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Abstract

Plants are key elements of wetlands due to their evolutionary strategies for coping with life in a water-saturated environment,
providing the basis for supporting nearly all wetland biota and habitat structure for other taxonomic groups. Sardinia, the second
largest island of the Mediterranean Basin, hosts a great variety of wetlands, of which 16 are included in eight Ramsar sites. The
119 hydro- and hygrophilous vascular plant taxa from Sardinia represent the 42.6% and 37.9% of the number estimated for Italy
and Europe, respectively. Moreover, around 30% of Sardinia’s bryological flora, which is made up of 498 taxa, is present in
temporary ponds. An overview at regional scale considering algae is not available, to our knowledge, even though several
specific studies have contributed to their knowledge. In order to find the most investigated research themes and wetland types,
identify knowledge gaps and suggest recommendations for further research, we present a first attempt to outline the work that has
been hitherto done on plants in lentic habitats in Sardinia. Three plant groups (algae, bryophytes and vascular plants), and five
research themes (conservation, ecology, inventory, palacobotany and taxonomy) were considered. After a literature review, we
retained 202 papers published from 1960 to 2019. We found that studies on vascular plants, as plant group, were disproportion-
ately more numerous, and inventories and ecology were the most investigated research themes. Although efforts have recently
been made to fill these long-lasting gaps, there is a need for updating the existing information through innovative methods and
integrative approaches.

Keywords Freshwater ecosystems - Lentic water bodies - Literature review - Mediterranean islands - Trends in botany - Wetland
conservation

Introduction

Plants are structural components of most aquatic and terrestri-
al ecosystems and are largely studied for their ecological and
economic significance. Wetland plants are of interest due to of
their particular evolutionary strategies for coping with life in
water-saturated environments (Cronk and Fennessy 2016) and
because they provide the basis for supporting all wetland biota
and habitat structure for other taxonomic groups (Legrand
et al. 2003). They strongly influence water chemistry, both
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acting as nutrient sinks through absorption and moving com-
pounds from the sediment to the water column (Webb et al.
2012), and have the ability to improve water quality by ab-
sorbing nutrients, metals, and other contaminants (Kao et al.
2003). Plants also influence hydrological and sediment pro-
cesses, by regulating water flow, crest stability and soil for-
mation (Saaltink et al. 2018).

Wetlands are crucial for plant diversity. Despite their gen-
eral low endemicity rate (Santamaria 2002; Hobohm and
Bruchmann 2011), plants living in wetlands, and in intercon-
nected ecosystems such as coastal sand dunes, often exist in
scattered and threatened populations (Deane et al. 2016;
Cheng et al. 2020). With wetlands experiencing an estimated
50% loss over the last century (Davidson 2014), their conser-
vation importance is particularly recognised in several multi-
lateral environmental agreements, such as the Water
Framework Directive (WFD 2000/60/EC) and the Ramsar
Convention (Ramsar Convention Secretariat 2015). Wetland
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plants are endangered by the same forces that generally threat-
en these ecosystems, including human activities such as wet-
land draining or filling, hydrologic alterations, chronic degra-
dation due to nonpoint source pollution, and invasion of ex-
otic species (Cronk and Fennessy 2016; Bolpagni et al. 2018).
There are increasing concerns regarding the effects of climate
change, as sea-level rise, salinisation or desertification (EC
2017). To solve these problems, plants are also represent the
tools used by wetland managers and researchers in the moni-
toring, conservation, and management of wetland areas
(Cronk and Fennessy 2016). However, conservation and
even basic knowledge gaps and debating issues often exist.
Van Rees et al. (2020) suggest considering freshwater envi-
ronments as a ‘third realm’ that cannot be lumped together
with policies for terrestrial or marine habitats. It is even debat-
ed whether a plant is aquatic or should be considered for
monitoring aquatic habitats (Deane et al. 2016), and the taxo-
nomic delimitation among several plant groups is still unclear
(Deil 2005). Also, the ecology, distribution patterns, and dis-
persion of most plants, especially algae and bryophytes, are
often overlooked (Santamaria 2002; Dalla Vecchia et al.
2020).

In Sardinia, more than the global average reported above,
around 90% of wetlands, especially along the coast, have been
destroyed or heavily modified during the last 100 years to
eliminate malaria and for agricultural, industrial, or military
purposes (Massoli-Novelli and Mocci-Demartis 1989). More
recently, tourism development has become another threaten-
ing factor, especially near coastal wetlands (Ferrarini et al.
2020). Furthermore, 134 alien vascular plant species, out of
the 481 inventoried for the whole Sardinia, were recorded in
wetlands (Mayoral et al. 2018). Several temporary wet habi-
tats with populations of rare taxa are threatened by invasive
plant species such as Cyperus eragrostis or Campylopus
introflexus (Cogoni et al. 2009; Mayoral et al. 2018). Other
coastal and inland wetland types are also severely altered and
threatened by other invasive alien plant species such as
Hydrocotyle ranunculoides, Cortaderia selloana, and
Eichornia crassipes or by increasing blooming events of
Chattonella subsalsa (Brundu et al. 2013; Satta et al. 2017,
Mayoral et al. 2018). To date, there has not been any extensive
overview of wetland plants in Sardinia. Considering the wide
interest and application of plants studies in (palaeo)landscape,
population ecology, management, and conservation, a data
collection and a synthesis are overdue.

