that actively grow perma-
nently or periodically submerged below, floating on, or up through the water surface” (Mur-
phy et al. 2019). If permanent inland waterbodies self-evidently offer potential macrophyte
habitat, temporary and ephemeral waterbodies are more open to discussion regarding their
status as macrophyte habitats. Murphy et al. (2019) include macrophytes of temporary and
ephemeral systems that can tolerate periodic drought, but only if they show physiologi-
cal requirement for partial or total inundation during their life-cycle, such as for initiating
propagule production or germination. Examples in this sense are common in the Mediter-
ranean floras including, for instance, several species among the genera Isoétes, Ranunculus
or Juncus (Lanfranco et al. 2016; Sciandrello et al. 2016; Bolpagni et al. 2018). Despite their
mentioned importance, updated and reliable data on the presence and distribution of aquatic
macrophytes in the Mediterranean is fragmented. In Italy, a recent comprehensive checklist
has been presented (Bolpagni et al. 2018), but it was lacking from recent field reports, and
a comprehensive distributional and ecological comparison among different wetland envi-
ronments. Other studies were focusing on specific sites or problems, such as the increasing
invasiveness that is threatening wetland ecosystems (Desfayes 2008; Mayoral et al. 2018;
Troia et al. 2020). To our knowledge, no study has collected recent field data on the occur-
rence of aquatic macrophytes and compared them among different Mediterranean islands,
allowing the investigation on their distribution, ecology and conservation relevance.

In this paper, we retrieved all information on vascular macrophytes from the online data-
bases of the “Conservation of the island wetlands of the Mediterranean Basin” (MedIs-
Wet) MAVA project. In particular, we focused on the French, Italian and Maltese islands,
especially Corsica, Sardinia, Sicily, Malta and other surrounding minor territories, with the
aim to: (1) compile a list of vascular plants recorded in a representative set of lentic waters
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across multiple Mediterranean islands; (2) analyse the main geographic, environmental and
anthropogenic factors influencing the composition of macrophytes in lentic wetlands; (3)
define and compare their different life and chorological forms, and their conservation status
across various wetland types and (4) identify, for each wetland type, the most significant
plant species in terms of their representativeness and conservation relevance.

Methods
Study regions: the MedIsWet national databases

We considered the wetlands of the main W-Mediterranean islands: Sicily (surface area of
25,426 km?), Sardinia (23,821 km?), Corsica (8,679 km?), Malta (246 km?) and 11 satellite
minor islands. They all are surrounded by the Mediterranean; more precisely, Sardinia and
Corsica are situated between the Iberian and Italian peninsulas, Sicily is at the extreme of the
Italian peninsula and Malta is located in the Central Mediterranean, 290 km off the coasts of
northern Africa and 96 km from Sicily (Fig. 1). All the investigated islands are considered as
‘continental’ or ‘chersogenous’, being originated by the split from mainland (Greuter 2001).
The relatively recent palacogeographical history of Sardinia and Corsica, and of Sicily and
Malta, are parallel, as they were alternately connected during the last eustatic cycles (ca.
5 Ma to 20 Ka) and thus have many floristic elements in common (Bonanno 2013; Lan-
franco et al. 2013; Fois et al. 2022b). Shared, or phylogenetically related, species between
the four investigated areas are also frequent due to less recent connections facilitated by
the regression of the sea during the so-called ‘Messinian salinity crisis’ (6—5 Ma; Bocquet
1978). Repeated gene flows between many species shared by the Mediterranean islands are
also possible through long-distance dispersal events, mainly mediated by migratory birds
and sea currents (e.g. Kadereit et al. 2005; Martinez-Lopez et al. 2020; Fois et al. 2022c¢).

In Sicily and Malta, most of the lentic wetlands are represented by small artificial farm
ponds; some of them bearing a high cultural, landscape and biodiversity value (Panzeca et
al. 2021; Tavilla et al. 2023a). In Sardinia and Corsica, more than half of wetlands are natu-
ral, which make them even more critical for biodiversity and conservation value. Accord-
ingly, nine Ramsar sites have been designated in Sardinia, five in Corsica, three in Sicily
and two in Malta (https://rsis.ramsar.org). The designation of these sites was mainly based
on the presence and nesting of several aquatic birds, and they encompass large coastal areas;
the only exceptions were the two inland and temporary wetlands of “Tourbiere de Moltifao”
and “Mares temporaires de Tre Padule de Suartone” in Corsica. However, numerous plants,
which are mostly characteristic of small, often unprotected ponds or even rock pools, have
been repeatedly cited as one of the most striking conservation gaps in conservation of the
Mediterranean flora (e.g. Bagella et al. 2016; Minissale and Sciandrello 2016; Lanfranco et
al. 2016, 2020).

