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Abstract Biological invasions represent a global
threat to biodiversity. Particular attention should be
made to the management of alien plants. The spe-
cies from the Carpobrotus genus are well-known
invasive plants native to South Africa, whose det-
rimental effects on native communities are widely
documented. These impacts have become particularly
important in terms of their invasive potential on small
Mediterranean islands, where they often threaten

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10530-023-03059-7.

L. Lazzaro - M. Mugnai (D<) - R. Benesperi
Department of Biology, University of Florence, Via La
Pira 4, 50121 Florence, Italy

e-mail: michele.mugnai @unifi.it

M. Mugnai
NBFC, National Biodiversity Future Center,
90133 Palermo, Italy

G. Ferretti

Botanical Garden “Giardino dei Semplici”, University
Museum System, University of Florence, Via Micheli 3,
50121 Florence, Italy

F. Giannini
National Park of the Tuscan Archipelago, Portoferraio,
Italy

M. Giunti

Nature and Environment Management Operators S.R.L.,
Viale Mazzini 26, 50121 Florence, Italy

Published online: 11 April 2023

particular ecosystems and endemic species. We report
the experience from the efforts to eradicate this spe-
cies from the island of Giannutri (Tuscan Archipel-
ago, Italy)—an action included within the EU LIFE
project “RESTO CON LIFE”—where the species
occurred on about 14,000 m? of coastal vegetation.
The eradication employed an integrated approach
with two control methods (manual removal and cov-
ering with mulching sheets) and involved mosaic
rocky cliff coastal vegetation and disturbed areas
with loose soil close to the cliffs. We present here the
results obtained from five years of monitoring using
permanent plots. Carpobrotus spp. exerted strong
impacts on the invaded plant communities, with sig-
nificant depletion and replacement of native species.
Both of the control methods proved effective in the
suppression of the mat formed by the invasive species
and led to a positive response of native vegetation.
Nevertheless, the recovery of native plant commu-
nities differed depending on the type of substratum,
taking longer on rocky cliffs due to the harsher condi-
tions. Improvements were driven by nitrophilous spe-
cies in the plots treated with mulching sheets.
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Introduction

As indicated by the first Global Assessment of the
Intergovernmental Science-Policy Platform on Bio-
diversity and Ecosystem Services (IPBES), biological
invasions represent one of the most dramatic threats
to biodiversity, contributing substantially to the wide-
spread and accelerated decline in Earth’s biodiversity
and associated benefits to people (Diaz et al. 2019).
The situation is particularly serious given that the rate
of new introductions is expected to increase in the
future (Seebens et al. 2017). A critical challenge at
this point is to downscale the findings of the IPBES
Global assessment and act at national and local scales,
where most policy and management decisions affect-
ing biodiversity and ecosystem services are made
(Ruckelshaus et al. 2020). Indeed, managing invasive
alien species (IAS) is an important modern challenge
for nature conservation that is also addressed by the
Convention on Biological Diversity (decision V1/23),
which incorporated findings of invasion science to
define its guiding principles. These rank four main
steps in IAS management in a so-called hierarchical
approach: prevention, early detection, eradication and
control. Within such context, local eradication (i.e.,
“The complete and permanent removal of all wild
populations of an alien plant or animal species from
a specific area by means of a time-limited campaign”,
see Simberloff et al. 2013) is considered a very useful
conservation tool in IAS management and biodiver-
sity restoration, becoming pivotal to the prevention of
extinctions and restoration of native insular communi-
ties (Ruffino et al. 2015). Different techniques such as
manual, chemical, and mechanical methods (includ-
ing the use of fire) can be used based on the biology
of the target organism, the cost, the efficiency, the
feasibility, and the presence of non-target organisms.
The achievement of a successful eradication can be
very difficult (practically unfeasible in some cases),
highly demanding on resources and time, and often
requires a commitment to long-term management and
monitoring, as well as a human-assisted restoration of
native plant communities (Ruffino et al. 2015). Stud-
ies indicate that island ecosystems represent the ideal
target in which to achieve these results (Simberloff
et al. 2018).

In the whole Mediterranean basin the species of
the genus Carpobrotus N.E. Br. (Aizoaceae)—par-
ticularly the species C. acinaciformis (L.) L.Bolus
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and C. edulis (L.) N.E.Br., and hybrids—are among
the most abundant and most investigated invasive
alien plants (see Campoy et al. 2018; Lazzaro et al.
2020a, b). Indeed Carpobrotus spp. display their
invasive potential in areas with Mediterranean cli-
mates, and are particularly invasive in the entire
Mediterranean basin (Brundu 2013; Campoy et al.
2018), where they are widespread across small Medi-
terranean islands (Vila et al. 2008). In Italy, Carpo-
brotus spp. are among the most threatening invasive
plants on the Tyrrhenian coast (Acosta et al. 2006;
Carranza et al. 2010; Santoro et al. 2011) and island
ecosystems (Celesti-Grapow et al. 2016), with well-
documented impacts on EU habitats of Community
Interest, in accordance with Directive no. 92/43/EEC
(Lazzaro et al. 2020a). In Tuscany, they are particu-
larly invasive in the islands of the Tuscan Archipel-
ago, including the island of Giannutri (Lazzaro et al.
2014)—the area under study in this work.