Here, we present a critical bibliographic research of the
modern literature, from the 1960s onwards, comprising orig-
inal botanical studies in Sardinian wetlands (including species
of algae, bryophytes and vascular plants). This research was
restricted to lentic wetlands (hereafter referred to as wetlands),
that is, any wetland type defined by the Ramsar Convention
Secretariat (2013) with the exclusion of streams, rivers, and
other running water. Sardinia is a representative
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Mediterranean study case of special biological interest due
to of its central geographic position and the great variety and
numbers of wetland types and species related to both the
African and European continents that it hosts (Vogiatzakis
et al. 2016; Murphy et al. 2019). This research provides a
comprehensive starting point for the study of Sardinian wet-
lands, a discussion of the typology of researches carried out so
far, and new perspectives to acquire effective knowledge (and
implement conservation) from plants and wetlands. In partic-
ular, we aimed to (1) investigate the state-of-the-art studies on
Sardinian wetland plants; (2) find the most investigated re-
search themes and wetland types; and (3) identify knowledge
gaps and provide recommendations on how such research
might be improved and used in wetland management.

Materials and Methods
Research Area and Plant Taxa

Sardinia is the second-largest island in the Mediterranean
Basin, with a surface of 24,090 km?. Recently, 2501 wetlands
have been inventoried in Sardinia, covering a total surface
area of 494.2 km? (ca 2% of the Sardinian territory). The full
dataset is available online, as part of the Mediterranean Island
Wetlands project (https://italiaiswet.it). Among the various
wetlands on the Sardinian territory, 16 (covering about ca.
92 km?, mainly concentrated along the coast of the
provinces of Cagliari and Oristano) are within the eight
designated Ramsar sites, and 116 are included in the Natura
2000 network. In terms of inland wetlands, at least 90% of
drinking water is stored in more than 40 reservoirs (Sechi and
Lugli¢ 1996). Very common are small and very small artificial
ponds (approx. < 1 ha) in the agro-pastoral context, and only
three are recognised as natural lakes: Lago di Baratz in the
northern-western part of the island, and Piscina Morta (Arisci
et al. 2003) and Stagnu ‘e Forru in the southwest (Ginesu
2012). Last but not least, the numerous temporary small ponds
were highlighted as the most interesting, though insufficiently
investigated, inland wetland type (Bagella et al. 2009; Cogoni
et al. 2016). Despite the efforts already made regarding wet-
land conservation in Sardinia, recent studies on wetland plants
evidenced the need for an improvement of legal protection
(EEA 2015; Becker 2019) — Bagella et al. (2013) and Fois
et al. (2018) highlighted the necessity of protection measures
as, for instance, several wetland plants are still not included in
the Natura 2000 network.

The Sardinian vascular flora consists of 2782 taxa, 186 of
which are exclusive endemics, representing ca 7% of the na-
tive flora (Fois et al. 2017; Bartolucci et al. 2018). On the other
hand, about 28% of the 481 non-native vascular plants report-
ed in Sardinia are living in wetlands (Mayoral et al. 2018). A
recent inventory of strictly hydro- and hygrophilous vascular
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plants in Italy identified 119 species for Sardinia, representing
42.6% and 37.9% of the numbers estimated for Italy and
Europe, respectively (Bolpagni et al. 2018).

Knowledge of bryophyte and algae species’ diversity and
distribution is still far lower than that of vascular plants, and
the less common studies are mainly concentrated on small or
specific areas. According to the checklists of Sardinian
(Cogoni et al. 1999, 2016) and Italian bryophytes (Aleffi
et al. 2020), Sardinia’s bryological patrimony is made up of
498 taxa (399 Bryophyta, 94 Marchantiophyta, and four
Anthocerotophyta), around 30% of which inhabit temporary
ponds, where both terrestrial and aquatic habitats are present —
a transitional characteristic that explains their high biodiversi-
ty (Cogoni et al. 2016; Filippino 2018). Even less is known
about the algae flora of Sardinian wetlands. To our knowl-
edge, an overview at the regional scale is not yet available,
even though specific studies have significantly contributed to
the knowledge of, for instance, charophytes (Becker 2019)
and freshwater microalgae (Malavasi 2012).

Literature Search

The term ‘Wetland plants’ includes: species of algae, as they
are a component of wetland primary productivity and an im-
portant element of these habitats, and they obtain their primary
chloroplasts directly by engulfing cyanobacteria (Cavalier-
Smith 1998); and species of bryophytes and of vascular plants
that grow (both obligatory and not-obligatory) in water or in
saturated soils. All are hereafter denominated as ‘plant
groups’.