Abiotic and biotic information on wetlands of these islands is available from the follow-
ing MedIsWet national databases (accessed in May 2023): France: https://franceiswet.fr;
Malta: https://www.maltawetlands.org; Italy: https://italiaiswet.it. The three datasets can be
exported and can be freely used under the Attribution-Share Alike 4.0 International licens-
ing (CC BY-SA 4.0); they were structured in an identical and compatible manner to allow
them to be merged. As regards the cartographic inventory available from these datasets,
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it was created in Google Earth Pro (ver. 7.3.6.9345) by identifying and digitising all len-
tic wetlands visible on high-resolution satellite images with a surface>0.1 ha. In case of
uncertainty regarding the dimension of a wetland, the largest potential polygon was defined
according to seasonal fluctuations, inundation and vegetation cover that was observed in
the available Google Earth imagery time series (Perennou et al. 2018a; Fois et al. 2021).
According to such inventory, wetlands are very representative environments in all the study
sites. The largest number of wetlands was recorded for Sicily and its surrounding islets with
11,410 lentic wetlands, followed by Sardinia (2,558), Corsica (512), and Malta (91). Of
these 14,571 lentic wetlands, 1,281 sites were inventoried in the field as part of the MedIs-
Wet project for the Italian, French and Maltese islands between 2018 and 2023. The sample
sites were randomised in a stratified manner, trying to proportionally cover artificial/natural
and coastal/inland environments (Fig. 1). Field data on these wetlands encompass several
aspects, including the presence/absence of species and other environmental and anthropo-
genic factors, which will be briefly described in the following sections. For this study, we
considered all 1,281 surveyed sites. Most of the data used for the subsequent analyses come
from the databases listed above and are reported in the supplementary material (Supplemen-
tary material 1).

Aquatic plant data and selection criteria

All the floristic data were retrieved from the MedIsWet national databases, which were
compiled following the Rapid Assessment protocol (Tomas-Vives 2008). Briefly, the pro-
tocol does not include permanent plots for systematic and repeated visits but only at least
one field monitoring that attempted to cover all the accessible areas within the wetland
delineations. Consequently, the floristic data were used more cautiously as simple records of

STATUS

STATUS

Fig. 1 Violin plots of the 1,281 target wetlands by a, inland (778 sites) and coastal (503), and b, by per-
manent (864 sites) and seasonal (417) wetlands. Jittered points show individual conservation status scores
by artificial (581 sites) and natural (700) wetlands. Point colours in the map ¢, are for natural (green) and
artificial (violet) wetlands
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occurrence and not to infer species abundances at each investigated site. The inventorying
protocol considered all vascular plants found within wetland boundaries, including several
terrestrial ones, which are nevertheless also common along wetland banks and saturated
soils. We have unified the taxonomy and nomenclature of all vascular plant taxa at spe-
cies and subspecies level (henceforth, species) across the three datasets according to the
Euro+Med PlantBase (http://europlusmed.org). To extract aquatic plants from the initial list
reported in each database, we followed the checklist of Italian aquatic plants of Bolpagni et
al. (2018). For those species absent in that list, we applied the same method based on: (1) the
biological form as reported by Pignatti et al. (2017), selecting all the “hydrophytes” sensu
Raunkizr (1934); and (2) the Ellenberg ecological indicator for “humidity” (U)>8. Accord-
ing to Baattrup-Pedersen et al. (2005) all species with an Ellenberg’s humidity value U>10
should be considered as aquatic plants, being ecologically strictly related to “aquatic” habi-
tats with permanently saturated substrates and therefore influenced by periodical submer-
sion and/or by constant saturation of colonised sediments. Bolpagni et al. (2018) have also
included some species with Ellenberg indicator values equal to 9 (e.g., Montia, Elatine, and
Juncus genera), since new data on their ecology have permitted confirming their “aquatic
life strategy”. According to Bolpagni et al. (2020), we also included species with U=38,
since they are likely regionally strictly exclusive to ephemeral wetlands, thus more cau-
tiously to be considered as “wet and aquatic plants”. We used averaged moisture/humidity
values reported for Italy (Guarino and La Rosa 2019) and France (Julve 2015), also updated
and resumed in Tichy et al. (2023).

