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Invasive alien species represent an increasing threat to biodiversity conservation
at both the species and ecosystem levels. Damages caused by invasive alien
plants are more impactful when acting in areas of particular concentration of
endemic species, such as biodiversity hotspots. In the Mediterranean Basin, one
of the global biodiversity hotspots, the effects of alien plant invasions are well
studied, especially in coastal environments. However, a lack of investigation on
the effect of the coastal salt gradient on the interactions between native and alien
plants seems to exist. Here, we explored the impact of the eradication of the
invasive clonal plants referred to as Carpobrotus sp. pl. on vascular plant richness
and diversity along a salinity coastal gradient in a dune system located in northern
Sardinia (Italy). In the study area, we established three belts from the sea, each 50
m deep: at each belt, we eradicated Carpobrotus sp. pl. in 10 1 X 1 m plots;
another 10 plots were controls with high coverage of Carpobrotus sp. pl., and
another 10 plots were controls without Carpobrotus sp. pl. Since it was already
demonstrated that soil salinity in dunes is negligible, we also measured sea
aerosol salinity at each belt. We found that aerosol salinity was 0.0322 mg/cm?/
day, corresponding to 1,174 kg/ha/year. In this paper, we show that belt was
always a highly significant factor in all analyses we carried out, meaning that there
were significant differences among the three belts for all the response variables
investigated (bare soil and vegetation cover, number of species m~2, and
Shannon index). This was especially true in those plots where Carpobrotus sp. pl.
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were eradicated. Our results show that the distance from the sea should always
be considered when planning eradication actions, because the salinity gradient
strongly influences the vegetation's initial successional dynamics after the
elimination of the alien plants.

KEYWORDS

Carpobrotus acinaciformis (L.) L.Bolus, Carpobrotus edulis (L.) N.E.Br., psammophilous
vegetation and flora, biological invasion, invasive species management, short-term
recovery, invasive species eradication, aerosol salinity

1 Introduction

Invasive species are one of the five main drivers causing recent
global anthropogenic biodiversity loss (Cowie et al., 2022;
Jaureguiberry et al., 2022) and are the second most common
threat associated with species that have gone completely extinct
since AD 1500 (Bellard et al., 2016).

The alarming introduction, establishment, and spread process
of invasive alien plants (IAPs) created (and is still producing)
negative impacts on the ecosystems by threatening native
communities’ richness and diversity, distribution, persistence, and
ecosystem stability, both locally and globally (e.g., Blumenthal,
2005; Acosta et al., 2007; Pysek et al., 2010; Ricciardi et al., 2013;
Novoa et al., 2014; Bellard et al., 2016; Campoy et al., 2016; Lazzaro
et al,, 2019, 2020a, b; Giulio et al,, 2020). In addition, they could
cause serious economic, social, health, and political problems
(Shine, 2007; Pimentel, 2011; Simberloff et al., 2013; Haubrock
et al.,, 2021; Zenni et al., 2021).

These threats are mainly due to the biological and/or ecological
characteristics of IAPs (fast-growing, clonal traits, high seed
production, phytochemical release, life-history traits, ability to
colonize open spaces quickly) and also to the invasibility of the
invaded habitats (Blumenthal, 2005; Callaway et al., 2008; Roiloa
et al,, 2015; Campoy et al., 2016; Roiloa, 2019; Campoy et al., 2022;
Assaeed et al., 2020; Portela et al., 2021; Rodriguez et al., 2021;
Portela et al., 2022a, b).

Non-native plant invasion is imputable to globalization and
human pressures that act both directly and indirectly (Thuiller et al,,
2006; Rodriguez-Labajos et al., 2009; Pysek et al., 2010; van Kleunen
et al., 2015; Giulio et al., 2020; Portela et al., 2022a, b), causing native
biodiversity and habitat loss mostly in coastal areas and island
ecosystems (van der Maarel and van der Maarel-Versluys, 1996;
Zedda et al., 2010; Bacchetta et al., 2012; Acosta et al., 2007; Fried
et al., 2014; Lazzaro et al., 2020a, b; Giulio et al., 2020, 2021; Cerrato
et al, 2023). The impact of IAPs is particularly strong on
Mediterranean islands (Thompson, 2020), and the amount of alien
taxa on total flora in large Mediterranean islands varies from 6.7% for
Crete to 17.4% for Sardinia (Medail, 2017). The effects caused by IAPs
are more impactful when acting in areas of particular concentration of
endemic species, such as biodiversity hotspots and threatened habitats.
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In the last decades, several programs were developed to monitor
the establishment and spread of the alien plant propagules (Acosta
et al., 2007; Bacchetta et al., 2012; Fois et al., 2020; Lazzaro et al.,
2020a, b; Portela et al, 2021, 2022, b) and to promote ad hoc
international and national legislation, studies, actions, policies, and
strategies (Acosta et al., 2008; Farris et al., 2013; Maccioni et al.,
2019, 2020; Giulio et al., 2020; Lazzaro et al., 2020a, b; Pagad et al.,
2022), for example through EU LIFE programs (e.g., Braschi et al.,
2015; Acunto et al., 2017; Celesti-Grapow et al., 2017; Buisson et al.,
2020; Cossu et al., 2022).

