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Abstract Invasive alien species represent one of
the main environmental threats to native biodiversity
and can also strongly alter the biogeochemical cycles
within an ecosystem. This study aims to define the
distribution of the invasive alien species Cotula cor-
onopifolia L. within the protected wetland “Variconi”
(Campania region, southern Italy) and evaluate the
potential role of water geochemical features as inter-
pretation tools for pattern distribution. The presence
of C. coronopifolia was assessed in the field, and a
distribution map was drawn; concomitantly thirty-
nine water samples were collected from groundwater
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and surface water bodies for chemical analyses. The
results showed that C. coronopifolia preferentially
colonized the sector of the wetland characterized by
high halinity, while it is totally absent in retrodunal
and sandy coastal area with very high halinity. The
cartography presented can be used as a tool to help
target future management interventions. Through
our multidisciplinary approach, new evidence has
been provided on the ecology of this invasive alien
plant that occupies several wetlands worldwide. The
replicability of this method may be useful to assess
the level of invasion of an alien species but also to
predict its evolution as a function of environmental
parameters.

Keywords Invasive plant - Halophytes - Natura
2000 - GIS - Brackish water - Seasonal ponds

Introduction

Invasive alien species currently constitute one of the
main environmental issues posing a serious threat to
global biodiversity (Vitousek et al., 1997; Pimentel
et al., 2001; Pysek et al., 2020). Geographical bar-
riers (i.e. oceans, rivers, mountains, deserts, etc.)
represent the fundamental element of separation for
species, shaping the biodiversity existing within dif-
ferent ecosystems through allopatric and ecologi-
cal speciation (Safran & Nosil, 2012). Colonization
of new geographical areas occurs when organisms
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disperse to and become established across variable
spatial and temporal scales. However, in recent cen-
turies, human action has deeply altered these natural
processes playing a crucial role in the dispersal pat-
terns of invasive alien plants (Lambdon et al., 2008).
The terms “alien”, ‘““allochthonous”, “non-native” or
“exotic” identify species introduced voluntarily or
accidentally, directly or indirectly by humans out-
side their native area (PySek, 1995; Blackburn et al.,
2011). Some alien species, living free of predators,
parasites, pathogens and competitors, can establish
themselves in a new ecosystem without causing major
ecological imbalances and environmental damage
(Mack et al., 2000). On the contrary, the introduction
of alien species might lead to the rapid colonization
or an invasion causing negative consequences on the
natural balance of these environments resulting in
various direct and indirect effects on native vegetation
and other ecosystem components. In the latter case,
alien species are considered also “invasive” and con-
sequently able to overcome geographical obstacles
and biotic and abiotic barriers, can survive in new
environments and spread quickly (Richardson et al.,
2000; Blackburn et al., 2011). The presence of inva-
sive plants has been linked to (i) an increased risk of
local extinction or a decrease in native species (Ran-
dall, 1996), (ii) alteration in hydro-geomorphological
processes (Rowntree, 1991), (iii) alteration in the fire
regime (Brooks et al., 2004; Stinca et al., 2020), (iv)
alteration in biogeochemical cycling and (v) changes
in the composition of the soil biota (Belnap & Phil-
lips, 2001; Ehrenfeld, 2003). These effects have
negative impacts both on ecosystem services and
in economic terms (Kettunen et al., 2009), which is
why biological invasions have piqued the interest of
scientists worldwide over the last 50 years (Black-
burn et al., 2011).Invasive alien species were consid-
ered in international treaties and agreements to be of
global and local importance, leading to the develop-
ment of guidelines, regulations and codes of conduct
for their prevention and management (Myers et al.,
2000; Heywood & Brunel, 2012; Heywood & Shar-
rock, 2013). The Convention on Biological Diver-
sity (CBD, 1992—Article 8 letter h) highlights that
each state must act as quickly as possible and, in an
appropriate manner, to “prevent the introduction of,
control or eradicate those alien species which threaten
ecosystems, habitats or species”. Unfortunately, in
most cases, the management of this problem is very
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complex (Novoa et al., 2018), largely due to the lack
of knowledge and/or the associated costs (Vila et al.,
2010).