Geographic, environmental and anthropogenic factors

To investigate the regional arrangement of aquatic plants, a series of factors were used as
explanatory variables, focusing on geographic, environmental conditions and anthropogenic
factors (Table 1). Descriptive data include both abiotic and biotic information from cited
literature and from original field surveys. To the information available from the MedIsWet
national databases, we also included climatic information retrieved from Chakraborty et al.
(2021) and the elevation (Jarvis et al. 2008). The latter values were extracted by averaging
the centroids of the pixels within each wetland boundary.

Factors of plant species composition

To determine how the species composition relates to our set of abiotic variables, we used
non-metric multidimensional scaling (NMDS). For this purpose, species found only once
or twice and sites with less than three species were omitted from the data set beforehand
to enhance the accuracy of statistical analyses and to reduce statistical noise (Gathof et al.
2022). Consequently, from an initial set of 1,281 field-inventoried sites, we restricted the
analysis to a final set of 516 wetlands (Table S1 - Supplementary material 1).

First, cluster analysis was performed to classify the plots according to their floristic simi-
larity. NMDS using Bray—Curtis pairwise distance on species presence—absence data was
performed using the ‘metaMDS’ function in the vegan package of R (Oksanen et al. 2007).
A minimum stress of 0.19 was achieved after 20 iterations when the model converged indi-
cating that the data could be adequately represented by the first three ordination axes (k=3).
Then, we incorporated the explanatory variables (Table 1) into the NMDS analysis with
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Table 1 Brief description, type and source of each variable included in the wetland analyses

Variable Short description Type Source

Island Position of each wetland in the following main islands Nom  MedIsWet
and their surrounding archipelagoes: Sicily, Sardinia,
Corsica, Malta, La Maddalena, Asinara

Wetland type  Coastal and inland wetlands. Nom  MedIsWet
All coastal wetlands are those that, at least intermit-
tently, are in contact with the sea

Naturalness ~ Two categories: human-made and natural wetlands Nom  MedIsWet

Surface Maximum surface area in ha, comprising all the perma- Con  MedIsWet
nently and/or seasonally inundated soils

Hydroperiod =~ Permanent or seasonal according to field and historical Nom  MedIsWet
images comparisons

Status Scale from 0 (artificial with any biological value) to Ord  MedIsWet
6 (natural, with no signs of man-made changes). See
Supplementary material 2 for details

Elevation Metres above sea level Con  Jarvis et al. 2008

MWMT Mean warmest month temperature (°C) Con  Chakraborty et al. 2021
MCMT Mean coldest month temperature (°C) Con  Chakraborty et al. 2021
AHM Annual heat: moisture index (°C/mm) Con  Chakraborty et al. 2021
SHM Summer heat: moisture index (°C/mm) Con  Chakraborty et al. 2021
Tave at Mean autumn temperature (°C) Con Chakraborty et al. 2021
Tave sm Mean summer temperature (°C) Con  Chakraborty et al. 2021
Tave_sp Mean spring temperature (°C) Con  Chakraborty et al. 2021
Tave wt Mean winter temperature (°C) Con  Chakraborty et al. 2021
PPT _at Mean autumn precipitation (mm) Con  Chakraborty et al. 2021
PPT_sm Mean summer precipitation (mm) Con  Chakraborty et al. 2021
PPT sp Mean spring precipitation (mm) Con  Chakraborty et al. 2021
PPT wt Mean winter precipitation (mm) Con  Chakraborty et al. 2021

Elevation and climate variables were averaged from all pixels (with a resolution of 90 m and 1 km
respectively) within the wetland boundaries. For variable types: nominal (Nom), ordinal (Ord) and
continuous (Con). All variables referred to the “MedIsWet” source are available from the national
databases described in the first section of the Methods