One of the most threatening IAP groups in Mediterranean
coastal environments is the genus Carpobrotus N.E.Br. (Aizoaceae),
mat-forming trailing succulent perennial herbs native to South
Africa, highly threatening Mediterranean coastal areas, including
cliffs and sand dune systems, due to their tolerance to stress factors
such as salinity, drought, and excess light (Campoy et al., 2018).
Indeed, among the plant traits favoring invasions in harsh
environments, stress tolerance to salinity is invoked as one of the
key factors, not only for Carpobrotus species (El Kenany
et al., 2025).

Carpobrotus taxa are capable of downregulating the activity of
fast vacuolar channels when exposed to a saline environment (Zeng
et al,, 2018). This ability greatly enhances germination and growth
responses of Carpobrotus species to salinity (Weber and D’Antonio,
1999), because salt stimulates shoot elongation at low or moderate
salt concentrations (Varone et al., 2017). Furthermore, tolerance to
salinity by these species is also exhibited in short- and long-distance
dispersal of seeds and propagules transported by seawater (Souza-
Alonso et al., 2020).

Control and eradication measures for Carpobrotus species in
Mediterranean coastal environments include physical removal with
long-term monitoring and restoration of soil conditions and
elimination of the seed bank (Campoy et al., 2018; Souza-Alonso
et al,, 2018; Munne-Bosch, 2024). This point seems to be crucial
because Carpobrotus species cause significant changes to pH,
enzymatic activities, nutrients, salinity, and moisture content,
altering the germination process of native and invasive plants
(Novoa and Gonzalez, 2014; Novoa et al., 2014), increasing fungal
and microbial biomass, and altering soil microbial structure
(Badalamenti et al,, 2016). Experimental studies demonstrated
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that living Carpobrotus removal is a better eradication method than
removal of living Carpobrotus and litter, because leaving its litter in
place reduces soil erosion and leads to higher native plant species
recolonization (Chenot et al., 2018).

Considering the pivotal role that biotic and abiotic gradients
play on the spatial arrangement of plant communities on
Mediterranean coastal dunes (Ruocco et al., 2014; Cusseddu et al.,
2016; Angiolini et al., 2018; Maccioni et al., 2021) and the poor
attention that these gradients received in Carpobrotus removal
programs, this research explored the effects of the eradication of
the invasive clonal plants referred to as Carpobrotus sp. pl. on
vascular plant richness and diversity along a salinity coastal gradient
in a dune system located in northern Sardinia (Italy). Specifically,
we aimed at 1) characterizing the coastal gradient by measuring the
sea aerosol salinity deposition (since it was already shown that soil
salinity in coastal dunes is negligible, see Maccioni et al., 2021) and
2) measuring vascular plant species richness and diversity in three
different treatments (invaded by Carpobrotus sp. pl., invaded but
eradicated, not invaded plots) along a coastal gradient.

2 Materials and methods
2.1 Carpobrotus sp. pl.

The taxonomic identity of clonal invader IAPs in Europe
belonging to the genus Carpobrotus was debated (Bagella et al.,
2025). European floras generally recognize two species: Carpobrotus
acinaciformis (L.) L.Bolus and Carpobrotus edulis (L.) N.E.Br., but
their tendency to hybridize often complicates identification and
taxonomic assignment (Suehs et al., 2001, 2004; Novoa et al., 2013;
Bagella et al., 2025). This is why here we refer to this complex of
species and hybrids as Carpobrotus sp. pl. Both species and their
hybrids occupy similar coastal dune habitats and display
comparable adaptation and impacts (Verlaque et al., 2011;
Campoy et al., 2016, 2018; Vieites-Blanco et al., 2020; Lazzaro
et al., 2020a, b; Bagella et al.,, 2025). These plants are sometimes
harvested from the wild for their medicinal uses and edible fruit,
while they are also cultivated both as ornamental plants and for
their ability to stabilize sandy soils.

In Europe, the clonal invaders referred to as Carpobrotus sp. pl.
were introduced in 1680 for ornamental purposes and sand dune
stabilization. These neophyte species were first reported in Sardinia
(Ttaly) in 1899 (Camarda et al.,, 2016; Campoy et al., 2016, 2018).
Their invasiveness is due to biological and ecological characteristics,
such as large seed production, fast clonal growth, high plasticity of
clonal growth organs, survival to dryness and high salt conditions,
rooting capacity of crawling stems, and high tolerance to trampling
(Camarda et al., 2016; Roiloa, 2019; Campoy et al., 2016, 2018, 2022).

2.2 Study area

Sardinia, the second largest island in the Mediterranean Basin,
is a meso hotspot of plant biodiversity (Cafadas et al., 2014) in the
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context of the Tyrrhenian Islands macro hotspot (Medail and
Quezel, 1999; Myers et al., 2000): with 1.897 km of coastline, the
8% of its surface is considered of high value for plant
diversity conservation as well (Bacchetta et al., 2012; Marignani
et al,, 2014; Farris et al,, 2018; Fois et al., 2020), hosting ca. 15% of
endemic plants on a flora of 2,300-2,500 taxa (Medail, 2017; Fois
et al., 2022).

