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Abstract

Invasive alien species are a major threat to biodiversity, prompting management actions. Here, we present the first two years of
monitoring Natura 2000 habitats on Capraia Island (Tuscan Archipelago, Italy), in relation to control measures for the invasive plant
Opuntia stricta, within the LIFE TETIDE project (Turning Eradication Targets into Durable Effects).

We randomly sampled 25 permanent 100 m*> macroplots in the areas most affected by Opuntia stricta, recording the vegetation
macrocategory and cover values of Opuntia stricta and Natura 2000 habitats. Within each macroplot, we surveyed two 4 m” subplots
for compositional analyses. We used Linear Mixed-Effects Models to assess temporal and vegetation effects on Opuntia stricta and
habitat cover; multivariate ordination and PERMANOVA to evaluate community composition, with environmental variables linked
to the ordination; and Wilcoxon tests to validate habitat classification accuracy using species of the reference physiognomic combi-
nation according to the Italian Habitats Interpretation Manual.

Our results indicate spatial heterogeneity in Opuntia stricta distribution, with a slight increase in coastal habitats. We recorded an
ecological preference for coastal vegetation and low maquis, particularly on habitats 1240 “Vegetated sea cliffs of the Mediterranean
coasts with endemic Limonium spp?, 5320 “Low formations of Euphorbia close to cliffs”, and 5330 “Thermo-Mediterranean and
pre-desert scrub”. We recorded a substantial representation of reference species across all habitats, except for 8220 “Siliceous rocky
slopes with chasmophytic vegetation”, which requires further investigation. Data collected provide a useful pre-intervention snapshot
of Capraia’s habitats, pivotal for the full evaluation of the impacts of the project actions.
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Introduction cies poses substantial threats and has far-reaching impacts

(Vila and Hulme 2017; Kumar Rai and Singh 2020; Pysek
Together with climate change and habitat fragmentation, et al. 2020). The entity of the impacts can have different
biological invasions are one of the most relevant threats to  scales, ranging from local to global, and can affect dif-
biodiversity of this century (IPBES 2023). The intentional ~ ferent sectors, including ecological, socio-economic and
or unintentional introduction and movement of alien spe-  sanitary (Reaser et al. 2007; PySek et al. 2012; Bacher et al.
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2018). The majority of documented global extinctions at-
tributed to invasive alien species occur in vulnerable eco-
systems (IPBES 2023). Islands, particularly remote ones
with high levels of endemism, are especially susceptible to
the impacts of invasive alien species (Celesti-Grapow et
al. 2016; Russell et al. 2017).

Opuntia spp. are among the most widespread invasive
alien plant species globally for ornamental and agricul-
tural reasons, and are among the most harmful in the
world (Novoa et al. 2015). The native range of Opuntia
spp. extends across central and western South America,
includes Mexico, and reaches the southern United States
(Nobel 2002; Sheehan and Potter 2017). There are three
cacti invasion hotspots: South Africa, Australia, and
Spain (Foxcroft et al. 2004; Novoa et al. 2015; Shackleton
et al. 2017; Sheehan and Potter 2017; Gémez-Bellver et
al. 2020). However, large areas of the world with suitable
climates for cacti are at risk of future invasion, such as
parts of China, eastern Asia, central Africa, and the Med-
iterranean basin (Erre et al. 2009; Gomez-Bellver et al.
2020; Tesfay and Kreyling 2021; Gaye and Kollie 2025).
In fact, cacti can tolerate high temperatures, aridity, and
moderate salinity making them highly ecologically resis-
tant (Weber 2017; Humphries et al. 2022). In addition,
they have a great capacity for both sexual and vegetative
reproduction, which facilitates their spread in new areas.