The ecological impact of alien species on ecosys-
tems is closely related to various factors such as (i) the
invasiveness of individual alien species, (ii) the vulner-
ability of the environment to invasion, (iii) the environ-
mental conditions and (iv) the disturbance. Invasiveness
represents the predisposition of a species to become
invasive and depends on the factors influencing its dis-
persal capacity (Lodge, 1993). This feature depends on
some characteristic and intrinsic “traits” of the species
such as large seed number, small seed size, prolonged
seed viability and dispersion mediated by the wind or
animals (Alpert et al., 2000). In addition, according to
Daehler (2003) the phenotypic plasticity (high morpho-
logical, phenological or genetic variability) along with
invasiveness facilitate species adaptation in a new envi-
ronment and help them respond better to (i) changes in
environmental conditions (Thompson, 1991), (ii) avail-
ability of nutrients, water and light (Baruch et al., 1985;
Baruch & Fernandez, 1993) and (iii) disturbances
such as grazing (Caldwell et al., 1981). The invasibil-
ity is defined as the susceptibility or vulnerability of an
ecosystem or a region to colonization and subsequent
stabilization by alien species (Davis et al., 2005; Rich-
ardson & Pysek, 2006) and depends on both biotic and
abiotic factors (i.e. the interactions between native and
alien species and the characteristics of the environment)
(Magee et al., 2010). According to Tilman (1997), the
susceptibility of an environment to invasion is nega-
tively correlated with the specific diversity of the envi-
ronment itself. It is speculated that diverse communi-
ties could better utilize use resources and reduce their
availability to potential invaders. However, this topic
is controversial; in fact, according to Robinson et al.
(1995) the species richness is positively correlated with
the degree of invasion, and consequently, environments
with a high specific diversity are equally susceptible to
biological invasions. The Mediterranean basin, as well
as the Campania region in Italy, characterized by rainy
winters and hot summers (Mastrocicco et al., 2019a),
appears to be one of most susceptible biodiversity hot
spots to biological invasions (Li et al., 2016; Slingsby
et al., 2017; Cao Pinna et al., 2021). According to the
results of a forecasting model proposed by Sala et al.
(2000) analysing global biodiversity scenarios for the
year 2100, the presence of exotic species represents
one of the main drivers of change for the biological
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diversity in the Mediterranean biome. In this context,
wetlands and freshwater coastal ecosystems are seri-
ously exposed to the invasion of alien species (Brundu,
2015). The seasonal ponds determined by alternating
dry—wet periods represent very dynamic environments
with a high level of biodiversity (Fernandez-Zamu-
dio et al., 2016) and also host habitats of conserva-
tion interest in accordance with the European Direc-
tive EEC/92/43 (Habitat Directive) which are listed in
Annex I of the same directive. Here, alien species may
strongly alter the biological diversity but also influence
local hydrological and biogeochemical cycles (Strayer,
2010). Furthermore, coastal freshwater often undergoes
seawater intrusion, which are mainly influenced by
groundwater overexploitation, land-use change and the
effects of climate change (Mastrocicco et al., 2019b).
For this reason, the study of coastal lagoon chemistry
represents a skylight for assessing the evolution of the
invasion process, as the transition to higher salinities
may favour (or not) the establishment and spread of
halophilic exotic species.

In the present work, we aimed to investigate the
distribution of the invasive alien species Cotula cor-
onopifolia L. (Asteraceae) in relation to the geo-
chemical characteristics of the water bodies within
the protected wetland “Variconi” (Campania, south-
ern Italy). By means of a multidisciplinary approach,
we aim (i) to map the distribution area of the alien
species, (ii) to characterize the water geochemistry
and (iii) spatially relate the presence of C. coronopi-
folia to geochemical conditions. These findings will
be useful in identifying hot spots where the invasive
plant is most prevalent and will help target future
management interventions. Finally, considering the
high importance of wetlands from both a naturalistic
and biogeochemical perspective, which is reflected
in a high provision of ecosystem services (Clarkson
et al., 2013; Davidson et al., 2019; Xu et al., 2020), it
is worth emphasizing the relevance of this approach
for the management of alien species in other areas
with similar conditions worldwide.