The invasion by Carpobrotus spp. is linked to
strong negative impacts on the ecology of invaded
ecosystems, mainly sand dunes and rocky sea cliffs
(Campoy et al. 2018) with well-established deleteri-
ous effects on both plant biodiversity (Acosta et al.
2006; Carranza et al. 2010; Santoro et al. 2012; Jucker
et al. 2013; Badalamenti et al. 2016) and soil condi-
tions (Santoro et al. 2011; Badalamenti et al. 2016).
The depletion of native diversity caused by Carpo-
brotus spp. is particularly harmful on small Mediter-
ranean islands (Celesti-Grapow et al. 2016; Lazzaro
et al. 2016; Brundu 2013; Vila et al. 2008), where
these species exhibit the largest impact on native
diversity compared to other invasive alien plant spe-
cies (Vila et al. 2006), and consistently demonstrate
highly successful invasion across different Mediterra-
nean islands and environments (Traveset et al. 2008).
These threats call for particular awareness, particu-
larly considering the contribution of the complex sys-
tem of archipelagos, islands and islets and their flora
to the peculiar plant diversity of the Mediterranean
basin, which amounts to about 24,000-25,000 spe-
cies—accounting for 10% of world plant richness—
with rates of endemism often exceeding 10%, and
sometimes 20%, of local flora (Brundu 2013).

Across the Mediterranean basin, these species
have been targeted by several projects of control,
mostly fostered by local stakeholders, but also often
linked to the EU LIFE program (see also Campoy
et al. 2018). In the coastal dunes of the Mediterranean
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basin in particular, Carpobrotus spp. is the genus
with the largest number of records of control actions
(Brundu 2013; Brunel et al. 2013). The control/eradi-
cation methods for Carpobrotus spp. include mulch-
ing, use of herbicides, and manual removal but gener-
ally, the latter is the most used; the use of glyphosate
(and chemical compounds in general) usually raises
many concerns such that its use is currently restricted
or banned by legislation in many European Countries
(see Lazzaro et al. 2020b; Fos et al. 2021a, b).

Within this work, we aimed to assess the interven-
tion of control of Carpobrotus spp. conducted within
the EU LIFE project LIFE13 NAT/IT/000471 “Island
conservation in Tuscany, restoring habitat not only for
birds”—RESTO CON LIFE, on the island of Gian-
nutri. The control has been implemented through the
integration of two techniques of removal: manual
removal and covering with mulching sheets. Accord-
ingly, we aimed to (i) verify the response of Carpo-
brotus spp. and the re-growth of the native vegetation
after the interventions, testing whether the native spe-
cies richness and diversity increased after the inter-
vention and (ii) evaluate how the native communities
recovered after the eradication of Carpobrotus spp.
in terms of species composition. Toward these aims
we monitored a series of vegetation plots for five
years, starting from a first survey (in 2015) prior to
the main intervention and for the following four years
(2016-2019).

Methods
Study area

The island of Giannutri (Lat 42.252801° N, Lon
11.100882° E) has an area of 232 hectares, a coastal
development of 13.7 km, and is the southernmost
and easternmost island of the Tuscan Archipelago.
It is fully contained within the Tuscan Archipelago
National Park and is framed within the Natura 2000
Network as a Special Area of Conservation (SAC)
according to Directive 92/43/EEC "Habitat" (site
code IT51A0024).

The island is totally calcareous (dolomite of Monte
Argentario) and has a typical Mediterranean meso-
thermal, semi-arid climate with a water deficit during
the late spring—summer period (Foggi et al. 2011).
The vegetation of the island is mainly represented by

Mediterranean shrublands (ranging from high to low
and sparse formations which cover more than 80% of
the total surface area) and coastal vegetation of rocky
cliffs (covering about 15% of the total surface area);
woodlands are poorly represented (less than 1% of the
total surface area), as are anthropized habitats (Foggi
et al. 2011). The rocky cliff coastal vegetation is of
particular interest for this study, being the main target
for invasion by Carpobrotus spp. It hosts a mosaic of
habitats of conservation interest according to Direc-
tive 92/43/EEC "Habitat" including the habitat of
vegetated sea cliffs of the Mediterranean coasts with
endemic Limonium spp. (habitat code 1240 accord-
ing to Dir. 92/43/EEC), and including the important
endemic Limonium sommerianum Fiori, see also
Foggi et al. (2015), the habitat of Salicornia and other
annuals colonizing mud and sand (habitat code 1310,
particularly in the subtypes of Mediterranean halo-
nitrophilous pioneer communities of the Frankenion
pulverulentae) and elements of the habitat of Low
formations of Euphorbia close to cliffs (hab. code
5320). In particular, monitoring has been carried out
in the promontory of Punta San Francesco on the East
side of the island, where Carpobrotus spp. was invad-
ing two main types of habitats: the rocky cliff coastal
mosaic and some disturbed areas with loose soil close
to the cliffs that were once used as an airport runway.

The eradication of Carpobrotus spp.