We conducted a literature review of papers investigating
wetlands plants published from 1960 to December 2019, as
due to related historical problems, for instance, the endemic
presence of malaria, wetlands were underappreciated in bio-
logical sciences before that period. Another reason for our
choice was avoiding inaccurate or unbiased data due to poor
and scattered availability in digital archives. Similarly, all
‘grey literature’, such as books, technical reports, and academ-
ic theses, was not considered, despite its potentially rich infor-
mation unreported elsewhere. A research of the peer-reviewed
articles was carried out, both in Italian and English, in Google
Scholar as well as in Web of Science and Scopus with the
terms ‘wetland*’, ‘marsh*’, ‘lagoon*’, ‘saline®’, ‘estuar*’,
‘delta*’, ‘pond*’, ‘pool*’, ‘lake*’, ‘freshwater*’, ‘dam’,
‘dams’, ‘swamp*’, ‘reservoir®*’ or ‘barrag*’ combined with
‘Sardinia*’ and ‘plant*’, ‘phyto*’, ‘bryophyt*’ ‘diatom™*’ or
‘alga*’ as well the same terms in Italian.

After duplicate removal, title screening and abstract revi-
sion, 202 papers were fully reviewed and retained because
they presented original studies about plants in the Sardinian
wetlands (Fig. 1; see Supplementary Information 1 for further
details). The wetland study sites of each paper were
georeferenced in the Quantum Geographic Information
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Fig. 1 Sardinia’s position within the Mediterranean Basin and spatial
distribution of papers on Sardinian wetland plants published from 1960
to December 2019. Wetlands are those included in the Italian Island
Wetlands — ItIsWet database and available on-line at http://www.
italiaiswet.it. Natura 2000 sites (NV2000) and national and regional parks
(Parks) were retrieved from the Sardinian geoportal at https://portal.
sardegnasira.it. The eight Ramsar sites (R) are also included

System (QGIS) and overlaid on the network of protected
areas. Spatial datasets were downloaded from the regional
geoportal (https://portal.sardegnasira.it) and included all
Natura 2000 and Ramsar sites, and national and regional
parks.

Research Themes and Wetlands Types

We classified all research papers according to the main argu-
ment considered, into five research themes: conservation,
ecology, inventory, palaeobotany, and taxonomy (see details
in Table 1).

Wetland types described in the analysed papers were iden-
tified according to the Ramsar classification (Ramsar
Convention Secretariat 2010, 2013), which divides wetlands
into three main categories: marine and coastal, inland, and
human-made. For further detailed subdivisions of each main
category, we followed guidelines for identifying specific wet-
land types (Ramsar Convention Secretariat 2010).
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Table 1 Details of research themes
Research Definition Examples
theme

Conservation Broad group of studies aiming to improve the conservation status,
as well as the assessment or strategies to prevent plant
extinction. Recovery plans, restoration activities, and new
challenges are also included in this theme.

Papers analysing relationships between wetland plants and
physical environment, more specifically abiotic parameters and
their influence on abundance, distribution, etc. Abiotic factors
include temperature, quality water/habitat, pH, salinity,
seasonality, etc.

Papers presenting inventories and records of species composition,
and results of field surveys introducing a set of species occurring
in wetland sites. This research theme also included papers on
presence records or preliminary inventories of invasive alien
plant species (IAS), and papers that examining the assemblage
of plant species and the ground cover that they provide, without
specific reference to particular taxa, life forms, structure, or
spatial extent.

Palaeobotany Papers focusing on the recovery and identification of plant remains

from wetlands, including the evolutionary history of plants.
Papers from the field of palynology, which studies fossilised and
extant spores and pollen from wetlands, were also included here.

Ecology

Inventory

Sensitivity of ephemeral wetland (Bagella et al. 2013), Red Lists
(Cuena et al. 2013), enhance local biodiversity (De Martis et al.
2016).

Temporal distribution and environmental variables (Lugli¢ et al.
2001); ecology (Cogoni et al. 2006); dynamics in relation to
environmental changes (Padedda et al. 2012), influence of
drought and abiotic factors (Sangiorgio et al. 2006).

Floras of specific areas (De Martis and Loi 1989; Fumanti and
Cavacini 2002), regional checklist of native or alien vascular
plants (Mayoral et al. 2018; Desfayes 2008), phytoplankton,
potentially toxic dinoflagellates, (Sannio et al. 1996), bryologi-
cal flora (Cogoni et al. 2004).

Palynological (Buosi et al. 2013) and archaeobotanical investiga-
tions (Ucchesu et al. 2017), vegetation reconstructions (Buosi
et al. 2017).

Taxonomy
and classifying wetland plants.

Papers naming and describing plant species, as well as identifying

New wetland taxa (Alfinito et al. 2000, Bacchetta et al. 2010).