The study site was located in a sandy coastal area in Northern
Sardinia, named Li Junchi in the municipality of Badesi (40°56
27.87"N; 8°49'6.94"E; Figure 1), and falls within the Natura 2000
site (code ITB010004): it is characterized by a typical Mediterranean
macrobioclimate, with prolonged summer drought and mild
winter, Mediterranean Pluviseasonal Oceanic bioclimate, and
Upper Thermo-Mediterranean, Upper Dry, Weak Semi-Hyper
Oceanic Isobioclimate (Canu et al., 2015; Bazzato et al., 2021).
Soil salinity in the study area is very low and has been measured
over the course of 1 year, ranging between 0.01 and 0.06 g/L
(Maccioni et al., 2021).

Li Junchi, composed of granitic sand and with an average
elevation of 5 m a.s.l, hosts the vegetation of the psammophile,
thermo-Mediterranean Sardinian geosigmetum of the coastal dune
systems, referred to as the vegetation classes Cakiletea,
Ammophiletea, Helichryso-Crucianelletea, Tuberarietea guttatae,
and Quercetea ilicis (Bacchetta et al., 2009; Farris et al., 2017).
The coastal psammophilous vegetation is highly specialized because
it is strongly influenced by abiotic gradients (e.g., marine aerosol, as
its effect decreases from the sea to the back-dune habitat) (Cusseddu
et al., 2016; Giulio et al., 2020; Maccioni et al., 2021). Previous
studies demonstrated experimentally that these dune plant
communities are organized hierarchically, structured by sand-
binding foundation species on the fore dune, sand burial in the
middle dune, and increasingly successful seedling recruitment,
growth, and competitive dominance in the back dune (Cusseddu
et al., 2016).

2.3 Aerosol salinity

Since we previously found soil salinity values to be very low at
Sardinian dunes, including Li Junchi (Maccioni et al., 2021), here,
we sampled aerosol salinity. The wind data for the preliminary
characterization of the site were obtained from the Regional
Environment Agency of Sardinia - Meteoclimatic Department.

In this study, considering the spatial distribution patterns of
habitats and plant communities on the coastal dune (Cusseddu
et al., 2016), the area was divided into three belts: starting from the
shoreline, belt 1 (0-50 m), belt 2 (51-100 m), and belt 3 (101-150
m). To measure aerosol salinity, we built salt spray collectors to
intercept the sea salt aerosol. They consist of a 50-cm metal tube, a
90°-angle elbow PVC pipe connector, and a plastic bottleneck,
where a Whatman® 42.98% cellulose filter was inserted, having a
diameter of 47 mm and 2.5 um minimum particle retention. Three
salt spray-detecting devices were positioned at each belt (defined as
above for the whole sampling design), with their cellulose filters
facing the shoreline, at a height of approximately 15 cm from the
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Location of the study area and sampling site named Li Junchi in the northern coast of Sardinia (Italy).
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dune surface. Aerosol salinity was sampled in 2023 at five times
(time 1 = March; time 2 = April; time 3 = May; time 4 = July; time 5
= October) at each belt and after 14 days of filter positioning at each
time. Three measurements were taken at each combination of time
x belt. Overall, we took 45 samples to determine sea salt aerosol in
the study area.

The aerosol salinity captured by the salt spray collectors was
analyzed at the Laboratory of Aquatic Ecology of the University of
Sassari. The filters were analyzed by a bench conductivity meter of
the Thermo Electron Corporation brand, model Orion 150*. The
samples were placed in Falcon-type tubes, diluted in 40 mL of
distilled water, and shaken for 10 min to facilitate the filter
disintegration and salt passage in solution. Salinity was calculated
using an indirect method starting from the solution conductivity
L at 25°C, according to Rice et al. (2017), so
that the salinity values in PSU corresponded approximately to

expressed in uS cm™

g salt/1 L solution.

Then, a proportion was applied for calculating the salt quantity
(mg) deposited on the filter surface (17.3406 cm?). Finally,
averaging for the total number of days of exposure of the
cellulose filter on the dune, the amount of deposited salt on the
filter was referred to the daily unit and to the area unit (1 cm?), to
obtain a measure of mg/cm?/day.

We do not expect any tidal influence on soil and aerosol salinity,
because in the Mediterranean Basin, the average tidal height is
approximately 20-30 cm only (Fenu et al., 2013).
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2.4 Effects of eradication on species
richness and community diversity

The Carpobrotus sp. pl. eradication experiment started in
November 2022 and ended in June 2023. The monitoring was
carried out at three different times: December 2022 (time 1), March
2023 (time 2), and June 2023 (time 3). Also, for this experiment, the
area was divided into three belts previously described. To evaluate
the eradication effects of Carpobrotus sp. pl. on the biodiversity of
psammophilous plant communities, at each belt, we established 30
fixed plots, each with an area of 1 m? Overall, there were 90 fixed
plots. According to the treatments, the 30 fixed plots per belt were
divided into 10 plots without Carpobrotus sp. pl. (absence of
Carpobrotus: Ab-C), 10 plots where Carpobrotus sp. pl. have been
eradicated (eradication of Carpobrotus: Er-C) using mechanical
removal, and 10 plots with a high density of Carpobrotus sp. pl.
(presence of Carpobrotus: Pr-C). Therefore, each data series of 10
plots x treatment x belt x time has been identified by a univocal
alpha-numerical code, containing in the first position an indication
of the time (T1, T2, or T3); in the second, the belt (B1, B2, or B3);
and in the last position, one of the abovementioned treatment codes
(Ab-C, Er-C, or Pr-C).