The present study analyzed the changes in Carpobro-
tus spp. and native species presence and abundance
during the action of eradication of this invasive spe-
cies conducted within the EU LIFE project LIFE13
NAT/IT/000471 “Island conservation in Tuscany,
restoring habitat not only for birds"—RESTO CON
LIFE, on the island of Giannutri. We conducted a
detailed mapping of the spread of Carpobrotus spp.
on Giannutri at the beginning of the project through
the interpretation of aerial photos and surveys on the
island, recording an initial distribution of this species
on about 14,000 m? of the island. The eradication of
Carpobrotus spp. has been implemented through the
integration of two techniques of removal: manual
removal and covering with mulching sheets. Manual
removal consisted of the removal of all the plants,
including their root systems, and was adopted in areas
where the invasive alien species cover was not reach-
ing high values (generally up to 75%) and thus there
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was also a significant cover of native species. The use
of mulching sheets consisted of covering the entire
ground area that was covered by a thick mat of Carpo-
brotus spp. with mulch sheets, made of woven plastic
fiber (Landscape fabric, 105 g/m?) that favor evapo-
ration and consequently the drying of covered plants.
This technique is also known as tarping or solariza-
tion. It was adopted in areas where the cover of this
species exceeded 75% (these areas were, in fact, rep-
resented almost entirely by a cover close to 100%). It
should be noted that approximately 90% of the Car-
pobrotus spp. on the island was treated with mulching
sheets, while manual removal was adopted only in a
limited number of areas. The main intervention was
carried out in 2016, with a first phase in May (lay-
ing of mulching sheets and implementing the manual
removal) and a second phase in September to remove
the mulching sheets. During the first years following
the main intervention (from 2017 to 2019) eventual
seedlings and resprouts were manually removed and,
at the time of writing, continue to be removed yearly.
Overall, the intervention had a cost of 140 man-days.
Further technical details on the methods adopted are
available in the executive project for the eradication
(https://www.restoconlife.eu/wordpress/wp-content/
uploads/2015/11/Interventi-di-riqualificazione-della-
vegetazione-nell%E2%80%991sola-di-Giannutri.pdf).

Data collection

The survey of the vegetation in the area of Punta San
Francesco took into consideration two different fac-
tors in a stratified random design. We differentiated
two different substrate types hosting two different
plant communities (i.e., rocky cliffs and loose soils)
and three different treatments according to Carpo-
brotus spp. cover, following the plan of the interven-
tions described above. The treatment levels surveyed
were (1) covering with mulching sheets in areas with
a cover of Carpobrotus spp. close to 100%, both in
rocky cliffs and loose soils, (2) manual control of
Carpobrotus spp. in areas with a lower cover of Car-
pobrotus spp. (i.e., between 30 and 75%) and with a
relevant presence of native species (a situation pre-
sent only on rocky cliffs), and (3) control with no
presence of Carpobrotus spp. This resulted in a total
of 42 plots of 2x2 m, 18 on rocky cliffs (6 repli-
cates X 3 treatments) and 24 on loose soils (12 repli-
cates X 2 treatments). The higher number of replicates
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in loose soils is linked to the greater area and higher
variability of this type of surface in the region of
study. Each plot was georeferenced, and a vegeta-
tion sampling was carried out during the vegetative
period (May—June) for five years: before the eradica-
tion (2015) and for the four subsequent years (2016
to 2019) to observe the evolution of the vegetation.
In each plot we collected information on the cover of
Carpobrotus spp. and of each native species using a
percentage scale. The repeated sampling of these 42
areas over 5 years resulted in the survey of 210 plots.

Statistical analyses

The effect of the interventions on Carpobrotus spp.
and on the recovery of the native vegetation was
evaluated using a series of Repeated Measurement
ANOVA type models via Permutational Analysis of
Variance (PERMANOVA) using 999 permutations.
In the univariate case, the PERMANOVA F-value
is calculated from a Euclidean distance matrix and
corresponds to the classical F-value, whereas the P
value evaluation via a permutation approach is free
from many of the assumptions of parametric statis-
tics (Anderson 2001). In all the models, permuta-
tions are restricted within groups represented by plot
identity, thus accounting for the correlation of the
observations. We studied the changes in the cover of
Carpobrotus spp. and of all the other native species,
using the cover of the species as the response vari-
able, while time, treatment, and species (Carpobro-
tus spp. versus all the native species pooled together)
were used as explanatory variables in a full factorial
design. Similarly, we tested whether the native spe-
cies richness and diversity, expressed as the Shannon
H’ diversity index, changed after the interventions
using time and treatment as fixed effect explanatory
variables and the plot identity as a random effect fac-
tor. Moreover, we studied the variation of the relative
cover of nitrophilous species to assess their role in the
plant community recovery, using the same framework
described above. Nitrophilous species were defined as
those with an Ellenberg’s ecological indicator value
for eutrophication (Pignatti 2005; Ellenberg 2009)
above 6. Due to the differences in the two types of
plant communities, we conducted all the analyses sep-
arately for loose soils and rocky cliffs communities.
We studied the changes in the species composition
of plots using multivariate analyses aiming to verify
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Table 1 Repeated Measurement ANOVA table for Permuta-
tional Analysis of Variance (PERMANOVA, P values obtained
with 999 permutations restricted within plot) for the effect of

treatment over Time on Cover of Carpobrotus spp. vs native
species; species richness, species diversity (Shannon H’) and
relative cover of nitrophilous species