Materials and methods

Study area

The study area of “Variconi” is located on the east
side of the Volturno river mouth in the Campania

region (southern Italy) and covers an area of roughly
60 hectares (33 T 410500 E 4541660 N; red bound-
ary in Fig. 1). The area represents the last strip of a
once vast wetland, which extended up to the Campi
Flegrei nested caldera, but is now characterized
by the presence of seasonal ponds and a permanent
lagoon. In recent decades, the legislative protection
of this area involved the establishment of various
national and international regulations. It falls within
the Regional Nature Reserve “Foce Volturno-Costa di
Licola”, and the site was included in the Natura 2000
Network (SAC IT80010028 and SPA IT8010018) and
in the Ramsar Wetland Convention (3IT050) due to
the presence of various key habitats for several spe-
cies of water birds (Usai et al., 2014). According
to the Natura 2000 site standard data form and the
Italian Habitats Interpretation Manual of Directive
EEC/92/43 (http://vnr.unipg.it/habitat/cerca.do; last
accessed October 2022), there are five habitats, one
of which is of priority interest (identified by *), listed
in the Natura 2000 Site: 1130—Estuaries, 1150%—
Coastal Lagoons, 1310—Salicornia and other annu-
als colonizing mud and sand, 1410—Mediterranean
salt meadows (Juncetalia maritimi).

In regard to Habitat 1310, C. coronopifolia L. was
reported in the Habitat description (http://vnr.unipg.
it/habitat/cerca.do?formato=stampa&idSegnalaz
ione=16; last accessed October 2022) as a non-native
species and was identified as a possible threat to its
integrity. The flora of the area, characterized by a
large number of halophytes, has been defined in La
Valva & Astolfi (1988).

The cumulative monthly precipitation (mm) and
the average monthly temperature (°C) values relat-
ing to 2010-2020 period were calculated using data
from Lago Patria METEO-1 meteorological station
located approximately 10 km south of the study area
(Table S1, Centro Funzionale Multirischi di Protezi-
one Civile Regione Campania; last accessed Octo-
ber 2022) and used to plot the thermopluviomet-
ric diagram (Fig. 2a). The same data were used to
assess (Fig. 2b) the monthly drought stress (M.D.S.)
and the monthly cold stress (M.C.S.) according to
Mitrakos (1980) to highlight the critical periods for
plant growth. The climate of this area is “Mediter-
ranean” type. According to di Gennaro (2002), the
soil of the area is classified as Areni-Calcaric Gleysol
and is included into the great land system of “dunes
and beaches”. Lastly, the study area was previously
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Fig.1 Study area location map (1:15,000) with the boundaries in red and green indicating the Nature Reserve and Site of Commu-

nity Interest, respectively

studied from a geological, geomorphological and
hydro-geological perspective (Cocco et al., 1984;
Amorosi et al., 2012), especially regarding the evo-
lutionary dynamics of the coastline and salinization
processes (Ruberti et al., 2018; Busico et al., 2021;
Mastrocicco et al., 2021). Because of anthropogenic
use since historical times (construction of dams and
weirs, water pumping for agricultural and industrial
purposes, removal of sand and gravel from the river-
bed, fish farming and grazing of buffalo herds) cou-
pled with climate change, this area is under intense
stress that without doubt affects its environmental
evolution.

Target species: Cotula coronopifolia L.

The genus Cotula (Asteraceae) includes about 55
species (Germishuizen & Meyer, 2003) including
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Cotula coronopifolia L. (Fig. S1) which is native to
South Africa, but it is currently widespread along
the Atlantic, Pacific and Mediterranean coasts (Fritz
et al., 2009; Tyler et al., 2015; Weber, 2017; Med-
dour et al., 2020). In the northern hemisphere, it
behaves like an annual plant, dying due to frosts (for
example, in Europe), or like a perennial plant in sub-
tropical conditions (Brunel et al., 2010). Detailed
morphological descriptions are presented by Tutin
et al. (1976) and Pignatti (1982), and reproductive
strategies of the species are extensively discussed in
several prior works (Edgar, 1958; Lloyd, 1972; Van
der Toorn, 1980; Noe & Zedler, 2000; Powell et al.,
2014). It was also shown that the dispersal units of
C. coronopifolia are mainly carried by bird species
belonging to the family Anatidae (Raulings et al.,
2011; Casazza et al., 2012) and through hydrochory
(Van der Toorn & Ten Hove, 1982).
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Invasive alien plants usually prefer environments
characterized by high average temperatures and have
undergone a strong anthropogenic impact (Sobrino
et al., 2002). It is worth noting that C. coronopifolia
is undoubtedly part of these environments, namely
associated with wetlands, river mouths and coastal
areas. According to Berg and Barth (2008) out of 58