Each fixed plot, in turn, has been divided into 100 small squares
(each of them with an area of 10 cm?). For each time and plot,
vascular plant richness and diversity and the total vegetation and
bare soil cover were measured, by giving to each species a value
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taken at each combination of time X belt.

Aerosol salinity (mg/m?/day + SE) at Li Junchi (Sardinia, Italy), measured at three belts (belt 1 = 0-50 m from the sea, belt 2 = 51-100 m, and belt 3
= 101-150 m), at five times in 2023 (time 1 = March, time 2 = April, time 3 = May, time 4 = July, and time 5 = October). Three measurements were

May July October

ranging from 1 to 100 (each small square of 10 cm® with the
presence of a given species had a value of 1). Later, with the cover
values, we calculated the Shannon-Weaver index H' (Shannon and
Weaver, 1949).

2.5 Statistical analyses

Three-way ANOVAs were used to assess significant differences
in the Shannon and Weaver index, richness, total vegetation, and
bare soil cover, between different treatments (three treatments—
factor 1), distances from the sea (three belts—factor 2), and time
(three times—factor 3). All factors were considered orthogonal and
fixed. The ANOVAs were followed by the consequent Fisher’s least
significant difference post hoc test (p < 0.05). All the statistical
analyses were carried out using Minitab® Statistical Software
Version 22.4.0.

3 Results
3.1 Aerosol salinity

The dune system investigated is characterized by substantial
uniformity with respect to wind exposure. During 2023, in the study
area, the average wind intensity was 4.7 m/s, the prevailing wind
direction was W-N-W, with an annual percentage of the wind
blowing in this direction of 17.4%. In the study area, we found an
average aerosol salinity deposition of 0.0322 mg/cm®/day. The
salinity varied greatly among monthly measurements, ranging
from 0.0041 mg/cm*/day in time 4 (July) to 0.1205 mg/cm®/day
in time 3 (May). Interestingly, belt 3 showed a daily salt deposition
of 228.53 mg/m®/day, higher than the 106.54 mg/m*/day measured
at belt 2 (Figure 2). These data mean an average annual salt
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deposition of 1.174 kg/ha/year in the first 150 m of the studied
dune system, with relevant differences among the three belts (2298.7
kg/ha/year at belt 1; 388.87 kg/ha/year at belt 2; 834.13 kg/ha/year at
belt 3).

3.2 Total vegetation and bare soil cover

Overall, the total vegetation cover percentage was 59.05% and
ranged from a minimum value of 3.8% (T1B3Er-C) to a maximum
value of 100% (T2B3Pr-C and T3B3Pr-C).

The percentage of total vegetation cover (Figure 3) was higher at
time 3 (66.76%) and time 2 (60.13%) and lower at time 1 (50.27%);
it was higher in belt 2 (63.29%) and in belt 3 (62.89%) and lower in
belt 1 (50.98%). Lastly, it was found to be higher in Pr-C (89.19%),
medium in Ab-C (55.11%), and lower in Er-C (32.86%).

In particular, in the plots where Carpobrotus sp. pl. have been
eradicated (Er-C), the total vegetation cover (%) always increased
from time 1 to time 2 and time 3: in belt 1 from 23.30% to 26.20%
and 43.70%, respectively; in belt 2 from 27.40%, to 36.60% and
38.30%, respectively; and in belt 3 from 3.80%, to 33.70% and
62.70%, respectively (Figure 3).

Overall, the bare soil cover percentage was on average 40.95%
and ranged from a minimum value of 0.00% (T2B3Pr-C and
T3B3Pr-C) to a maximum value of 96.20% (T1B3Er-C).

Specifically (Figure 4), the bare soil cover decreased from time 1
to time 2 and time 3 (49.73%, 39.87%, and 33.24%, respectively); it
also decreased from belt 1 (49.02%) to belt 2 (36.71%) and belt 3
(37.11%). Lastly, it reached its maximum average in Er-C plots
(67.14%), averaged in Ab-C plots (44.89%), and reached its
minimum average in Pr-C (10.81%).

In all plots where Carpobrotus sp. pl. have been eradicated (Er-C),
bare soil cover always decreased from time 1 to time 2 and time 3: in
belt 1, from 76.70% to 73.80% and 56.30%, respectively; in belt 2,
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and 10 plots with a high density of Carpobrotus sp. pl. (Pr-C). Means that do not share a letter are significantly different.

from 72.60% to 63.40% and 61.70%, respectively; in belt 3, from
92.20% to 66.30% and 37.30%, respectively (Figure 4).

Three-way ANOVA for the total vegetation cover and bare soil
cover (Table 1) showed that all factors and their interactions have a
strong impact, except for belt x time (not significantly; p > 0.05).
Fisher’s least significant difference post hoc test for the treatment
factor showed significant differences between bare soil cover and
vegetation cover in Er-C treated plots, in the plots with a high
density of Carpobrotus sp. pl. (Pr-C), and in the plots without
Carpobrotus sp. pl. (Ab-C)—in each belt at any time.