Response Model Term Df Sums Sq Fvalue R? P value
Cover of Carpobrotus spp. vs native species Rocky cliffs Treatment 2 884.00 5.35 0.01 0.001 ***
Year 4 18,684.00 56.55 0.17 0.001 ***
Species 1 7652.00 92.64 0.07 0.001 ***
Treatment: Year 8 11,851.00 17.94 0.11 0.001 ***
Treatment:Species 2 14,741.00 89.24 0.14 0.001 c**
Year:Species 4 18,985.00 57.46 0.18 0.001 ***
Treatment: Year:Species 8 23,021.00 34.84 0.21 0.001 c**
Residuals 150 12,390.00 0.11
Loose soils Treatment 1 43,229.00 913.77 0.10 0.001 ***
Year 4 18,602.00 98.30 0.04 0.001 ***
Species 1 137,521.00 2906.93 0.31 0.001 **%*
Treatment: Year 4 17,809.00 94.11 0.04 0.001 **=*
Treatment:Species 1 131,649.00 2782.80 0.30 0.001 ***
Year:Species 4 44902.00 23728 0.10 0.001 ***
Treatment: Year:Species 4 41,789.00 220.83 0.09 0.001 ***
Residuals 220 10,408.00 0.02
Species richness Rocky cliffs Treatment 2 81.62 1996 020 0.001 ***
Year 4 12193 14.91 0.30 0.001 ***
Treatment: Year 45.60 2.79 0.11 0.029 *
Residuals 75 153.33 0.38
Loose soils  Treatment 1 264.03 111.92  0.23 0.001 ***
Year 4 306.88 32.52 0.26 0.001 ***
Treatment: Year 4 337.05 35.72 0.29 0.001 ***
Residuals 11 259.50 0.22
Species Diversity (H”) Rocky cliffs Treatment 2 1.56 8.39 0.08 0.001 ***
Year 4 9.52 25.53 0.47 0.001 ***
Treatment: Year 8 2.37 3.18 0.12 0.008 **
Residuals 75 6.99 0.34
Loose soils  Treatment 1 4.18 43.81 0.10 0.001 #**=*
Year 4 793 20.76 0.19 0.001 s
Treatment: Year 4 19.29 50.51 0.46 0.001 #***
Residuals 110 10.51 0.25
Relative cover of nitrophilous species Rocky cliffs Treatment 2 0.10 4.41 0.06 0.001 ***
Year 4 040 8.82 0.26 0.001 ***
Treatment: Year 8 0.21 2.35 0.14 0.025 *
Residuals 75 0.84 0.54
Loose soils  Treatment 1 0.16 8.91 0.04 0.001 #**=*
Year 4 1.17 16.78 0.31 0.001 c***
Treatment: Year 4 057 8.17 0.15 0.001 #**=*
Residuals 110 1.91 0.50

Sum Sq Sum of squares; Df Degree of freedom; R? R Squared
Significance codes ***P value <0.001; **P value <0.01; *P value <0.05
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the effects of the different treatments. The analyses
included plots in all soil types and treatments between
2015 and 2019 but considered only plots with at least
one species (total of 178 plots: 21 plots had no species
in 2016 [the year of the main interventions], eight had
no species in 2017, while three had none in 2018).
Plot species composition dynamics over time were
analyzed using a non-metric multidimensional scal-
ing (NMDS) analysis based on Bray—Curtis dissimi-
larities calculated on abundance data (expressed as
percentages). Moreover, we evaluated the extent and
divergence of species composition variations accord-
ing to time and treatment in a Principal Response
Curve (PRC) analysis (ter Braak and Smilauer 2012).
In this analysis, time was treated as a categorical vari-
able and was used as a covariate. The significance of
the effect of the treatments on the species composi-
tion was assessed with a permutation analysis using
9999 permutations due to the hierarchical structure of
the data and allowing freely exchangeable permuta-
tions on the whole-plot level, and no permutation at
the split-plot level. Given the differences in the two
types of plant communities, we conducted the PRC
analyses separately for loose soils and rocky cliffs
communities.

The PERMANOVAs and the NMDS analysis
were conducted in R environment (R version 4.1.0)
using the vegan package version 2.5-7 (Oksanen et al.
2020); plots were drawn using ggplot2 package ver-
sion 3.3.3 (Wickham 2016). PRC analyses were per-
formed using Canoco 5 for Windows vers. 5.12 (ter
Braak and Smilauer 2012).