In the Mediterranean basin, Opuntia spp. are overall
widespread mainly along the coasts and in island ecosys-
tems, particularly in Spain, Portugal, and Italy, threatening
native environments (Monteiro et al. 2005; Padrén et al.
2011; Pasta et al. 2017; Misuri et al. 2024). Although the
direct impacts of Opuntia spp. are few and not well docu-
mented (Shackleton et al. 2017; Hunter et al. 2021; Novoa
etal. 2021), reports on its distribution are increasingly nu-
merous, especially in the Mediterranean. This attests to the
urgent need for action, considering also its rapid expan-
sion into Natura 2000 habitats (Pasta et al. 2017; Misuri et
al. 2024). These actions can be realized through the imple-
mentation of European projects such as the Interreg and
LIFE programmes, aimed at removing these species and
restoring native habitats; for example, the Italy-Greece In-
terreg project “BEST - Addressing joint Agro- and Aqua-
Biodiversity pressures Enhancing SuSTainable Rural De-
velopment” (2014-2020) aimed at enhancing biodiversity
conservation in coastal and rural ecosystems, by eradicat-
ing Opuntia stricta through combined techniques. Simi-
larly, in Spain, the ongoing LIFE medCLIFFS (2021-2026)
project focuses on the integrative management of invasive
plants along the Costa Brava and Cap de Creus, employing
for Opuntia both the biocontrol agent Dactylopius opun-
tiae in coastal areas and chemical control inland. In the
south of France, local initiatives in Celles in 2009 and the
LIFE Habitats Calanques project (2017-2022) have result-
ed in the removal of certain Opuntia species and the con-
servation of Mediterranean habitats.

In light of these previous experiences, the project LIFE
TETIDE “Turning Eradication Targets into Durable Ef-
fects” (2023-2028), has been launched. This project involves

three European countries: Malta, Croatia, and Italy. The
main objective is to strengthen biosecurity on small Med-
iterranean islands to ensure the effective interception of
new introductions. One of the project’s specific focus is the
massive control of Opuntia stricta from Capraia, a small
island in the Tuscan Archipelago (Italy), where it currently
covers more than 70 hectares (Misuri et al. 2024).

In parallel with the eradication actions, the impacts of
the project actions on Natura 2000 habitats (sensu Direc-
tive 92/43/EEC) will be monitored. This study presents
the initial findings from the 2024-2025 monitoring pe-
riod, conducted prior to the next removal phase. Specif-
ically, it aims to establish a robust baseline of ecological
data essential for evaluating the effects of future control
interventions. To pursue this, our specific objectives were
to: 1) quantify the cover patterns of the invasive species
Opuntia stricta and of Natura 2000 habitat types, analyze
their relationships with vegetation macrocategories, and
describe the overall structural composition of the plant
communities; ii) characterize the floristic composition of
the sampled communities, identifying the main gradients
and assessing their correlations with vegetation macro-
categories and field-based habitat cover; iii) evaluate the
occurrence of the species of the reference physiognomic
combination according to the Italian Interpretation Man-
ual of the Habitats Directive 92/43/EEC (Biondi et al.
2010) and assess the congruence between field-assigned
on an expert-based approach Natura 2000 habitat cover
and the diagnostic floristic data recorded within the sub-
plots, as a measure of classification reliability.

Methods

Study area

Capraia, the third largest island in the Tuscan Archipel-
ago with an area of 19.2 km?, lies closer to the Corsican
coast than to the Tyrrhenian mainland (Fig. 1). The island
is mostly mountainous and has a Mediterranean climate,
characterized by hot, dry summers and mild, rainy win-
ters (Foggi and Grigioni 1999). Its vegetation is largely
dominated by evergreen shrubland, where Erica arborea
and Arbutus unedo prevail, gradually giving way to more
pioneer plant communities in the steeper and rockier ar-
eas (Foggi and Grigioni 1999). Forests of Quercus ilex are
almost absent, except for a few small patches, likely due
to centuries of continuous human disturbance (Foggi and
Grigioni 1999). Despite this, Capraia retains high ecologi-
cal value, hosting numerous endemic plant species as well
as terrestrial habitats of notable conservation importance.
Among these, two habitat types (3170* “Mediterranean
temporary ponds” and 6220* “Pseudo-steppe with grass-
es and annuals of the Thero-Brachypodietea”) are listed as
“priority” under the European Habitats Directive (92/43/
EEC). The island is also included in both the Tuscan Ar-
chipelago National Park and the Natura 2000 network,
designated as a Special Area of Conservation (SAC) and
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a Special Protection Area (SPA) (IT5160006). However,
Capraia faces a serious threat from Opuntia stricta, intro-
duced in the 1980s (Viegi and Cela Renzoni 1981; Guiggi
2008), which has since spread extensively. Today, it covers
around 70 hectares (3.6% of the island), endangering al-
most half of the habitats of conservation concern as de-
fined by the Habitats Directive. In the absence of natural
enemies or control measures, the species continues to ex-
pand across natural and semi-natural areas, exacerbating
its impact on ecologically valuable habitats.