the ‘envfit’ function using a permutation approach (999 permutations), the function auto-
matically treats all categorical variables as factors and the rest as vectors (Table 1). In this
procedure, fitted vectors depict how environmental factors correlate with the NMDS ordi-
nation (Cosentino et al. 2013). Fitted vectors are calculated using a linear model in which
the value of an environmental factor is the dependent variable, and the NMDS axes are the
independent variables. The direction of each vector in the ordination indicates the most
rapid rate of change of an environmental factor, and the length of each vector is proportional
to model fit, R%. A p value was calculated for each environmental factor using 10,000 Monte
Carlo permutations. To reduce multicollinearity and to select the most insightful vectors,
the “corrplot” package (Wei et al. 2017) was used to calculate Spearman’s correlation coef-
ficient (r) and, among high correlated vectors (Jr|>= 0.7), we retained those with the highest
R? obtained through ‘envfit’. Analysis of similarities (ANOSIM; Clarke 1993) with Bray—
Curtis distance and 999 permutations was used to test for significant differences in species
composition among wetland’s main factors.
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Variation of aquatic macrophytes features

We assessed how aquatic macrophytes were distributed across the following features: (1)
main plant life-forms; (2) chorology; and (3) conservation status. These three characteristics
were first retrieved in R environment using TR8 package (Bocci 2015) and then manually
integrated by literature data. Specifically, Corsican (Jeanmonod and Gamisans 2007), Italian
(Pignatti et al. 2017-2019) and Maltese (Weber and Kendzior 2006) floras were consulted
for life forms described by Raunkizer (1934) (i.e., therophyte, hydrophyte, hygrophyte, geo-
phyte, hemicryptophyte, chamaephyte and phanerophyte) and chorological forms, which
were simplified in: (Sub)cosmopolitan (distributed in more than one biogeographic realm),
Palearctic, Mediterranean, Endemic (to only one up to all the target islands) and Introduced.
Conservation status assessments were considered at global and regional level, accounting
for assessments reported in the official [IUCN portal (https://www.iucnredlist.org) as well as
national red lists of Italy (Conti et al. 2005; Rossi et al. 2013, 2020), France (Largier 2019)
and Malta (Schembri and Sultana 1989). The information has been simplified as follows: (1)
Endangered at global/regional level: all species under Critically endangered (CR), Endan-
gered (EN) and Vulnerable (VU) IUCN categories at the two respective geographical scales;
(2) Minor risk: all species under Near Threatened (NT) and Least Concern (LC) IUCN cat-
egories; and (3) Unknown: all Data Deficient (DD) and not yet assessed, both at global and
at local scale. The conservation status of introduced plants was not recorded.

Plant features were compiled for a subset of species. Apart from the above-mentioned
issue regarding introduced species, we discarded those for which we were unable to deter-
mine their distribution preference among the following preferences: natural coastal wet-
lands, natural inland wetlands, artificial wetlands, ubiquitous. Species were assigned as
typical or characteristic to one of these categories if they had at least 85% occurrence in
one of them or, for ubiquitous ones, at least 10% occurrence in all types. To determine the
extent of the relationship between a taxon and its wetland category, we employed the test
statistic ‘IndVal.g’ implemented in the multipatt function of the R package ‘indicspecies’
(version 1.7.13; De Caceres et al. 2010). This statistic yields an ‘Indval’ score ranging from
0 (indicating no association) to 1 (representing the highest level of association). The statisti-
cal significance (p <0.05) of the value of each taxa was assessed by a permutation procedure
that compared the observed test statistic with a distribution obtained by permuting the data
(De Caceres and Legendre 2009). All packages were run in R software ver. 4.2.2 (R Core
Team, Vienna, Austria).

Results
Factors of plant species composition

Species composition differed mainly between coastal and inland wetlands (ANOSIM,
R=0.265, p=0.001), secondly between natural and artificial (ANOSIM, R=0.220,
p=0.001), among islands’ origin (ANOSIM, R=0.173, p=0.001) and, lastly, between per-
manent and seasonal wetlands (ANOSIM, R=0.098, p=0.001).

In the NMDS analysis for species composition, all variables included except Surface,
showed significant relationships with aquatic plant composition (Table S1 — Supplementary
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material 2). However, Spearman’s correlation coefficients revealed a high correlation (jr[>=
0.7) among variables (Fig. S1 — Supplementary material 2). As a result, only Conservation
status, Mean winter temperature (Tave_wt) and Mean winter precipitation (PPT_wt) were
retained as the main explanatory vectors. Based on R*-values, the two climatic variables had
the strongest relationship with species composition while less effect was attributable to the
wetland conservation status (Table 2). With regard to the latter attribute, it is worth noting
that the conservation status of natural inland wetlands is higher (i.e. better) than coastal ones
(»<0.01; Fig. S2 - Supplementary material 2).