Results

The sampling from 2015 to 2019 identified 44 spe-
cies other than the invasive alien species Carpobrotus
spp-; Papaver somniferum L. was the only other alien
species (but it is considered an archaeophyte), while
Portulaca oleracea L. is considered cryptogenic (i.e.,
with uncertain native status). The communities grow-
ing on rocky cliffs and loose soils were quite different,
both in terms of composition and the total number of
species retrieved (i.e., the y-diversity); they shared
only 11 species out of 44 recorded, while nine were
exclusive to rocky cliffs (from a total of 20 species)
and 24 were exclusive to loose soils (from a total of
35 species) (see Appendix S1).
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Fig. 1 Variation of Carpobrotus spp. and native species cov-
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covering with mulching sheets. Solid line = Carpobrotus spp.
cover; dashed line =native species cover

The control of Carpobrotus spp. led to substan-
tial suppression of the invasive species, subsequently
resulting in a rapid positive response of native veg-
etation. Treatments induced significant variation over
the five years of the survey on both rocky cliffs and
loose soils (interaction terms Treatment: Year:Species
were significant in both cases, with P value <0.001,
see Table 1). Particularly, as shown in Fig. 1A and B,
Carpobrotus spp. cover dropped to zero after 2015 in
both treatments (manual removal and mulching) in
both substrata, while the recovery of native species
cover proceeded differentially in loose soils and rocky
cliffs and according to the control method. In loose
soils, the recovery of native species after the removal
of mulching sheets (in autumn 2016) was consider-
ably faster than in rocky cliffs, in which the cover of
native plants took until 2019 to reach values compa-
rable with the controls. In case of manual removal on
rocky cliffs the recovery of cover values was faster.

Native species richness and diversity (H’) dis-
played similar trends and were both significantly
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Fig. 2 Variation of native species richness in A rocky cliff
and B loose soil plots, native species diversity (Shannon H’)
in C rocky cliff and D loose soil plots, and relative cover of
nitrophilous species (i.e., species with Ellenberg N value > 6)

affected by treatments over the five years of survey
(with a significant interaction term Treatment:Year P
value <0.001, see Table 1). In treatment plots, native
richness and diversity were close to zero in 2015 and
increased after Carpobrotus spp. removal in 2016.
The recovery of native communities up to the levels
of control plots was faster in plots treated with mulch-
ing sheets on loose soil and with manual removal on
rocky cliffs, while in the plots treated with mulching
sheets on rocky cliffs, recovery occurred only in the
last two years of the survey (Fig. 2A-D).

The relative cover of nitrophilous species also var-
ied significantly due to treatment and time (interaction
term Treatment: Year significant with a P value <0.05
on rocky cliffs and a P value<0.001 on loose soils,
see Table 1). Nitrophilous species’ contribution to the
local communities increased dramatically after the
interventions, particularly in plots treated with mulch-
ing sheets, but also to a lesser extent in those treated
with manual removal on rocky cliffs.

in E rocky cliff and F loose soil plots, according to time
(years 2015-2019) and treatment (solid line=control, dashed
line=manual removal (only on rocky cliffs) and dotted
line =covering with mulching sheets)

The NMDS analysis (stress=0.090, non-metric
fit R2=0.992, linear fit R>=0.969, see Fig. 3) high-
lighted a well-defined differentiation (as expected)
between plant communities growing on loose soils
and those growing on rocky slopes (laying on axis
NMDSI1). Moreover, the ordination highlighted the
strong changes in plant composition after the Car-
pobrotus spp. removal (moving on both NMDS2
and NMDSI1). The plot monitored before the inter-
ventions (year 2015) lay on the left upper part of
the graph, with plots on loose soils and rocky cliffs
presenting high Carpobrotus spp. cover (that will be
treated with mulching sheets) almost overlapping and
plots on rocky cliffs with low Carpobrotus spp. cover
positioned closer to the controls. After the interven-
tions, the plots on loose soils migrate to the right part
of the ordination close to the control plots on loose
soils, while those on rocky cliffs move close to the
respective control in the bottom left part of the graph.

The PRC analysis of the composition of survey
plots during the treatments are consistent with the
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Fig. 3 Non-metric multidimensional scaling (NMDS) analysis
based on Bray—Curtis dissimilarities and run on the composi-
tional data on a total of 178 plots between 2015 and 2019. Full
squares =control plots on rocky cliffs; full triangles =manual
removal plots on rocky cliffs; full circles=mulching sheets

above-mentioned trend of recovery of the commu-
nities towards the communities of the control plots.
Indeed, the analyses highlighted significant effects
of treatment over time in both rocky cliffs (pseudo-
F=3.3, P value<0.001) and loose soils (pseudo-
F=12.5, P value<0.001) communities. In both
cases it is possible to note a trend of convergence
of the treated plots with the control ones over time
(Fig. 4A, B).