3.3 Effects of eradication on species
richness and community diversity

In the 270 field surveys carried out, we surveyed a list of 57 vascular
plants (Supplementary Materials 1). Of these plants, 25 were annuals,
and the rest were perennials; the majority of the taxa were of
Mediterranean or Mediterranean-Atlantic chorotype, but five were

endemic to Sardinia, Sardinia, and Corsica or the Tyrrhenian area
[Anchusa crispa Viv. subsp. maritima (Vals.) Selvi & Bigazzi; Astragalus
thermensis Vals.; Galium verrucosum Huds. subsp. halophilum (Ponzo)
Lambinon; Helichrysum italicum subsp. tyrrhenicum (Bacch., Brullo et
Giusso) Herrando, J.M. Blanco, L. Saez & Galbany and Silene nummica
Vals.]; two can be considered of phytogeographical relevance [Armeria
pungens (Link) Hoffmanns. & Link and Ephedra distachya L.]; and three
were alien taxa [Acacia saligna (Labill.) HL.Wendl., Carpobrotus sp. pl.,
and Pinus halepensis Mill.].

On average, we found 5.35 species m 2, with a minimum value
of 0.6 species m > (T1B3Er-C) and a maximum value of 8.1 species
m™2 (T3B3Ab-C).

Overall, the average number of species was lower at time 1 (4.18
species m2) and higher at time 2 (5.96 species m>) and time 3
(5.92 species m™); it was lower in belt 3 (4.97 species m™>) and
higher in belt 1 (5.49 species m™>) and belt 2 (5.60 species m™>)
(Figure 5). Finally, the number of species was higher in Ab-C (6.36
species m™), average in Pr-C (5.14 species m~2), and lower in Er-C
(4.56 species m ™).

Total bare cover %
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Bare soil cover (% + SE) at the coastal dune ecosystem Li Junchi (Sardinia, Italy), measured at three belts (belt 1 = 0-50 m from the sea, belt 2 = 51—
100 m, and belt 3 = 101-150 m), at three times (time 1 = December 2022, time 2 = March 2023, and time 3 = June 2023) and 30 fixed 1 m? plots
per belt, that were divided into 10 plots without Carpobrotus sp. pl. (Ab-C), 10 plots where Carpobrotus sp. pl. have been eradicated (Er-C), and 10
plots with a high density of Carpobrotus sp. pl. (Pr-C). Means that do not share a letter are significantly different.
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TABLE 1 Three-way ANOVA, testing the differences in the bare soil
cover (%) and the total vegetation cover (%) at the coastal dune
ecosystem Li Junchi (Sardinia, Italy), between three belts (belt 1 = 0-50
m from the sea, belt 2 = 51-100 m, and belt 3 = 101-150 m), at three
times (time 1 = December 2022, time 2 = March 2023, and time 3 = June
2023) and three treatments—30 fixed 1 m? plots per belt, that were
divided into 10 plots without Carpobrotus sp. pl. (Ab-C), 10 plots where
Carpobrotus sp. pl. have been eradicated (Er-C), and 10 plots with a high
density of Carpobrotus sp. pl., and their interactions.

Effect df SS MS F p
Treatment 2 144,901 | 72,450.7 | 225.10 | 0.000
Belt 2 8,808 4,404.0 13.68 | 0.000
Time 2 12,393 6,196.3 19.25 | 0.000
Treatment x belt 4 5,074 1,268.4 3.94 0.004
Treatment x time 4 4,467 1,116.7 3.47 0.009
Belt x time 4 1,269 317.2 0.99 0.416
Treatment x belt x

time 8 6,852 856.5 2.66 0.008
Error 243 78,212 321.9

Significant values are shown in bold. p-values were considered not significantly (p > 0.05) or
highly significantly (p < 0.001) different by three-way ANOVA.
SS, sum of squares; df, degrees of freedom; MS, mean square; F, Fisher variable.

In particular, in all plots where the Carpobrotus sp. pl. have been
eradicated (Er-C), the number of species increased through time: in
belt 1, it was 4.60 species m~2 at time 1, 5.50 species m 2 at time 2,
and 5.10 species m 2 at time 3; in belt 2, it increased from time 1
(3.10 species m™?) to time 2 (5.80 species m™?) and slightly
decreased at time 3 (4.90 species mfz); lastly, in belt 3, it
markedly increased from time 1 (0.60 species m™?) to time 2
(5.40 species m™>) and time 3 (6.00 species m™) (Figure 5).

Three-way ANOVA for the number of species (Table 2) showed
that all factors and their interactions have a strong effect, except for
treatment x time and treatment x belt x time (not significant; p >
0.05). Fisher’s least significant difference post hoc test for the
treatment factor revealed significant differences in the number of

10.3389/fcosc.2025.1730419

species between Er-C and the other two treatments in belt 2 at all
three times; however, in belt 3 at all times, a significant difference
was shown between Er-C and Ab-C. Finally, in belt 1, at any time,
no significant differences in the number of species were recorded
between Er-C and the other two treatments.

The Shannon and Weaver’s diversity index (H') was on average
1.15 and varied from a minimum average value of 0.00 (T1B3Er-C)
to a maximum average value of 1.73 (T3B3Ab-C).