Within groupings, both coastal and inland, and artificial and natural wetlands, differenti-
ate along NMDS axis 1 by climatic variables (Tave_wt and PPT_wt) and along the NMDS
axis 2 by the Conservation status (Fig. 2a,b).

Variation of species composition among wetland types

Of the 295 aquatic plants that were recorded in the study areas (Table S2 - Supplementary
material 1), we analysed features for 215 species that were attributable to only one of the
following types: ubiquitous, inland natural, coastal natural and artificial (Table S3 - Supple-
mentary material 1); 38% of them were ubiquitous, i.e. found in all the following types:
(1) coastal natural, (2) inland natural, and (3) artificial wetlands (Fig. 3). The percentage
of species shared between artificial and only one natural category was small (3—4%), while
most species living in artificial wetlands are ubiquitous. Among natural types, only 9% of
species are shared between inland and coastal wetlands, while a higher percentage (18% and
28%, respectively) is exclusive to one of those two categories. For artificial wetlands, only
three indicator species were found, while more indicator species were retained for coastal
and inland lentic wetlands.

Generally, plant features were equally distributed among wetland preferences, with some
exceptions (Fig. 4). As regards the chorology, no endemics were typically found in artificial
wetlands, while the introduced category is dominant among coastal wetlands. The highest
number of endemic plants were detected in inland wetlands. Among life forms, chamae-
phytes are exclusive to coastal natural wetlands whereas phanerophytes are found in coastal
natural wetlands or are ubiquitous. Hydrophytes and therophytes are the most important life
forms in artificial wetlands but are well represented also in other types of wetlands. Plants
typically present in artificial wetlands are at minor risk of extinction or not yet assessed.
Instead, species endangered at global level are mainly located in inland wetlands and in a
lesser extent are ubiquitous. As already mentioned, ubiquitous plants are the majority, and
this is also the trend among different plant features.

Table 2 Results of environmental NMDS1 NMDS2 R2

: ; : P

variable fitting of the non-metric 043371 -0.90105 0.0055  0.292707

multidimensional scaling for

species composition Status 0.03341  -0.99944 02550  0.000999
PPT wt 09745  -022437 0.1296  0.000999
Tave_wt 0.98821  -0.15313  0.4840  0.000999

Surface is also reported as the only not significant vector
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Fig. 2 Non-metric multidimensional scaling (NMDS) plot for axes 1 and 2, with ellipses and colours
depicting artificial and natural a, and inland and coastal b, wetlands
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Inland-natural (n. 195) Artificial (n. 150)

Typha angustifolia (0.533)***
Potamogeton pusilus (0.351)***
Populus nigra (0.304)*

Eleocharis palustris (0.515)***
llecebrum verticillatum (0.453)***
Helosciadium crassipes (0.450)***
Ranunculus ophioglossifolius (0.444)***
Juncus pygmaeus (0.432)***
Isolepis cernua (0.403)***
Ranunculus sardous (0.403)***
Ranunculus peltatus (0.383)***
Isoetes longissima (0.370)***
Juncus capitatus (0.361)***
Cicendia filiformis (0.355)***
Alopecurus bulbosus (0.350)***
Carex flacca (0.343)***

Baldellia ranunculoides (0.338)***
Middendorfia borysthenica (0.334)***
Glyceria spicata (0.333)***

Isoetes histrix (0.321)**

Juncus maritimus (0.684)***
Salicornia fruticosa (0.613)***
Bolboschoenus maritimus (0.534)***
Ruppia maritima (0.463)***
Arthrocaulon meridionale (0.412)***
Triglochin bulbosa barrelieri (0.407)***
Salicornia perennans (0.397)***
Salicornia perennis (0.371)***
Ruppia cirrhosa (0.361)***

Suaeda maritima (0.321)**

Suaeda vera (0.301)*

Coastal-natural (n. 231)

Fig. 3 Venn diagram indicating the degree of aquatic plant species overlap among inland and coastal
natural wetlands and artificial ones. Indicator species with Indval>0.3 and p <0.05 were reported for each
wetland category. Asterisks indicate the p-values after 999 permutation tests implemented by the multi-
patt function of the R package ‘indicspecies’: (*) p<0.05; (**); p<0.01; (***); p<0.001