Discussion

Within this work, we aimed to test the effectiveness
of the control techniques adopted within the EU
LIFE project "RESTO CON LIFE" for the eradica-
tion of Carpobrotus spp. on the island of Giannutri
and to monitor the recovery of native species after
the removal of this invasive species. Our results pro-
vide important evidence of the effectiveness of both
manual removal and covering with mulching sheets in
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plots on rocky cliffs; empty squares=control plots on loose
soils; empty circles=mulching sheets plots on loose soils.
Plant species names were shortened to enhance readability;
please see Appendix S1 for plant full names

the suppression of the invasive species, subsequently
leading to the recovery of native plant communities.
The first pivotal result of the monitoring is repre-
sented by the evidence of the strong impacts exerted
by Carpobrotus spp. on the invaded plant commu-
nities, as showed by the difference in native species
richness and diversity among the control plots and
those with a high cover of Carpobrotus spp. Our
results are consistent with those coming from sev-
eral other case studies where Carpobrotus spp. inva-
sion resulted in a loss in native species diversity (Vila
et al. 2006; Santoro et al. 2012; Fried et al. 2014;
Andreu et al. 2010). These trends in native species
depletion and replacement recorded at Giannutri
are comparable to those found in the nearby Giglio
Island, where a similar action is currently ongoing.
Here, the first monitoring data showed that Carpo-
brotus spp. induces changes in the composition and
diversity of invaded rocky coastal communities, with
negative impacts on species richness, diversity and
abundance of native species (see Mugnai et al. 2022).
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Fig. 4 Principal response curves (PRC) showing the effect
of the different treatments on the plant species composition
of the plots (only the 10 best fitting species are shown) in A
rocky cliff and B loose soil plots. Species weights indicate
the strength of the trend for each species and indicate a nega-
tive association or inverse of the trends depicted. The product
of species weight and the canonical coefficient (y-axis) for a
given treatment and time equals the natural log change in den-
sity of that species relative to the control. The PRC analysis
over all dates was significant (P <0.001) based on an F-type
permutation test. Solid line =control treatment (used as refer-
ence to assess variation in other treatments), dotted line = man-
ual removal (only on rocky cliffs), dashed line =covering with
mulching sheets

These data confirm that Carpobrotus spp. inva-
sion may act throughout the process of replacement
and exclusion of native species, rather than coexist-
ence (as already pointed out in Andreu et al. 2010).
These impacts are particularly noteworthy since the
typical flora of rocky habitats both at Giglio and
Giannutri islands host high conservation value spe-
cies such as the endemic Limonium sommerianum.
In fact, small Mediterranean islands like Giglio and
Giannutri may constitute key ecological systems and
current “refugia” to ensure the long-term preserva-
tion of coastal plant biodiversity. However, as dem-
onstrated here, these are threatened by drivers such
as climate warming and aridification, sea-level rise,

and biological invasions (Medail 2017). The interac-
tion between biological invasions and climate change
is particularly worrying in the case of Carpobrotus
spp., because these species, as well as other succu-
lents, are considered to number among those that are
likely to expand the most as a result of global warm-
ing (Campoy et al. 2021), further threatening Medi-
terranean island ecosystems. Indeed, Campoy et al.
(2021) found increased growth and physiological per-
formances in Carpobrotus edulis under experimental
conditions of increased temperatures and reduced
rainfall levels. Similarly, increased potential distribu-
tion of Opuntia ficus-indica has been predicted due
to increases in air temperature and reduction in rain-
fall at Caatinga Biome, Northeast Brazil (Cavalcante
et al. 2020). This phenomenon also appears to be
acting in our study area, although further studies are
needed to explore the evidence of this particular link.

Fortunately, the control of Carpobrotus spp. is not
an unknown territory. These species have been tar-
geted by several projects of control, mostly fostered
by local stakeholders, but also often linked to the EU
LIFE program (see also Campoy et al. 2018). Particu-
larly in Italy, several actions similar to those described
here have been carried out or are still in progress
in other LIFE projects in small Italian islands (e.g.,
Pelagic Islands in Sicily within LIFE11+NAT/
IT/000093 “Pelagic Birds” (Badalamenti et al. 2016);
Pontine Islands in Lazio within LIFE 14 NAT/
1T/000544 “PonDerat” (Celesti-Grapow et al. 2017);
Tavolara Island in Sardinia within LIFE19 NAT/
MT/000982 “PanPuffinus” and Giglio Island in Tus-
cany within LIFEI8 NAT/IT/000828 “LETSGO
GIGLIO” (Mugnai et al. 2022)). In addition, sev-
eral studies in recent years dealt with monitoring the
intervention of local control or eradication of this
invasive species, focusing on the effectiveness of con-
trol techniques or the recovery of native species (or
on both these aspects). Nevertheless, our data appear
particularly interesting, considering that while most
of the previous studies dealt with invasion in sand
dune ecosystems (Magnoli et al. 2013; Lazzaro et al.
2020b; Souza-Alonso et al. 2019; Fos et al. 2021a,
b) controlled by using chemical treatment (Lazzaro
et al. 2020b; Fos et al. 2021a, b) or manual removal
(Magnoli et al. 2013; Buisson et al. 2021), few dealt
with rocky habitats (Buisson et al. 2021), and we
could only find one of study that included a robust
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Fig. 5 Some images of the interventions of Carpobrotus spp.
removal at Giannutri Island. Mulching sheets on A flat and B
steep rocky cliffs; C Carpobrotus spp. under the sheets a few
weeks after the covering; D images of the mats at the moment

evaluation on the use of mulching sheets as an effec-
tive control technique (Fos et al. 2021b).