H' was higher at time 3 (1.29) and time 2 (1.25) and lower at
time 1 (0.90); it was higher in belt 1 (1.22) and in belt 2 (1.20) but
lower in belt 3 (1.03) (Figure 6). Lastly, it was found to be higher in
Ab-C (1.40) and in Er-C (1.06); it was lower in Pr-C (0.99).

In particular, in all areas where the Carpobrotus sp. pl. have
been eradicated (Er-C), in belt 1, the H' remained constant from
time 1 to time 2 to time 3 (1.24, 1.28, and 1.23, respectively); in belt
2, it increased from time 1 (0.83) to time 2 (1.20) and decreased at
time 3 (1.03) (Figure 6). Lastly, in belt 3, it increased from time 1 to
time 2 and time 3 (0.00, 1.37, and 1.38, respectively).

Three-way ANOVA for Shannon and Weaver’s diversity index
(H' Table 3) showed that all factors and their interactions have a
strong impact. Fisher’s least significant difference post hoc test for
the treatment factor showed significant differences in H' between
Er-C and the other two treatments in belt 2 at all three times;
however, in belt 3 at all times, a significant difference was shown
between Er-C and Ab-C. Finally, in belt 1, at any time, no significant
differences in H' were recorded between Er-C and the other
two treatments.

4 Discussion

Invasive alien plant management is an efficient tool that helps to
prevent the extinction, loss, or degradation of native biodiversity
and habitats (Ruffino et al., 2013; Buisson et al., 2020). Even if
the eradication of IAPs in Mediterranean-type ecosystems
brings considerable benefits to the invaded environments

FIGURE 5
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Number of vascular plant species (+SE) at the coastal dune ecosystem Li Junchi (Sardinia, Italy), measured at three belts (belt 1 = 0-50 m from the
sea, belt 2 = 51-100 m, and belt 3 = 101-150 m), at three times (time 1 = December 2022, time 2 = March 2023, and time 3 = June 2023) and 30
fixed 1 m? plots per belt, that were divided into 10 plots without Carpobrotus sp. pl. (Ab-C), 10 plots where Carpobrotus sp. pl. have been eradicated
(Er-C), and 10 plots with a high density of Carpobrotus sp. pl. (Pr-C). Means that do not share a letter are significantly different.
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TABLE 2 Three-way ANOVA, testing the differences in the number of
species at the coastal dune ecosystem Li Junchi (Sardinia, Italy), between
three belts (belt 1 = 0—-50 m from the sea, belt 2 = 51-100 m, and belt 3
=101-150 m), at three times (time 1 = December 2022, time 2 = March
2023, and time 3 = June 2023) and three treatments—30 fixed 1 m? plots
per belt, that were divided into 10 plots without Carpobrotus sp. pl. (Ab-
C), 10 plots where Carpobrotus sp. pl. have been eradicated (Er-C), and
10 plots with a high density of Carpobrotus sp. pl. (Pr-C), and their
interactions.

Effect df SS MS F p
Treatment 2 151.61 75.804 | 22.36 | 0.000
Belt 2 20.59 10.293 3.04 | 0.050
Time 2 186.14 93.070 | 27.45 | 0.000
Treatment X belt 4 117.61 29.404 8.67 | 0.000
Treatment x time 4 29.79 7.448 2.20 0.070
Belt x time 4 74.48 18.620 5.49 0.000
Treatment x belt x
time 8 33.45 4.181 1.23 0.280
Error 243 823.90 3.391

Significant values are shown in bold. p-values were considered not significantly (p > 0.05) or
highly significantly (p < 0.001) different by three-way ANOVA.
SS, sum of squares; df, degrees of freedom; MS, mean square; F, Fisher variable.

(Brunel et al., 2013; Garcia-de-Lomas et al., 2014; Chenot et al.,
2018; Buisson et al., 2020), it is often considered a challenge,
because of their very efficient invasive strategy, due to a
combination of propagule pressure and the establishment of long-
term seed banks (Munné-Bosch, 2024). Therefore, removal,
eradication, and control measures of IAPs should be planned and
achieved in combination with the knowledge of plant community
succession and ecology at a fine-resolution spatial and temporal
scales. However, to our knowledge, it seems that in Mediterranean
coastal habitats, whose fine-resolution functioning is already well
known (Cusseddu et al., 2016), the effects of the coastal salt gradient

10.3389/fcosc.2025.1730419

on IAP eradication were never taken into account previously
(Chenot et al., 2018; Buisson et al., 2020; Lazzaro et al., 2020a, b;
Fos et al., 2021; Misuri et al., 2024).