Results
Research Trends within Plant Groups

Around 64% of the 202 retained papers focused on vascular
plants, followed by 28% on algae, and the remaining 6% on
bryophytes (Fig. 2a). Only two papers (~1%) considered the
interaction between vascular plants and algae (Boix et al.
2017), and vascular plants and bryophytes (Bagella et al.
2016), both in temporary wetlands.

The first contribution to the modern literature on bryo-
phytes in wetland habitats focused on inventorying the already
known species in Sardinia (Cortini Pedrotti 1980) (Fig. 2b).
Only during the last two decades, studies investigating the
ecology of bryophytes began to appear, becoming the pre-
dominant research theme in the last decade. For algae, the first
contribution to modern literature dates back to 1970s, with the
theme witnessing an increasing interest in time. Vascular
plants were the object of modern literature since the 1960s
and represented the most studied group in almost all decades,
except for the 1990s, when algae were the most dominant
subject. Vascular plants were topics in all research themes
and were the single theme in palaeobotanical papers (Fig.
2¢). The algae group was investigated under all the rest of
research themes, except for palacobotany, and most of studies
were focused on their ecology. Conservation aspects have
interested researchers of all three plant groups, even though
more focus was on vascular plants, and the only one paper
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about the conservation of bryophytes was also dealt with the
vascular plant group (Bagella et al. 2016). No modern papers
on bryophyte taxonomy were found (Fig. 2¢).

As regards wetland types, papers about the algae focused
mainly on marine and coastal, and then on human-made ones
(Fig. 2d). Bryophytes were mostly studied in inland wetlands,
while vascular plants mainly in marine and coastal, and then in
inland wetlands, but rarely in human-made ones (Fig. 2d).

Of the 376 total georeferenced investigated locations (Fig.
1, see Supplementary Information 2), ca 61% are inside a
protected area. Of them, 221 are included inside the Natura
2000 network, 36 in parks and 34 in Ramsar sites. However, it
is worth noting that most Ramsar sites and national and re-
gional parks are also included in the Natura 2000 network
(Fig. 1).

Research Trends within Research Themes

The review of the modern literature on wetland plants in
Sardinia during the last 60 years highlighted a rising trend —
from nine and 10 respectively in the 1960’s and 1970’s (most-
ly inventories) to 28 in the 1980°s (see Fig. 3a). During this
decade, studies on ecology and taxonomy become more wide-
spread, although inventories continued to predominate. The
number of published papers fell during the 1990’s, with only
15 papers related to wetland plants and most of them reporting
(again) on inventories. With the beginning of the 2000s, wet-
land plant studies increased to 44, including four research
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themes (no palacobotany). However, the main efforts were
again focused on inventories and increasingly on ecology,
and marginally on taxonomy and conservation. In the second
decade of the 2000s, the number of published papers contin-
ued to increase (96), and a diversification of studies, including
the three plant groups and all research themes, was observed.
For the first time, the main research focus was on ecology,
followed by conservation and palacobotany. In total, the
highest contribution was provided by inventories (77 papers),
followed by ecology (69). Less consideration was given to
conservation (21), taxonomy (18), and palaeobotany (17).

Research Trends within Wetland Types

A great number of papers (103) were about coastal wetlands
around the entire Sardinia and its surrounding islands (Fig. 1).
Detailed type ‘Coastal brackish/saline lagoons (J)* was the
most investigated (93 papers; see Table 2 for further details
about each plant group). Papers on inland wetlands began to

29

B Marine and coastal
wetlands

Olnland wetlands

S Human-made
wetlands

M Several types

be published in the 1970’s; their frequency increased in the
2000s and peaked in the 2010s, when it almost equalled the
number of works on coastal wetlands. Human-made wetlands
were of less interest and among these, Type ‘6 Water storage
areas’ was the most studied (16 papers) — a relatively constant
trend over the time (Fig. 3b).