Indeed, even if covering with mulching sheets is
a technique already known for the control of Carpo-
brotus spp., in the past it was generally reported with
negative experiences (Campoy et al. 2018). However,
Fos et al. (2021b) has recently confirmed that tarping
was an effective method for Carpobrotus spp. eradi-
cation, but in light of concerns raised regarding its
costs, they considered this technique suitable in only
a restricted set of situations, such as where invasion is
still in its early stages or in small-scale interventions.
Our data offer further confirmation that this technique
has the potential to achieve totally effective removal
of this invasive species. As reported by Fos et al.
(2021b), covering time is quite an important factor
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of the mulching sheets removal; E colonization of the loose
soils area in 2017 (note individuals of Ecballium elaterium (L.)
A. Rich. in the foreground and Carduus cephalanthus Viv. in
the background)

in determining the effectiveness of the methodology
and, in our case, we retained the covering for four
months. As to its suitability for important invaded
surfaces, it should be noted that Fos et al. (2021b)
reported that solarization is an unrealistic option for
eradicating invasive plant species over large areas,
which is further supported by evidence from areas
invaded by grasses and forbs (Holl et al. 2014; Orr
et al. 2019) on sand dunes. In our case, covering with
mulching sheets was used as the main technique on
about 90% of the area invaded by Carpobrotus spp.
(corresponding to approximately 12,500 m? of the
14,000 m? total), and on surfaces with a significant
slope inclination (see Fig. 5). A cost evaluation by
Holl et al. (2014) compared the cost of herbicid-
ing (US$1440/ha) versus tarping (US$14,040/ha).
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However, these costs are not applicable to situa-
tions such as the one presented here, in which costs
are increased by the terrain asperity—which also
increases costs for manual removal or use of herbi-
cides. We estimate a cost for the whole intervention
of about 7 € per square meter, which appears com-
parable to previous experiences in the Tuscan Archi-
pelago at the island of Pianosa, where the removal of
Carpobrotus spp. has been achieved with the use of
chemical treatments that were estimated to cost 9.4 €
per m? (Campoy et al. 2018). The whole cost of the
intervention on Giannutri was approximately 100,000
€ for the removal, which appears affordable with the
use of specific funds such as those provided under the
EU LIFE program. Moreover, tarping with mulching
sheets removes the necessity of using glyphosate and
other chemical treatments. In fact, even though chem-
ical control has been shown to be efficient—particu-
larly using glyphosate—and with no significant long-
term negative effects on the recovery of native plant
communities (Lazzaro et al. 2020b; Fos et al. 2021b),
the approach still raises important concerns linked to
the risks for human health and the ecosystem, as well
as ethical concerns on its use in protected areas. Not
least, the use of herbicides meets considerable diffi-
culties in obtaining the necessary authorizations. For
example, in the European Union the Dir. 2009/128/
EC on the sustainable use of pesticides prescribes the
reduction of pesticide use or risks in specific areas,
including protected areas and Natura 2000 sites, and
Italian laws adopting the Directive have imposed a
ban on the use of these products in Natura 2000 sites
unless specific exemptions are obtained, which is not
always possible.

Besides the effectiveness of the method for the
removal of the invasive species per se, another piv-
otal issue is the recovery of native vegetation (Buis-
son et al. 2021). Indeed, the optimal result would be
a rapid convergence of the vegetation composition of
treated areas toward that of its immediate surround-
ings. According to Tu et al. (2001), covering the soil
with plastic sheets is not a recommended method to
control major infestations, since it may cause signifi-
cant physical, chemical, and biological changes in the
soil that can last for several years. Nevertheless, in
our case we observed a clear recovery of native veg-
etation, with several native species able to colonize
the treated areas in the medium period (2-3 years),
with colonization occurring faster on loose soils.

Following the removal of the mulching sheets from
their experimental plots, Fos et al. (2021b) registered
a rapid colonization from six different native species
and three invasive species (including Carpobrotus
spp.), which also highlights that tarping did not kill
all the seeds present in the sand underneath the Car-
pobrotus spp. cover. As noted by Fos et al. (2021b),
seedling emergence after the removal of the mulch-
ing sheets is common and was often recorded across
the whole intervention area in our study. Indeed,
specific actions of monitoring and seedling removal
are foreseen for several years. One important limita-
tion in our data is the lack of a specific quantifica-
tion of the seedling emergence during the years after
the interventions. While Carpobrotus spp. seedlings
were recorded in the surveyed plots after the inter-
ventions, their abundance was evaluated by assessing
their percentage cover. It is likely that an ad-hoc seed-
ling sampling design would have been very useful,
particularly for the evaluation of the effectiveness of
mulching sheets on the depletion of the Carpobrotus
spp. seed bank. We note here that, initially, the seed-
lings were mainly recorded on the rocky cliffs sub-
jected to manual removal (in one single plot in 2016,
2018 and 2019, and in two plots in 2017), while they
were also recorded on rocky cliffs treated with mulch-
ing sheets only in the latter years and to a lesser extent
(two plots in 2018). No seedlings were recorded on
loose soils during the monitoring, probably due to the
fact that these were removed by the workers at least
once a year.