In particular, this study focuses on the following tar-
get habitats: 1240 “Vegetated sea cliffs of the Mediterra-
nean coasts with endemic Limonium spp., 3170* “Med-
iterranean temporary ponds’, 5230 “Low formations of
Euphorbia close to cliffs”, 5330 “Thermo-Mediterranean
and pre-desert scrub’, 6220* “Pseudo-steppe with grasses
and annuals of the Thero-Brachypodietea”, and 8220 “Sili-
ceous rocky slopes with chasmophytic vegetation”

Sampling design

Sampling was conducted in May 2024 and May 2025 in
the north-eastern part of the island, where Opuntia stricta
is significantly dense (Misuri et al. 2024) and where re-
moval interventions will take place. As reported by Misuri

etal. (2024), in fact, Opuntia stricta, with over 70 ha, is the
most widespread alien species that extends significantly
outside the town in areas with natural vegetation, reach-
ing the National Park territories in small and scattered
patches. The estimated density of these patches is derived
from an empirical estimate obtained from field observa-
tions by Misuri et al. (2024), based on the number and
width of Opuntia clumps per area.

We employed a hierarchical sampling design. The first
level consisted of a random sampling, by which a total
of 25 permanent square macroplots (100 m* each) were
randomly selected within the study area in 2024 (Fig. 1).
This was combined with a systematic within-plot sam-
pling at the second level, where two subplots (4 m? each)
were established, one in the north-eastern and the other
in the south-western corner of each macroplot. For each
macroplot, we recorded the cover of the target habitats
— 1240 Vegetated sea cliffs of the Mediterranean coasts
with endemic Limonium spp., 3170* Mediterranean tem-
porary ponds, 5320 Low formations of Euphorbia close
to cliffs, 5330 Thermo-Mediterranean and pre-desert
scrub, 6220* Pseudo-steppe with grasses and annuals of
the Thero-Brachypodietea, and 8220 Siliceous rocky slopes
with chasmophytic vegetation — as well as the cover of
Opuntia stricta. For each subplot, we recorded the occur-
rence and cover of plant species as a direct percentage

Border of the Special Area of Conservation
A CAPRAIA ISLAND - IT5160006 (terrestrial zone)
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Figure 1. Geographical setting of the study area. A) Capraia Island and its location with a red line representing the border of the

Special Area of Conservation; B) monitoring study area with red dots representing the permanent 100 m? macroplots; C) example of

a4 m? subplot invaded by Opuntia stricta.
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estimation (with a minimum value of 0.1%), and collected
any plant species that could not be identified on the field.
After conducting fieldwork, we identified the samples
collected in the laboratory using a stereoscope, in accor-
dance with Pignatti et al. (2017-2019). We also updated
the nomenclature according to the Portal to the Flora of
Italy (2025).

To identify the plant species associated with the ref-
erence physiognomic combination for each target hab-
itat, we consulted the Italian Interpretation Manual of
the 92/43/EEC Habitats Directive (Biondi et al. 2010).
Furthermore, we checked the typical species within the
“Handbook for monitoring species and habitats of com-
munity interest (Council Directive 92/43/EEC) in Italy:
habitat types” (Angelini 2016). We therefore created a
table in which we counted the species from the physiog-
nomic combination and typical species in the surveys for
each target habitat.

Moreover, to provide a broad classification, each
macroplot was assigned in the field to one of the follow-
ing three vegetation macrocategories based on visual
inspection:

1) Coastal vegetation, representing coastal areas and
including a mosaic of rocky sea cliffs vegetation and
coastal Helichrysum garrigues.