Discussion

Research Trends within Plant Groups: Towards a more
Effective Conservation

A vast modern literature about Sardinian wetland plants has
been amassed since the 1960s. However, despite their ecolog-
ical and functional importance and the increasing number of
works that have highlighted it, wetlands plants are overlooked
in broad-scale investigations, which can lead to inaccurate or
to conflicting assessments of their current spatial patterns and
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existence at global (Alahuhta et al. 2017), and regional levels
(Bolpagni et al. 2018). In the case of Sardinia, a large and
representative example of Mediterranean wetlands, there are
several gaps. One, highlighted by this review, is the discrep-
ancy between the number of research papers on vascular
plants and those of papers focusing on the other two plant
groups. The scarce number of studies about bryophytes in
wet Mediterranean habitats looks incongruent with the high
number of species, second only to vascular plants, and their
high economic, ecological, and conservation value (Hodgetts
etal. 2019), as well as their contribution to the total biomass of
wetlands (Fuselier et al. 2012). This could be explained by a
lack of'intense efforts to identify these groups. For example, in
the case of bryophytes, the number of species is difficult to
estimate because most of specific studies are confined to only
a fraction of those which have been described (Hallingbéck
and Hodgetts 2000). Despite some exceptions, such as bogs,
fens, and peat swamps, bryophytes and, in general, all cryp-
togams are globally overlooked in most environments.
Bryophytes were proved to have a significant value as indica-
tors of biological effects of climate change (Gignac 2001;
Désamoré et al. 2012), especially in the Mediterranean areas
(Cogoni et al. 2016), and are one of most promising life-forms
which could assist in monitoring and remediating heavy-metal
polluted soils and wetlands (Schintu et al. 2005; Rahman et al.
2016). However, there is a need for simple and appropriate
experimental models that would enable the researchers to dis-
sect biochemically and genetically the response of less com-
plex plants to environmental stress (Oliver et al. 2000).
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Another gap concerns algal component knowledge, even
though algae are more largely studied than bryophytes.
Despite their importance for understanding ecosystem pro-
cesses, conservation, and water quality, the difficulties in
studying them are often related to the inherent problem of
small organisms with morphologies which are hard to be dis-
tinguished without research-grade microscopes and taxonom-
ic expertise in phycology (Manoylov 2014). A recent review
(Bolpagni et al. 2019) highlighted the same issue for the algal
component of standing-water ecosystems, where primary pro-
ducers (including algae) were inadequately investigated. The
algal component exhibits a high diversity in widely different
environmental conditions and many are specifically depen-
dent on wetlands (Alfinito and Iberite 2013). Studies on algae
were mostly concentrated on various lineages of phytoplank-
ton, such as dinoflagellates, diatoms, haptophytes, and
cryptophytes. Most papers analysed the phytoplankton com-
ponent of coastal lagoons (e.g. Fiocca et al. 1996; De Miranda
et al. 2005) and, also, of ephemeral/temporary ponds (e.g.
Alfinito and Iberite 2013) and lakes (e.g. Sechi and Cossu
1985). Such studies often investigated and inventoried harm-
ful algal species (HAS) and the environmental factors that
affect their blooming (e.g. Sannio et al. 1996; Padedda et al.
2012). Ecological studies generally correlated the abundance,
presence, or fluctuation of algae conditions with physical and
chemical water gradients (De Miranda et al. 2005; Padedda
et al. 2012). There are few papers on algal conservation, de-
spite their usefulness for the evaluation of water and, conse-
quently, for wetland conservation and effective monitoring
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Table2 Number of papers by wetland types mentioned in the analysed
papers according to the Ramsar classification (Ramsar Convention
Secretariat 2010), subdivided by plant group and themes.
Categorisation was based on three main types: marine and coastal, inland,

and human-made wetlands, which were hierarchically subdivided into
more detailed wetland types. Some papers were classified under ‘several
types’ because they presented researches on several or unspecified wet-
land types

Research No Main type  No Detailed type No

theme papers papers papers

Conservation 6 Marine & 4 F - Estuarine waters; permanent water of estuaries and estuarine systems of 1
coastal deltas.

ALGAE

Ecology

Inventory

Taxonomy

BRYOPHYTE Ecology

Inventory

33

4

VASCULAR  Conservation 14

PLANT

Ecology

Inventory

29

56

Human-made
Several types

Marine &
coastal

Human-made
Inland

Several types

Marine &
coastal

Inland

Human-made
Inland

Marine &
coastal
Inland

Marine &
coastal
Inland

Several types

Marine &
coastal
Inland

Marine &
coastal

Inland

Several types

Marine &
coastal

Inland

TN

14

13

36

J - Coastal brackish/saline lagoons 3
6 - Water storage areas 1
Several types 1
J - Coastal brackish/saline lagoons 14

F - Estuarine waters; permanent water of estuaries and estuarine systems of 1
deltas.
6 - Water storage areas

Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils
Zk(b) - Karst and other subterranean hydrological system

Zg - Geothermal wetlands

Several types

J - Coastal brackish/saline lagoons

—_— N N = W =

F - Estuarine waters; permanent water of estuaries and estuarine systems of
deltas.
O - Permanent freshwater lakes 1

—_

W - Shrub-dominated wetlands; shrub swamps, shrub-dominated freshwa-
ter marshes.
R - Seasonal/intermittent saline/brackish/alkaline lakes and flats

Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils
6 - Water storage areas
Zk(b) - Karst and other subterranean hydrological system