neophyte species studied on the north-eastern coast
of Germany, only 5 of these showed a preference
for coastal environments including C. coronopifo-
lia. The geographical distribution of C. coronopifo-
lia on a continental level is reported in the European
and Mediterranean Plant Protection Organization
(EPPO) report (https://gd.eppo.int/reporting/artic
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le-82; last accessed October 2022). Regarding Italy,
C. coronopifolia is reported in Galasso et al. (2018)
as “invasive alien”. At administrative regional level,
the species has the same classification in Sardinia
region (Ortu & De Martis, 1989) while it is reported
as “naturalized” in Liguria and Lazio regions (Anza-
lone et al., 1997). In the Campania region, the spe-
cies was observed for the first time at our study site in
the 2017 (Stinca et al., 2017). The recent recording of
this species at another site about 10 km south of Vari-
coni (Strumia pers. comm.) indicates its invasiveness
locally and its spread southward.

Data collection

The georeferencing of C. coronopifolia stations was
carried out between the spring season of 2017 and
the winter season of 2017/18 by using a GPS device
(Garmin-Dakota 20) with an accuracy of +1 m. The
survey was carried out by exploring the whole terres-
trial reserve area. Both the C. coronopifolia sites of
occurrence and travelled tracks were marked. A priori
it was decided for areas with a high density of pres-
ence of the plant to mark sites of occurrence with a
step of 20 m.

In the same area, thirty-nine water samples were
collected from shallow groundwater and surface water
bodies (coastal ponds from points #1 to #36, seawa-
ter #37, irrigation canal #38 and Volturno river #39;
in Table S2) during four seasonal field campaigns
over the entire hydrological year 2017/2018. Electri-
cal conductivity (EC), oxidation reduction potential
(ORP) and pH were measured in situ using a cali-
brated multi-parametric probe HANNA (HI98194).
Alkalinity was also measured in situ by volumetric
titration using a 0.1 N HCI solution with phenol-
phthalein and methyl orange indicators. Surface water
samples were collected using a Teflon® closed-top
bailer with a bottom check-valve while groundwater
samples were collected using an inertial pump after
purging two times the volume in the shallow auger
holes. All samples were filtered in situ using a 0.45-
pum nitrocellulose Millipore filters and stored in 50-ml
HDPE bottles prior to ion chromatography (IC) anal-
yses. Chemical analyses were carried out at Polytech-
nic University of Marche, Italy. Anions and cations
analyses (C1~, NO;~, SO,2~, Br~, Na*, K*, Mg’*,
Ca**) were performed using a Dionex ICS-1000
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system equipped with a AS14A column, pre-column
and ASRS-Ultra-4mm suppressor for anions and a
CG12A column, pre-column and CDRS600-4mm
suppressor for cations. Analyses show a charge bal-
ance error within +5%.

Data analysis

In this study, to classify the water types in the study
area a modified version of the US Salinity Laboratory
Diagram for irrigation waters (Richards, 1968) was
employed to consider the salinity tolerance of halo-
philic species, such as C. coronopifolia. The diagram
is built considering the electrical conductivity (EC)
and the sodium adsorption ratio (SAR) as defined by
Oster & Sposito (1980):

Na*

SAR =

%(Ca2+ +Mg?) M

where ion concentrations are expressed in meq/1.

For sodicity, four classes were identified (accord-
ing to the standard Diagram) while for halinity five
classes were defined (unlike the standard Diagram)
where the class limits (2000, 4000, 8000 and 16,000
uS/cm) were selected according to (Smith & Doran,
1996) and experiments on the specific behaviour of
C. coronopifolia L. (e.g. for germination and growth;
Partridge & Wilson, 1987; Smaoui et al., 2011), since
those class limits well individuate the germination
capacity within salt marshes. Furthermore, to iden-
tify the origin of salinity, CI~ and Br™ ions (and their
molar ratio) were used as tracers (Alcald & Custo-
dio, 2008; Zamora et al., 2019), since their contents
in water are neither influenced by redox processes,
nor controlled by minerals with low solubility (Davis
et al., 1998). Indeed, as demonstrated in several prior
works carried out in the Mediterranean basin, the use
of different ion characteristic ratios proves to be a
powerful tool for the study of mixing between conti-
nental groundwater and marine waters in coastal mix-
ing areas (El-Fadel et al. 2014; Cuoco et al., 2015a;
Rufino et al., 2019).