In this paper, we first measured the amount of aerosol salty
spray deposited per year, because it is a good descriptor of the sea-
inland gradient (in contrast to the salt content in sandy soils, see
Maccioni et al,, 2021): it seems that very few attempts were made
previously to measure aerosol salt deposition (Donnelly and
Pammenter, 1983; Rozema et al., 1983; Griffiths, 2006). To our
knowledge, this is the first time that salt deposition caused by
marine aerosol was measured in situ at Mediterranean coastal
environments. At the three belts of the study area, we measured
an average daily salt deposition of 0.322 mg NaCl/cm?® with
relevant differences among months, but always with higher values
measured at the vegetation belt closer to the seashore. Other authors
already quantified the wind action in central Mediterranean dunes
(Carboni et al., 2011; Fenu et al.,, 2013), but to understand the
ecology of psammophilous plants, it is important to measure salt
deposition on their leaves (Griffiths, 2006), because it seems to play
a major role in selecting the species able to live on dunes (Rozema
et al, 1983), also in combination with the mechanical damage
caused by wind (Donnelly and Pammenter, 1983) and the effect of
burial (Gormally and Donovan, 2010). The values of salt deposition
we detected correspond to an average of 1,174 kg NaCl/ha/year in
the whole dune system (0-150 m from the seashore), which is
comparable to the 1,460 kg NaCl/ha/year measured by Rozema
et al. (1983) in the island of Schiermonnikoog (North Sea) at 53°29’
21"N, 6°12'07.92"E. Interestingly, our approach consisting in
separated measures for the three belts allowed us to highlight that
the first belt of vegetation from the seashore (0-50 m) receives
nearly the double of the average salt deposition (ca. 2,300 kg NaCl/
ha/year), which corresponds to ca. 6 times the amount of NaCl
received by the second belt (51-100 m from the seashore: ca. 390 kg
NaCl/ha/year) and 2.75 times the amount of NaCl received by the
third belt (101-150 m from the seashore: 834 kg NaCl/ha/year).
These data are relevant to understand the differences in species
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TABLE 3 Three-way ANOVA, testing the differences in the Shannon and
Weaver's diversity index (H’) at the coastal dune ecosystem Li Junchi
(Sardinia, Italy), between three belts (belt 1 = 0—-50 m from the sea, belt
2 = 51-100 m, and belt 3 = 101-150 m), at three times (time 1 =
December 2022, time 2 = March 2023, and time 3 = June 2023) and
three treatments—30 fixed 1 m? plots per belt, that were divided into 10
plots without Carpobrotus sp. pl. (Ab-C), 10 plots where Carpobrotus sp.
pl. have been eradicated (Er-C), and 10 plots with a high density of
Carpobrotus sp. pl. (Pr-C), and their interactions.

Effect df SS MS F P
Treatment 2 8.667 4.3337 | 32.65 | 0.000
Belt 2 1.893 0.9465 | 7.13 | 0.001
Time 2 8.235 4.1177 | 31.02 | 0.000
Treatment x belt 4 6.355 1.5887 | 11.97 | 0.000
Treatment x time 4 1,433 0.3582 2.70 0.031
Belt x time 4 5.402 1.3506 | 10.18 | 0.000
Treatment x belt x
time 8 2.944 0.3681 | 2.77 | 0.006
Error 243 32.254 0.1327

Significant values are shown in bold. p-values were considered not significantly (p > 0.05) or
highly significantly (p < 0.001) different by three-way ANOVA.
SS, sum of squares; df, degrees of freedom; MS, mean square; F, Fisher variable.

assemblages and plant communities previously observed on
Mediterranean dunes (Molina et al., 2003; Angiolini et al., 2013;
Ruocco et al., 2014; Cusseddu et al., 2016; Angiolini et al., 2018;
Maccioni et al., 2021) and the differences in species richness and
diversity we measured in this eradication experiment.

Although it was already demonstrated that not only stress
gradients influence above- and belowground plant traits and
plant-plant interactions (Bricca et al.,, 2023; La Bella et al., 2024)
but also the variation in local abiotic conditions can explain
differences in invasibility within a local environment, and
intermediate levels of natural disturbance and stress offer the best
conditions for spread of alien species (Carboni et al., 2011).
Surprisingly, the variations of vegetation cover and species
richness and diversity after Carpobrotus sp. pl. removal in
relation to the distance from the sea (and the salt gradient) in
Mediterranean coastal dunes were never tested. In this paper, we
show that belt was always a highly significant factor in all analyses
we carried out, meaning that there were significant differences
among the three belts for all the response variables investigated
(bare soil and vegetation cover, number of species m™, and
Shannon index). This was especially true in those plots where
Carpobrotus sp. pl. were eradicated.

As expected, the vegetation cover was higher in the mid and
back dunes and lower in the fore dune; in contrast, the bare soil
cover was higher in the fore dune and lower in the mid and back
dunes. Carpobrotus sp. pl. had a negative effect on bare soil, with
vegetation cover on average 90% in the invaded plots and 55% in
those not invaded. However, more importantly, the short-term
recovery of natural vegetation was faster at the back dune (from

Frontiers in Conservation Science

10.3389/fcosc.2025.1730419

3.8% at time 1 to 62.7% at time 3) than in the fore dune (from 23.3%
at time 1 to 43.7% at time 3). It is noteworthy that at belt 1 and belt
3, at time 3, the percentage cover of the total vegetation in the plots
where Carpobrotus sp. pl. were eradicated reached roughly the same
values as the control plots where Carpobrotus sp. pl. were absent
(Figure 3). Therefore, despite numerous previous papers claiming
that long-term monitoring activity is essential to ensure an efficient
and successful ecological restoration (Brunel et al.,, 2013; Chenot
et al., 2018; Souza-Alonso et al., 2018; Buisson et al., 2020), here, we
should underline how natural vegetation cover recovered to
undisturbed levels after less than 1 year from Carpobrotus sp.
pl. removal.