We also note that a contribution to the spreading of
Carpobrotus spp. seeds on Giannutri may be attrib-
uted to the presence of the alien species of European
rabbit (Oryctolagus cuniculus) on the island. The
facilitation among these IAS, resulting in invasional
meltdown processes, has been already reported on
offshore islands in southeast France (Bourgeois et al.
2005). Moreover, the establishment of C. edulis, in
terms of germination and early growth, is increased
by scarification of seeds following passage through
the European rabbit intestines, suggesting that the
rabbits may have potential implications for plant
establishment (Novoa et al. 2012). It should also be
noted that the European rabbit population on Giannu-
tri island was severely contracted in the years follow-
ing the interventions described here, and an appropri-
ate study could shed light on the real characteristics
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of its population and the eventual interaction with
Carpobrotus spp.

As to native species recovery, the NMDS and
PRC analyses highlighted that plant communities in
the treated plots converged quite rapidly towards the
relative controls, but with some differences among
the three different conditions: loose soils treated
with mulching sheets, rocky cliffs with total Car-
pobrotus spp. cover treated with mulching sheets
and rocky cliffs with low Carpobrotus spp. cover
treated with manual removal. This latter case was,
in a sense, the simplest; here, native species were
already present and could easily expand after the
removal of Carpobrotus spp. mats, such that the
plots could rapidly become very similar to control
plots on rocky cliffs. In the other two cases, the
analysis of the recovery of the vegetation should
take into account three main factors: the substantial
absence of native species before the interventions,
the use of mulching sheets, and the important layer
of litter left in place after the removal of the mulch-
ing sheets. As to this latter factor, unfortunately, we
did not collect precise data on the litter of Carpo-
brotus spp. present in the plots after the eradication.
However, it should be noted that, while no litter was
present in control plots and in plots subjected to
manual removal, a thick layer of litter was persistent
(albeit slowly reducing during the years of moni-
toring) in most of the plots subjected to covering
with mulching sheets. Indeed, only in plots on the
rocky cliffs—and, significantly, only in 2019—did
the layer started to disappear (locally removed by
the wind), allowing native species to colonize these
areas. On loose soil plots, the colonization of litter
and soils had already started in 2017 and took place
over the litter layer. It should be noted that in all the
intervention plots we observed a sharp increase in
the relative cover of nitrophilous species. Indeed,
one of the well-known effects of litter accumulation
by Carpobrotus spp. is the significant modification
of soil parameters, with a net increase in nitrogen
and organic matter content and a decrease in soil
pH (Santoro et al. 2011). Consequently, it has been
found that Carpobrotus spp. may favor the replace-
ment of typical native dune plants by ruderal nitro-
philous species through soil nutrient enrichment
(Novoa et al. 2013; Fried et al. 2014; Malavasi et al.
2016). In sand dune communities (as evidenced in
Novoa et al. 2013), the effect of litter accumulation
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is particularly important, as it may severely restrict
the colonization of treated areas by less competitive
species, actually preventing or inhibiting a return to
the pre-invasion situation. Indeed, several previous
eradication experiences showed that the effects of
invasive plants on community composition or eco-
system properties may continue after their removal,
thus exerting a “legacy” that persists over an ensu-
ing time period, and that to achieve truly success-
fully restoration goals eradication may need to be
accompanied by strategies to overcome these lega-
cies (Corbin and D’Antonio 2012). Accordingly,
Novoa et al. (2012, 2013) advise against leaving
fresh or dry Carpobrotus spp. litter on restored
areas, although it should be noted that the complete
removal of Carpobrotus spp. and its litter may lead
to massive soil erosion, as reported by Chenot et al
(2018), requiring solutions to mitigate the issue.
We also note that on large areas, this would mean
a further and substantial increase in the costs of
eradication and/or control interventions. As to the
role of litter in our case, we observed that nitro-
philous species do indeed appear to drive veg-
etation recovery, particularly in the plots treated
with mulching sheets. For instance, looking at the
NMDs ordination plots, plots treated with mulching
sheets on rocky cliffs in 2018 are almost closer to
those on loose soils than to the respective controls
on rocky cliffs, and only in 2019 moved towards
the latter ones. Nevertheless, “legacy effects” on
rocky areas seem to be rapidly decreasing due to the
rapid reduction of the litter layer, and the return to
a more natural condition of bare rock substratum on
which natural communities usually grow. Nonethe-
less, these effects may be longer-lasting on loose
soil areas and delay the full recovery of native plant
communities for a considerable period.

In conclusion, we report the experience from the
eradication of Carpobrotus spp. from the Island of
Giannutri (Tuscan Archipelago, Italy), an action
within the EU LIFE project "RESTO CON LIFE".
The monitoring data, spanning from a year before
to four years after the interventions, showed a rapid
recovery of the native vegetation, but mainly driven
in these first stages by nitrophilous species. As
already expressed by Buisson et al. (2021), it is very
important to collect and provide data for a long times-
pan after eradication interventions. In our case, we
are providing a medium time (four years after the
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interventions), but it will be very important to con-
tinue to survey the evolution of native vegetation for
a long time, even with a lower frequency of sampling
(i.e., once every few years), to provide insight into the
extent of further colonization by native species and
natural vegetation recovery phases. Our data are also
important as they provide information on significant
extent once invaded by Carpobrotus spp.
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