Discussion
Plants recorded in aquatic environments

Compared to the around 4,080 specific and subspecific plant taxa reported in the MedIsWet
databases (Fois et al. 2022a), only 7% have been identified as ‘wet and aquatic vascular
plants’ (i.e. 295 species). This number is, however, higher than the 270 species reported for
the whole of Italy (Bolpagni et al. 2018). The main reason is that we included all species
with U=8: this is a debated issue, which can be argued by considering the local drought
conditions that characterise Mediterranean islands and, more generally, southern Mediter-
ranean territories. If plants with U=28 are not strictly ecologically dependent on wet habitats
on a global or even national scale (see, for example, climatic variability in Italy), the same
species are instead refugees in such wet conditions at the southern edges of their distribu-
tion. For example, many Lythrum species are largely found in the grasslands of temperate
Europe, while they often are strictly linked to the temporarily inundated soils of the Medi-
terranean study areas (Brullo et al. 2022; Tavilla et al. 2023a). Ensuring the conservation
of these environments would contribute to the preservation of the current genetic and dis-
tributional range of these plants, which, at the moment, are not considered as aquatic on a
global scale, but may be more strictly aquatic in the future, when more extensive drought
conditions are expected (Essa et al. 2023).

Only seventeen species were found as endemics (Table S3 - Supplementary material 1).
This is in line with what has been reported, especially for the Mediterranean Basin (Hobohm
and Bruchmann 2011; Cuena-Lombrafia et al. 2021). At global ecozone scale, macrophyte
endemism is pronounced, but with a significant difference between the richest (Neotropics)
and poorest (Palaearctic) (Murphy et al. 2019). Among different environments, the number
of endemics in wetlands is also relatively low compared to endemics of rocky habitats and
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Fig. 4 Composition of aquatic vascular macrophytes among the three different plant features

screes, grasslands, scrubs and heaths, or forests. It was assumed that this is due to the young
age of wetlands and other intrinsic and extrinsic factors that characterise aquatic plants, such
as the generally high dispersal capacity or the tendency to develop vegetative reproduction
systems (Hobohm and Bruchmann 2011; Cuena-Lombrafa et al. 2021). A low number of
introduced species was found, although an expectable increase is warring in view of the
high economic and ecological damage that some of them have already proven to cause, as in
the case of the invasive alien species of Union Concern Hydrocotyle ranunculoides or Pon-
tederia crassipes (Brundu 2015; Troia et al. 2020; Cambria et al. 2023). Our data suggest
that, apart from artificial lentic wetlands, these potential pests are likely preferring natural
coastal ones, probably due to warmer temperatures that are more similar to their native
conditions. These results are in accordance with recent papers (e.g., Taylor et al. 2021;
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Martinez-Megias and Rico 2022), that include the proliferation of invasive alien species
as one of the major threats to the biodiversity decline of Mediterranean coastal wetlands,
which is increasingly facilitated by the expansion of urban areas (Perennou et al. 2018b).
None of the species found prevalently in artificial wetlands were endangered, while most of
them have therophytic or hydrophytic life forms. This pattern might be related to the higher
colonisation ability of such life forms of recently disturbed environments (Sciandrello et al.
2015), while trees and small shrubs, which are likely preferring natural conditions, might be
considered as indicators of wetland conservation status. The latter suggestion is in line with
the results obtained in the “Bestina” riverside area in Tuscany (Fiaschi et al. 2023), where
trees and shrubs were evaluated as the most ‘conservative’ species according to an expert
approach. The same authors thus suggested them as indicators of good environmental qual-
ity. In contrast to our results, hydrophytes were found in the “Bestina” riverside to be the
best indicators of good environmental quality, whereas in our case they were equally found
in both disturbed and undisturbed wetlands and therefore poorly effective in indicating the
naturalness and conservation status of different wetlands. This confirms again that the infor-
mation provided by life forms, which is often used for environmental assessments, should
be complemented with other features and cautiously adapted to each specific context. It
is also worth of mention that our results were based on only lentic waterbodies, thus not
considering patterns along rivers and streams. For instance, the endemic Mentha requienii
susp. requienii has been recorded for this study only in lentic artificial waters, although it
was more commonly reported for mountain streams and waterfalls.