W o= N = —

J - Coastal brackish/saline lagoons

Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils

W N

J - Coastal brackish/saline lagoons

Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils 4
Several types

J - Coastal brackish/saline lagoons 5

W - Shrub-dominated wetlands; shrub swamps, shrub-dominated freshwa- 2
ter marshes....
Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils 7
J - Coastal brackish/saline lagoons 13
F - Estuarine waters; permanent water of estuaries and estuarine systems of 1
deltas.
Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils 10
Sp - Permanent saline/brackish/alkaline marshes/pools 2
W - Shrub-dominated wetlands; shrub swamps, shrub-dominated freshwa-
ter marshes....
Several types 2
J - Coastal brackish/saline lagoons 35
F - Estuarine waters; permanent water of estuaries and estuarine systems of 1
deltas.
Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils 3
R - Seasonal/intermittent saline/brackish/alkaline lakes and flats
W - Shrub-dominated wetlands; shrub swamps, shrub-dominated freshwa- 1
ter marshes, shrub carr, alder thicket on inorganic soils.
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Table 2 (continued)
Research No Main type  No Detailed type No
theme papers papers papers
Human-made 3 6 - Water storage areas
7 - Excavations; gravel/brick/clay pits; borrow pits, mining pools. 2
Several types 12 Several types 12

Marine & 12
coastal

Palacobotany 17

Inland 3

Several types 2

1
2
Sp - Permanent saline/brackish/alkaline marshes/pools 1
2
1

F - Estuarine waters; permanent water of estuaries and estuarine systems of 1
deltas
J - Coastal brackish/saline lagoons

P - Seasonal/intermittent freshwater lakes

Several types

F - Estuarine waters; permanent water of estuaries and estuarine systems of
deltas.

J - Coastal brackish/saline lagoons

Taxonomy 14 Marine & 3
coastal
Inland 8

Ts - Seasonal/intermittent freshwater marshes/pools on inorganic soils

2
Sp - Permanent saline/brackish/alkaline marshes/pools 2
3
3

W - Shrub-dominated wetlands; shrub swamps, shrub-dominated freshwa-
ter marshes

Human-made 1

Several types 2

6 - Water storage areas
Several types 2

techniques (Lai et al. 2010; Manzano et al. 2019). Some algae
— such as the oceanic phytoplankton, the seaweeds along al-
most every coastline in the world, or the algae of lakes and
rivers — seem abundant, giving the general impression of com-
monness for the entire group (Brodie et al. 2009). However,
many algae are restricted in their distribution and vulnerable
due to rising levels of adverse stressors, including climate
change, colonisation by alien species, eutrophication, and in-
creases in harmful phytoplankton species (Satta et al. 2017). A
recent paper on Sardinian charophytes (Becker 2019), defined
as ‘terra incognita’, demonstrated that nine of the 26 taxa
known in Sardinia are very rare and endangered. Few coun-
tries protect algae legally. Australia has threatened species
legislation. In the Habitats Directive (Council of the
European Communities 1992), two species of red algae,
Lithothamnion corallioides and Phymatolithon calcareum,
are listed in relation to their possible exploitation (Brodie
et al. 2009) and habitat 3140 ‘hard oligo-mesotrophic waters
with benthic vegetation of Chara spp.’ is mostly characterised
by charophytes. Further studies about the algae group and, in
particular, endangered and characteristic groups such as phy-
toplankton and charophytes, are therefore, also needed for a
more effective wetland management and conservation.
Despite the predominance of vascular plant studies, due to
their high representativeness within the Plantae Kingdom and
their functional and conservation relevance, there is a need for
more research on this group, especially with more integrative
and innovative approaches. For instance, works analysing the
co-occurrence of or even interactions between two or all three
analysed plant groups, were unfortunately rare in Sardinia,

@ Springer

even if the new decade has promisingly started with an at-
tempt in this sense (Marignani et al. 2020). Global examples
focus on old-growth forests (e.g. Dittrich et al. 2014) and
some wetland types, such as Sphagnum peatlands (Koenig
et al. 2015) or temporarily inundated soils of arable land in
Central Europe (Popiela 2005). An increase of interdisciplin-
ary and interspecific approaches might be pursued in the next
decades to enhance knowledge on community inventory and
possible interactions between groups. Even though the effec-
tiveness of cross-taxon congruence in addressing conservation
programmes and setting out priority areas for conservation has
been widely debated (Bagella 2014), understanding patterns
of interaction between taxonomic groups and their application
in conservation and restoration programmes is a key future
direction (Marazzi et al. 2019; Marignani et al. 2020). The
rapid environmental changes in the current Anthropocene
era need to be frequently recorded, starting with the largely
reported information regarding, for instance, the inventories of
vascular plants. Comparisons during a relatively short time
span have often uncovered significant vegetation changes
(e.g. Sciandrello et al. 2021), such as local extinction or colo-
nisation of exotic taxa, which are mainly caused by human-
related factors. Monitoring and evaluating these changes,
could be key issues to the conservation of vascular plants
and other living organisms associated with them.

Research Trends within Research Themes

Regarding the investigated research themes, efforts were con-
centrated mainly on inventories. If regularly updated, the
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exploration of species presence provides crucial information,
although this alone does not directly contribute to the under-
standing of an ecosystem’s functioning (Chelli et al. 2019).
The need to fill such important information gaps was, howev-
er, evident, and as such, there was an important increase in
research on ecology, most specifically on the environmental
factors which influence the presence, distribution, and abun-
dance of wetlands plants.