The C. coronopifolia sites of occurrence and
travelled tracks marked in the field were imported
into GIS environment to produce the first dis-
tribution map in the territory of the “Variconi”
Reserve. Despite the number of water samples
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being representative of the whole study area, their
distribution was not homogeneous for geostatisti-
cal modelling; therefore, the polygons represent-
ing the different water types were drawn following
the distribution of the water sampling points over
the territory. Thus, to study the spatial relationship
between the distribution of C. coronopifolia and the
halinity/sodicity of the waters in the reserve, the
overlay and count points in polygon analysis using
the C. coronopifolia stations and the different water
types (classified as described above) were carried
out. All GIS analyses and visualization maps were
performed with QGIS Desktop 3.12.1 open-source
software.

Descriptive statistics were used to calculate both
position (average and median) and variability (e.g.
standard deviation) of gathered data (water samples).
Inferential statistic (Chi-square test) was used to
test the differences in frequency of plant occurrence

409500

410000

Legend

@ C.coronopifolia stations
B Water samples
— Tracks

409500 410000

among the different water types resulting from the
classification of water samples.

Results

In total, 20.4 km of tracks were recorded during sam-
pling activities with 155 records of C. coronopifolia
stations recorded with an average value of 11 site of
occurrence per km; in Fig. 3, the tracks as well the
sites of occurrence of the target plant are reported
together with the water sampling points. With regard
to water samples, the entire dataset is available in
Table S2, while a statistical summary of analysed
chemical variables and field parameters is reported in
Table S3.

As shown in the anions and cations ternary dia-
grams (Fig. 4a, b), waters were classified as Na—Cl
type with (i) CI~ dominance (from 45% up to 99%)

410500 411000

410500 411000

Fig. 3 Yellow squares indicate the detected stations of C. coronopifolia, black lines indicate the travelled tracks in the reserve and

blue squares indicate the location of the water samples
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and (ii) variable amount of Na*+K* (ranging from
53% up to 95%). The Na+K/Ca ratio ranges from 2.9
up to 45.1 with an average value of 19.8 (+11.1).
The CI/HCOj; ratio ranges from 0.8 up to 206.1 with
an average value of 57.3 (£49.4). The Cl/Br ratio
ranges from 341 up to 1,100 with an average value
of 888 (+150). The ternary plot of major anions
(HCO;™—S0,>™—CI") (Fig. 4a) highlights a marked
enrichment in Cl1~ and the tendency of the samples
to shift from the HCO;™ corner towards the seawa-
ter end-member. In the same way, the ternary plot
of major cations (Mg**—Ca**-Na*+K™) (Fig. 4b)
highlights the trend of enrichment in alkali ions
(Na*+K™*) moving from the fresh groundwater end-
member towards the seawater end-member.

Figure 4c shows that most of the samples plot
close to the seawater mixing line and undergo a pro-
gressive shift towards the trend line of halite disso-
Iution. In the same way, as shown in Fig. 4d, many
samples plot above the seawater ratio (~640), with
values ranging from 800 up to 1,100. The calculated
SAR values range from 2.6 up to 58.7 with an aver-
age value of 29.5 (+13.9). As shown in Fig. 5, in the
“Variconi” wetland 44% of water samples exceeded
the thresholds plotting in the class H5S4; this type of
water is considered unsuitable for growth and germi-
nation of most species.

Few samples (13%) fall in the low-sodicity and
low-halinity classes: the freshwater end-member
which is the sole sample point in H1S1 and four more
samples plotting in the H2S2 class. For convenience
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Fig. 4 Ternary plots of a major anions and b major cations, green star refers to the average value of 97 groundwater samples accord-
ing to Rufino et al. (2019); ¢ Br —CI™ scatter plot and d C17/Br —CI™ scatter plot (from Alcal4 & Custodio, 2008)
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these two classes have been grouped in the joint spa-
tial analysis of water types and C. coronopifolia dis-
tribution. The 15% of water samples span across the
H3S3-H3S54 classes indicating water with moderate
halinity and medium-to-high sodicity. The remain-
ing 28% fall almost entirely in the H4S4 class, show-
ing high halinity and very high sodicity. In general,
it is worth noting that the calculated SAR values for
the “Variconi” wetland are considerably high (82%)
of samples falls in the highest class (S4) suggesting
high concentrations of alkali ions, as already testi-
fied by the ternary plot of major cations (Fig. 4b).
On the other hand, water samples show an important
variability of salinity values, mainly due to the mix-
ing among the seawater and the freshwater end-mem-
bers, as testified by their spatial distribution (Fig. 6).
Moreover, chemical data from water samples show a
limited seasonal variability, which in most cases does
not affect the classification identified on the basis of
the SAR versus EC diagram (Fig. 5). The Chi-square