The identified indicator species for each wetland category are confirming the above dis-
cussed general trends of chorological and life forms. As expected, the few indicator species
for artificial wetlands were plants with a large ecological valence and geographical distri-
bution. Differently, among natural wetlands - especially for inland ones - there were cases
of narrowly distributed and/or endangered species among indicators, such as the locally
endangered Ranunculus ophioglossifolius or Isoétes histrix for inland waters or Triglochin
bulbosa subsp. barrelieri for coastal ones. In accordance with other authors (e.g. Lukacs et
al. 2013; Angiolini et al. 2017b), this underlines once again that the conservation value and
naturalness of wetlands can be indicated by the presence of some - but not all - threatened
species.

Factors of species composition

The main factors of species composition were partly expected in accordance with previous
observations. Differences between the plant communities of coastal and inland wetlands
have been largely explained by various limiting factors, such as water and soil salinity or
other climate-related ones (e.g. Angiolini et al. 2017a; Lanfranco et al. 2020). Anthropo-
genic disturbance is another important predicted condition influencing plant communities
by facilitating, for instance, most alien life-forms and both native and alien therophytes
(Marini et al. 2012). However, these factors were found to be more important than the
geographical separation between islands and between seasonal and permanent wetlands.
Geographical isolation supported by the island biogeography theory is considered one of the
most universally accepted hypotheses in explaining species distribution and composition in
both oceanic and Mediterranean insular contexts (Fois et al. 2020; Schrader 2021; Médail
2022). However, aquatic plants are often able to overcome the physical barrier of the sea due
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to their greater ability to disperse - even by long-distance means - such as ornithochory or
thalassochory (Mahanand and Behera 2019; Arjona et al. 2020; Ruzzier et al. 2021; Fois et
al. 2022c¢). The fact that hydroperiod was found to be less important than other factors was
surprising, considering the large body of supporting evidence (e.g., Fernandez-Zamudio
et al. 2018; Bagella et al. 2018). First, our research was not type-specific, but included
almost equally all wetland categories (there were 216 seasonal wetlands out of the 516
sites used in the NMDS analysis; Fig. 1). Secondly, specific studies on seasonal wetlands
require different monitoring approaches, involving repeated field visits encompassing all
seasons. Furthermore, the existence of empirical evidence has substantiated the presence
of aquatic species typically associated with permanently flooded soils and dry grassland
species, within seasonally flooded environments. Consequently, the reliability of discerning
these species based solely on their presence or absence becomes compromised. Thus, it is
imperative to employ alternative statistical methodologies that incorporate considerations of
temporal dynamics and frequency of occurrence to ensure precise identification of indicator
species in these particular contexts (Bagella et al. 2009; Minissale et al. 2017).

As expected, precipitation and temperatures are among the main drivers of aquatic spe-
cies composition. This can be reflected both directly and less directly by the differentiation
between wetland categories (i.e., coastal vs. inland and natural vs. artificial), as it can be
assumed that artificial dams and agricultural ponds were placed under conditions of higher
water availability and fertility. In contrast, the conservation status of wetlands was found to
be weakly correlated with the climate-related variables, indicating that wetlands in different
climatic conditions can be in a similar conservation status. Both results have conservation
implications related to climate change. First, the species composition is related to climatic
features, indicating that its change might drive species composition. Moreover, as discussed
above, it is likely that alien species currently prefer the coastal warmer conditions, confirm-
ing that rising temperatures could favour their expansion to inlands (Fois et al. 2020; Loz-
ano et al. 2023). Another conservation consideration is that, despite the coastal prevalence
of protected wetlands, the status of inland wetlands is equally variable and therefore deserv-
ing of similar attention. This is exacerbated when considering that several species, including
those at risk, are not only roughly shared between natural coastal and inland wetlands, but
are also present in artificial ones. As suggested by other authors (e.g., Panzeca et al. 2021),
artificial wetland habitats could be the subject of a monitoring program as potential intro-
duction sites for alien propagules but also suitable areas for rare and/or endangered species.
Moreover, the conservation status of a large part of species typically found in coastal and
artificial wetlands is unknown. This is possibly because of their wider distribution range and
presenting difficulties in their assessment, confirming the need to fill gaps in global conser-
vation status assessments of widely distributed species (Mounce et al. 2018; Fanfarillo et al.
2020; Fois et al. 2022b).

Management and conservation implications

Our data filled gaps over a relatively large area and set of environments through a relatively
small effort, quantifiable in about two/three years of fieldwork by eight people (two per
region/island) and about as many for data processing, refining and sharing. Similar efforts
can be made to respond to the same surveys in other areas or for other environments in the
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same territories. Filling these knowledge gaps can substantially help conservationists to
implement more effective actions aimed at the most imperative species and/or habitat types.