The same was not true for the number of species: in the plots
where Carpobrotus sp. pl. were eradicated, the number of species
significantly increased from time 1 to time 2 (the slight reduction at
belts 1 and 2 from time 2 to time 3 was due to annual species drying
up from spring to summer); however, at time 3, the number of
species in the plots where Carpobrotus sp. pl. were eradicated was
still lower than the control plots where Carpobrotus sp. pl. were
absent (Figure 5). Through time, the differences in the number of
species among plots where Carpobrotus sp. pl. were eradicated and
those where Carpobrotus sp. pl. were absent were higher from the
sea to inland. In fact, at belt 1, the open areas not occupied by
Carpobrotus sp. pl. at time 1 averaged 30.6%, allowing native species
to be present, whereas at the same time, the open areas not occupied
by Carpobrotus sp. pl. in belt 3 averaged 1.1%, making it difficult for
native plants to grow. As expected from previous research, the
number of species per area increased from belt 1 to belt 3 (Figure 5).

Interestingly, not only the number but also the type of species
showed some interesting variations. Even if the short time of the
survey did not allow us to collect useful data on perennials re-
colonizing the plots where Carpobrotus sp. pl. were eradicated,
some annual species exhibited peculiar patterns: for example, Silene
nummica was mainly present at times 2 and 3 in the plots where
Carpobrotus sp. pl. were absent in belt 3; at the same time, Sonchus
oleraceus L., a nitrophilous species, was mainly present in the plots
where Carpobrotus sp. pl. were eradicated in belt 3. To note, Chenot
etal. (2018) also detected that the composition of the vegetation 10
months after applying their experimental treatments was biased in
favor of native pioneer species, some of which were the same
present at our study area [Sonchus bulbosus (L.) N.Kilian &
Greuter subsp. bulbosus, S. oleraceus, and Lotus cytisoides L.], and
Lazzaro et al. (2023) found that improvements in native vegetation
cover were driven by nitrophilous species in their experimental
plots treated with mulching sheets.

Differences in the Shannon index among belts were striking,
especially for those plots where Carpobrotus sp. pl. were eradicated.
On average, H' was significantly lower at belt 3 than at belts 1 and 2,
because belt 3 was the one with higher Carpobrotus sp. pl. cover and
lower bare soil cover. As expected, the overall H' of the whole dune
system increased from time 1 to time 2 and time 3. Most
interestingly, the variation of H' through time in the plots where
the Carpobrotus sp. pl. were eradicated was significantly different
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among the belts. In fact, while at belt 1, the H' remained constant
from time 1 to time 3, at belt 2, it slightly increased from time 1 to
time 3. Instead, at belt 3, the increase of H' in the plots where
Carpobrotus sp. pl. were eradicated was very great from time 1 to
time 2 and time 3 (Figure 6).

Since Carpobrotus sp. pl. invasion acts throughout the process
of replacement and exclusion of native species, rather than
coexistence (Lazzaro et al, 2023), eradication and monitoring
measures are urgently needed. Even if the amount of removal
experiences in Mediterranean coastal habitats is great, we
underline the need for a detailed monitoring of the effects of the
eradication through the coastal gradient. Other authors previously
found that the plant community recovering in Mediterranean
coastal sites quickly reached a composition and structure similar
to that of non-invaded coastal vegetation, although some slow-
growing native species were underrepresented after years (Buisson
et al.,, 2020). However, here, we show how the variation of the
response variables through time greatly depends on the distance
from the sea. This is especially true for vascular plant diversity (here
expressed as the Shannon index H'), whereas the increase in species
richness recovered more slowly than diversity, because during the
first year after Carpobrotus sp. pl. removal, the species recovery was
mainly driven by native annual pioneer species, especially the
nitrophilous ones, because of the particular soil conditions of the
plots invaded by Carpobrotus sp. pl (Badalamenti et al., 2016).
However, even if our study duration is excellent for capturing the
initial recovery and the response of pioneer/annual species, the
limitation is that it is a bit short to assess the full recovery of the
native perennial plant community: long-term monitoring is
necessary to confirm if this positive initial trend leads to a stable,
restored perennial community.

In conclusion, here we show that the first vegetation close to the
sea (fore dune), characterized by high salt spray deposition, even
when invaded by Carpobrotus sp. pl., maintains a relevant
percentage of bare soil, allowing native species to persist also in
invaded patches. Contrarily, in the middle and especially the back
dunes, more suitable for Carpobrotus sp. pl., open spaces for the
native species are scarce or absent, and the need for active
eradication and restoration actions is crucial. Our findings are in
accordance to Cusseddu et al. (2016), who demonstrated
experimentally that Mediterranean sand dune plant communities
are organized hierarchically, structured by sand binding foundation
species on the fore dune, sand burial in the middle dune, and
increasingly successful seedling recruitment, growth, and
competitive dominance in the back dune, and confirm that
environmental gradients shape fine-scale community
composition and alien distribution patterns on coastal dunes
(Griffiths, 2006; Gormally and Donovan, 2010; Carboni et al,
2011; La Bella et al.,, 2024) and therefore should not be
overlooked when planning eradication and monitoring of IAPs in
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coastal Mediterranean environments. However, our conclusions
refer to the data collected in a restricted geographical area of
Sardinia without replications in other similar coastal ecosystems
in the same region and, therefore, cannot be generalized without
implementing further studies following other Carpobrotus sp. pl.
eradication interventions.
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