410500 411000

410500 411000

Fig. 6 Cotula coronopifolia stations within the areas classified according to the US Salinity Laboratory diagram
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analysis showed a significant difference (y*>=271.35,
df=3, P<0.001; n=155) in the occurrence of C. cor-
onopifolia among the four water classes.

The majority of C. coronopifolia stations (82%)
fall in the area H4-S3S4 (13.8 ha, orange polygons)
where 8.3 km were travelled; this area is character-
ized by high halinity and moderate-high sodicity.
For both areas H3-S3S4 (4.3 ha, green polygon) and
HIH2-S1S2 (6.1 ha, blue polygon), where 3.4 km
and 3.7 km were travelled respectively, only the 9%
of the records were marked. Finally, no records were
marked in the area H5-S4 (28.8 ha, red polygon)
which is characterized by very high halinity and high
sodicity and where 5 km were travelled (Fig. 6). A
summary table of reports of the alien plant according
to the different classified water types is available in
Table 1.

Discussion

The results of this study highlight that in Mediter-
ranean wetlands, such as the “Variconi” Reserve, C.
coronopifolia occupies saline environments at the
edge of salt marshes. The species is usually encoun-
tered in sub-halophilic openings of Juncaceae for-
mations and in small pools which are temporarily
flooded by brackish water during the winter and are
dry during the summer (Costa et al., 2009). This is
possible due to the high phenotypic plasticity of
the species which results in a rapid morphological
response to changes in water level with the develop-
ment of aquatic adventitious roots (Casanova, 2011;
Rich et al., 2012). Moreover, C. coronopifolia colo-
nizes grazed or anthropogenically stressed sites in
marshes (Fritz et al., 2009), and according to Van der
Toorn (1980), it is also found in cattle traces and/or
near manure heaps.

Table 1 Area (ha), length (km) of tracks covered and occur-
rence sites of C. coronopifolia for the four water class types

Water types Area Tracks C. coronopifolia
Classification (ha) length (km) stations
H1H2 S1S2 6.1 3.7 14
H3_S354 43 3.4 14
H4_S354 13.8 83 127
H5_S4 28.8 5.0 0
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The water geochemical features are consistent
with prior works carried out throughout the Campa-
nia Plain (Cuoco et al., 2015b; Rufino et al., 2019,
2021b), showing the natural evolutionary trend of
mineralization moving from high-relief areas bor-
dering the plain towards the lower-lying coastal
region. In fact, the groundwater of the plain main-
tains a HCO3_—Ca2Jr signature typical of karst sys-
tems (Rufino et al., 2021a, c¢) and is enriched in alkali
elements along the flow path due (i) to the water-
reworked volcanic rock interaction in the middle
of the plain and (ii) to the interaction with seawater
and/or shallow marine sediments, approaching the
coastal areas (Rufino et al., 2019; Mastrocicco et al.,
2021). Within the “Variconi” wetland, waters show a
chemical signature sharply differing from the waters
of the nearby alluvial regional aquifer. Here, the wide
range of observed Cl/Br ratios can be also explained
by the dissolution and leaching of halite (Herrera
& Custodio, 2003; Lorenzen et al., 2012), which in
coastal wetlands produces increased CI~ concentra-
tions (Kloppmann et al., 2001). Moreover, according
to Mastrocicco et al. (2019b) there is a strong link
between surface water bodies and the coastal aqui-
fer: the retrodunal areas are fed by freshwater com-
ing from the regional aquifer and the Volturno river,
recharging the aquifer during the year with brack-
ish waters and the sea can intrude inland, especially
in dry periods, salinizing groundwater in the coastal
strip.