The presence of several threatened - at least locally - but widely distributed plants, con-
firms the need to manage wetland conservation on a larger scale than in other, more isolated
but less fragmented contexts of similar conservation importance, such as mountain cliffs
or true small islands (Schdpke et al. 2019). At a larger scale, international agreements and
action plans, such as the Ramsar Convention on Wetlands, the European Water Framework
Directive (2000/60/EC) or, in general, all international collaborations between experts are
crucial. At a smaller scale, wetlands can be considered not as isolated bodies, but as inte-
grated systems that could be geographically delimited within each river basin sector. At the
watershed scale, the study of plant compositions and how they vary in space and time can
be a crucial indicator of ecosystem functioning, which, however, needs to be complemented
by further investigations into other equally important components, such as pollution, non-
vascular plants, zoological communities, and, most importantly, how they all influence each
other (Fernandez et al. 2014; Palmas et al. 2022). Recognising that it may take an infi-
nite amount of resources to fulfil such knowledge, research, and this one in particular, has
highlighted which and how they are most likely to need special attention. In particular,
our analysis has identified, among biological forms, that therophytes and hydrophytes are
most likely to be considered as potential invasives, while trees and shrubs are those to be
promoted among native vascular species. This latter finding confirms the importance of con-
sidering the potential dramatic changes in riparian and aquatic biota caused by clear-cutting
practices around wetlands (Angiolini et al. 2023). Our analyses confirmed that coastal wet-
lands are an important source of propagule pressure, but also highlighted the importance of
monitoring artificial ones in this regard. Also artificial wetlands harbour endangered plants,
which gives them a double importance for monitoring perspectives and a controversial role
in terms of management (De Martis et al. 2016; Briggs et al. 2019; Panzeca et al. 2021).

With global warming, wetlands will continue to play an even more important role as
refugia for many species, some of which are already facing critical conditions. Our results
confirmed that climatic factors, namely precipitation and temperature, are central for
the plant composition of Mediterranean wetlands. The focus on aquatic plants could be
extended to those that are not considered as such globally, like the plants considered here
with U=8, which live mainly in ephemeral wetlands. Alien plants are instead likely to be
favoured by global warming, as they were found to prefer warmer conditions, which may be
more widely present in the future. Special monitoring and, when possible, eradication pro-
grammes could begin in coastal areas where species of Union Concern are already present,
but more attention to occasional or potential new arrivals could help prevent the consider-
able costs of delayed actions (Lozano et al. 2023).

Conclusions

This study provides the first comprehensive overview of the floristic composition of the
wetlands of the central Mediterranean islands, offering insights into what is known and
neglected to date. The relatively large number of 295 recorded vascular species includes a
questionable list of species not unanimously considered as aquatic plants. However, these
species are ecologically highly dependent on wet conditions, especially in the seasonally
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dry environments that characterise the Mediterranean islands, and the preservation of wet-
lands is therefore crucial for their survival over their current entire distributional range.

As previously suggested, the information provided by life forms and chorotypes can be
used to determine ecological value, although generalisations in this sense must be inter-
preted with caution, as many other aspects might influence this trend. Among other infor-
mation, our data confirm the low endemicity of wetland floras, which is validated by the
poor influence of island origin as a factor in species composition. Although natural inland
wetlands had already been denoted as crucial areas for biodiversity conservation, we high-
lighted the presence of several endangered macrophytes also in artificial wetlands. More
generally, the conservation value and naturalness of wetlands can be indicated by the pres-
ence of some - but not all - threatened species. As regards invasive alien species, these were
more frequently recorded in both artificial and coastal natural wetlands, suggesting a need
for special attention on these environments for their control and possible expansion facili-
tated by global warming and urbanisation.

Further investigations are needed to provide a more complete overview of the distribu-
tion, ecology, and interactions between wetland species. Amongst other shortcomings, the
data provided here need further field investigations, particularly repeated in different sea-
sons, to overcome limitations in examining the factors that determine species abundances.
Furthermore, running waters are still neglected and could be included in the same dataset in
the future. However, this study certainly represents a starting point for more informed wet-
land conservation in the future. The data presented here, and all other information reported
in the MedIsWet national databases is freely available, precisely with the aim of laying the
foundations for a more inclusive and constructive network of wetland conservationists.
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