Compared to the above-mentioned research themes, the
number of conservation papers appears surprisingly lower
than expected. Though conservation is certainly a crucial re-
search theme in biodiversity studies, the special interest in this
issue is relatively recent around the world (Godet and
Devictor 2018). This trend also applies to Sardinian wetland
plants, whose conservation was not a topic of research until
the end of 1990s and became the second major theme in the
previous decade. However, we must acknowledge that our
search may have missed information reported in the ‘grey
literature’, such as technical project reports which often ad-
dress this research theme.

The number of papers based on palacobotany increased
significantly during the previous decade. Wetland soils are
particularly able to preserve remains in conditions of oxygen
exclusion and constant stratification. For instance, the recov-
ery of several Punic artefacts that have been brought to light
during underwater explorations has enabled the gathering of
archaeological and geomorphological data and the investiga-
tion of pollen, spores and archaeobotanical contents such as
seeds and fruits (Buosi et al. 2017; Ucchesu et al. 2017).
Palaeobotany also allows the identification of the ways in
which prehistoric humans interacted with marine and inland
water environments. Humans have often established their
socio-economic settlements around wetlands. Therefore, in-
vestigating the historical exploitation of marine and inland
waters resources is crucial. For example, the Sardinian wet-
lands were used as source of food and material for traditional
handicrafts and for mitigating natural hazards (Melis et al.
2012; Pascucci et al. 2018). However, considering the central
role of wetlands in many civilisations, e.g. the ancient
Babylonians and Egyptians ones, further investigations have
also potential applications areas, such as the cultural and en-
vironmental valorisation and sustainable use of wetlands.
Moreover, palacobotanical studies are the main tool for en-
hancing knowledge of former native vegetation under differ-
ent environmental conditions, and they also provide a wider
perspective in the debate about future climate changes.

Finally, the fact that the number of taxonomical studies is
increasing, indicates the wide diversity of organisms, plants in
particular, and the high possibility of finding new wetland
species in the next years; this could be particularly true for
bryophytes and algae groups. Updating of inventories due to
taxonomic discoveries may enhance conservation outputs
based on ecological and environmental analyses that correlate

the plant distribution patterns with the increasing available
data on different environmental measures. In this sense, a
new series of publications on collaborative national invento-
ries to improve plant conservation, is promisingly under way
(e.g. Rivieccio et al. 2020; Ravera et al. 2020).

Gaps and Challenges within Wetland Types

Our observations suggest that the studies were well distributed
around the entire island and many different wetland types
were covered. We detected a higher concentration of studies
in protected areas and a greater focus on marine and coastal
wetlands compared to inland or human-made ones. Coastal
and marine wetlands are of high local and landscape value
for related activities (aquaculture, tourism), a substantial num-
ber of beneficial ecosystem services (Engle 2011), and for
being efficient carbon sinks (Ramsar Convention Secretariat
2010). They include lagoons, estuaries, and saltmarshes,
which cover bigger surfaces and are also easy to reach.
Therefore, the high concentration of research in these areas
is not surprising. Although they are the most investigated type
and many are protected as Ramsar sites, parks and included in
the Natura 2000 network, they continue to be threatened in the
Mediterranean and in most of coastal regions around of the
world, mainly due to the great loss of areas through drainage
and other hydrological alterations, firstly for agricultural rea-
sons and, more recently, for housing, industry, and tourism
development (Leberger et al. 2020). The efficiency of
protected area designation in reducing land-taking practices
have been proven in Sardinia. However, conflicts between
conservation measures and traditional land uses need manag-
ing within planning processes (Lai et al. 2017), and the allo-
cation of species-specific funding is also necessary in some
cases to support plant conservation and related services
(Zacharias et al. 2007; Bagella et al. 2013; Ferrarini et al.
2020).