The excessive salinization of these environments
can be a stress factor for the vegetation; generally,
SAR greater than 10 represents a high sodium hazard
(Hem, 1985) while an EC greater than 16,000 uS/cm
could represent a high halinity hazard even for salt-
tolerant species. However, according to Goodman
et al. (2010), C. coronopifolia survives at least for a
short period at high salinity pulses, but a very high-
halinity regime affects the presence of C. coronopi-
folia within the “Variconi” Reserve. The species is
not able to grow in areas characterized by very high
halinity (> 16,000 uS/cm), consistent with field obser-
vations proposed by Munro (1998) in the Glenelg
Salinity Region (south Australia). Here, we highlight
that very high-halinity regimes (as detected in coastal
beaches and the two perennial ponds) together with
frequent and prolonged flooding events (typical of
these areas) compromise the spread of C. coronopi-
folia; despite being a partial or total flood-tolerant
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species under shallow waters, it cannot survive in
perennial submerging conditions as in permanent
ponds (Nicol et al., 2003; Smaoui et al., 2011; Rich
et al., 2012; this work). Thus, our results indicate that
halinity represents the limiting factor for the distribu-
tion of this alien species in this wetland. However, to
define its germination niche (Grubb, 1977; Pascual
et al., 2017) across different salinity conditions along-
side recovery of germination triggered by freshwater
inundation/precipitation (Strumia et al., 2020), future
works based on laboratory approaches will be per-
formed to ascertain the best germination conditions
of C. coronopifolia. On the contrary, its distribution
is not conditioned by sodicity since it is detected
in low- as well as moderate-high-sodicity areas.
The distribution of C. coronopifolia seems to agree
with the sea—inland gradients described by Rodwell
(1999), where it is assumed that the adverse effects of
salt water (e.g. waves, salt spray, etc.) decrease with
increasing distance from the sea. This effect is clear
in the sandy portion of this coastal area, characterized
by the total absence of the invasive alien plant, where
also the mechanical instability of the sand determines
a precise zoning of plant communities (Acosta et al.
2007).

The cartographic results presented constitute, in
the perspective of the management of the invasive
alien species, the first tool for planning any action to
mitigate its expansion. Especially in protected areas,
mapping the invasive alien species distribution is
necessary to provide guidance for eradication appli-
cations and conservation plans, mainly contributing
to ecological recovery, biodiversity preservation and
provision of ecosystem services (Dai et al., 2020).
Despite the huge difficulties to control the invasive
alien species in nature reserves (in terms of time,
work and costs), the use of geospatial tools helps to
identify management priorities to optimize efforts
(van Wilgen et al., 2012; Bravo et al., 2021). Fur-
thermore, the knowledge concerning the behaviour
and the ecology of invasive plants is fundamental to
predict any changes to distribution patterns within a
certain habitat/territory. Based on a forecasting model
proposed by Mastrocicco et al. (2019b) analysing
the salinization scenarios of the “Variconi” Reserve
up to 2050, a strong increase in salinity is possible,
leading to the disruption of the existing frail transi-
tional ecosystem. Considering the survival limits of
C. coronopifolia highlighted in the present work at

extreme salinity regimes, the following scenarios are
proposed: (i) a substantial natural reduction of the
species resulting in possible lower eradication efforts,
(ii) the migration from the reserve territory towards
areas characterized by suitable salinity levels and (iii)
the extinction of the invasive alien plant within the
boundaries of the nature reserve.

Conclusions

This work contributes to a better assessment of the
processes governing the spatial distribution of C.
coronopifolia within the “Variconi” wetland in the
Mediterranean basin. For the first time, the areal dis-
tribution of this invasive alien species and the water
geochemical features are shown and compared within
this area. We were able to deduce under which halin-
ity and sodicity conditions the alien plant could sur-
vive. Our findings suggest link to the ecology of the
species, specifically its ability to withstand relatively
high levels of halinity and sodicity. We recommend
further empirical experiments (i.e. tests for the evalu-
ation of germinability across different salinity levels)
to validate and support the evidence obtained from
this field study. The main results highlighted in this
work can be summarized as follow:

o C. coronopifolia does not occur under very high
halinity levels and grows indiscriminately at dif-
ferent levels of sodicity.

e Cartographic results constitute, in the perspective
of the management of the alien species, the main
and necessary tool for planning any action to con-
trast its expansion.

The multidisciplinary approach and the GIS appli-
cation used in the present work represent undoubtedly
a powerful methodology, potentially replicable world-
wide in analogous areas to (i) understand the behav-
iour and the ecology of alien species and (ii) help
management interventions by competent authorities.
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