Regarding inland wetlands, the most investigated were the
“Ts- Seasonal/intermittent freshwater marshes/pools on inor-
ganic soils’, represented in Sardinia mainly by temporary
ponds. These are typical of seasonal climates such as the
semi-arid and Mediterranean-type regions of South and
North America, Australia, South Africa and Europe
(Zacharias et al. 2007, and references therein), although sim-
ilar ephemeral conditions occur in all regions, e.g. the tropical
and subtropical pools on rock outcrops and inselbergs (Deil
2005). Ephemeral wetland conditions are also present along
the shores of permanent lakes and rivers, and are predominant
where catchments areas are very large, such as the floodplains
of rivers in the Amazon Basin (Ricaurte et al. 2012). In the
Mediterranean Basin, temporary ponds are irreplaceable envi-
ronments which host groups differing from those of perma-
nent ponds, and, in some cases, highly specialised species of
great conservation importance. Their elevated biodiversity has
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been attributed to their high spatio-temporal variability (i.e.,
hydroperiod or duration of inundation; Van den Broeck et al.
2015) and to a typical small-scale zonation (Cogoni et al.
2016). However, the number of scientific publications on tem-
porary ponds is not proportional to their ecological importance
(Zacharias et al. 2007; Bagella et al. 2016; Boix et al. 2017),
although it has increased significantly in Sardinia, but only in
recent years. Globally, an unrefined search on Web of Science
for works mentioning in the title the various names for tem-
porary aquatic habitat as reported in Zacharias et al. (2007),
has revealed that more than 80% of the papers focused on
European (43%) and US (38%) ephemeral wetlands, which
suggests possible knowledge gaps for other territories, such as
Northern Africa and Southern America (see Fig. 1A, in
Supplementary Information 3). The main issue for studying
temporary ponds comes from their ephemeral nature and
small size, which makes their accurate quantification and the
recognition of their environmental values difficult. Although
temporary ponds have been recognised as a wetland type of
international importance by the Ramsar Convention (Ramsar
Convention Secretariat 2010), and included in the Natura
2000 network, their continued loss and impairment is still
occurring in most Mediterranean countries (Ruiz 2008;
Becker 2019), mainly due to anthropogenic pressures, such
as intensification of agriculture or land abandonment,
overgrazing, hydrologic perturbations, touristic/recreational
uses, fires and introduction of exotic species (Zacharias et al.
2007). In addition to the already mentioned threats, the in-
creasing aridity trend projected for the Mediterranean areas
in the climate change scenarios will surely trigger new waves
of wetland demise (Barredo et al. 2016), hence, conservation
efforts become even more critical. However, traditional land
use is a key factor for the conservation of temporary ponds. It
is widely documented that plant diversity in this wetland type
has been maintained over the centuries by extensive human
activities, and abandonment has negative effects on plant as-
semblage. For instance, moderate disturbances by cattle are
important for plants, because they help maintain diverse com-
munities (Marty 2015), to reduce transpiration by removing
biomass and lowering infiltration rate through trampling, and
to control the colonisation of shrubs and opportunistic and
allochthonous species (Pyke and Marty 2005; Ferchichi-Ben
Jamaa et al. 2014).

Our search shows that human-made wetlands were less
considered, and most papers focused on ‘6- Water storage
areas’. Studies on the abundances and dynamic effects of eu-
trophication were carried out, especially regarding the algae
group, due to the need to increase the knowledge of these
aspects in each reservoir, whose use could affect human and
animal health. Because in Sardinia more than 90% of the
drinking water originates from artificial lakes, which are gen-
erally eutrophic (Sechi and Cossu 1985, Lugli¢ et al. 2001),
knowledge in this respect must be continuously acquired and
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also consider European (e.g. WFD 2000/60/EC) and regional
(e.g. L.R. n. 19/2006) regulations. Several studies have dem-
onstrated that the main triggers for the development of algal
blooms are nutrients, specifically N and P (Mariani et al. 2015;
Padedda et al. 2017); however, consequences of such events
have been linked mostly to human health-related issues and
seldom to potential ones such as species disappearance or loss
of environmental quality. This is also an effect of a lack of
information about the other plant groups, namely vascular
plants and bryophytes, in anthropogenic wetlands. Examples
to be followed are those of China (Wang et al. 2019), Brazil
(Alves-da-Silva et al. 2014) and Italy (Croce 2015), where
plant diversity gradients and comparisons between artificial
and natural freshwater environments have been carried out.

Conclusions

This paper represents one of first attempts to describe the
extensive work that has been hitherto carried out to enhance
knowledge of plants in a widely representative set of
Mediterranean wetlands. Trends within three different plant
groups revealed strengths and gaps at different levels and for
different research themes. Efforts towards the integration and
implementation of the existing information increased during
the previous decade; nevertheless, updating the existing in-
ventories, together with applying new methods and ap-
proaches, is a future objective that is hard but not impossible
to attain. Inventories and taxonomic delimitations are still ba-
sic issues which need to be expanded through the inclusion of
uninvestigated sites, regardless of their protection level, and to
be constantly updated in order to monitor human-related
changes and effects. Conservation is a relatively recent but
increasing topic that may be enriched, for instance, through
the inclusion of algal and other neglected taxa in red lists and
policies. Implementing a protected areas network and its con-
nectivity through ecological corridors may be another crucial
future objective. There are examples where active conserva-
tion measures have contributed positively towards the slowing
down of wetlands’ depletion; for these, biodiversity data cov-
erage needs to be ensured, regularly updated, and extended
across sites regardless of their protection level. Studies on
ecology and multidisciplinary cooperation among experts
may provide important tools, such as finding interactions be-
tween taxonomic groups, which can support wise and more
effective conservation measures. All this information may be
incorporated into management plans which also take into ac-
count the local socio-economic context to reduce possible
conflicts and increase the conservation effectiveness.
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