2) Low magquis, including thermo-Mediterranean Erica
and Cistus scrub and Euphorbia dendroides formations.

3) Low garrigue, representing a mosaic of low sparse
Mediterranean scrub and grassland formations
dominated by therophytes, interspersed with
rocky outcrops.

Data analysis and visualization

To explore the patterns of cover of Opuntia stricta and
the variations in habitat cover across different vegetation
macrocategories and over time, we adopted a repeated
measurements framework using Linear Mixed-Effects
Models (LMMs) with macroplot identity treated as a ran-
dom effect to account for temporal correlations in repeat-
ed measurements. Opuntia stricta cover was analyzed in
function of sampling year, vegetation macrocategories,
and their interaction. A second LMM was used to study
the cover of Natura 2000 habitats in function of vegeta-
tion macrocategories, habitat type, sampling year along
with their interactions. The statistical significance of the
fixed effects was assessed using a Type III Analysis of
Variance (ANOVA) with Satterthwaite’s approximation
for denominator degrees of freedom. Moreover, we used
an alluvial diagram to represent the overall compositional
structure of the vegetation community, summarizing the
flows between macrocategories and Natura 2000 habitats.
In this case, cover values were averaged across years (also
considering the non-significance of the factor Year).

To explore the vegetational context and to visualize
patterns in plant community composition of the sampled

plots, we performed a Non-metric Multidimensional
Scaling (NMDS) ordination based on the Bray-Cur-
tis dissimilarity index, using species cover data from
all subplots. Three dimensions (k = 3) were used, as the
two-dimensional solution (k = 2) resulted in a high stress
value (stress = 0.22). Differences in community composi-
tion among a priori-defined vegetation macrocategories,
as well as the effects of sampling year were tested using
permutational multivariate analysis of variance (PER-
MANOVA). To further interpret the ordination axes and
vegetation macrocategories, sampling year and cover in
Natura 2000 habitat recorded in the field, we fitted these
variables onto the NMDS space using the envfit function
(vegan package). Continuous variables were fitted as vec-
tors, while categorical factors were represented by their
centroids. Only relationships significant at p < 0.05 were
displayed in the final ordination plot.

Finally, we performed a golden test to assess the reli-
ability of the field-based habitat classification against the
floristic data, thereby assessing the diagnostic value of the
reference species combinations for Natura 2000 habitats.
Habitat cover data for each macroplot were converted into
a binary presence/absence matrix, defining two groups of
plots per habitat type (“present” vs. “absent”). For each
plot, two metrics were calculated based on species be-
longing to the reference combinations: (1) the total num-
ber of diagnostic species and (2) their cumulative cover.
Differences in these metrics between the two groups were
tested using non-parametric Wilcoxon rank-sum tests.

The statistical analyses were conducted in the R environ-
ment (R Core Team 2025). The vegan package (Oksanen et
al. 2022) was used for all multivariate community analyses,
including NMDS ordinations, PERMANOVA, and vector
fitting. The package Ime4 (Bates et al. 2015) was used to fit
Linear Mixed-Effects Models, while the package ImerTest
(Kuznetsova et al. 2017) provided p-values for fixed effects.
The package tidyr (Wickham and Henry 2020) was used
to reshape the dataset, and the package ggplot2 (Wickham
2016) to create all plots. The package ggalluvial (Brunson
and Read 2023) was used to generate alluvial diagrams
representing vegetation composition, and cowplot (Wilke
2019) combined multiple plots into a single figure.

Results

The cover of Opuntia stricta varied across vegetation mac-
rocategories and between years showing significant dif-
ferences for the interaction term between vegetation and
year (Table 1). In both 2024 and 2025, the highest mean
cover values were recorded in Coastal vegetation and Low
maquis, reaching approximately 35-40%, although with
high variability among macroplots (Fig. 2). By contrast,
Low garrigue consistently exhibited lower cover values
(approximately 20%) with reduced variability (Fig. 2).
A slight increase in mean cover was observed in Coast-
al vegetation between 2024 and 2025, whereas cover re-
mained stable in Low garrigue and Low maquis (Fig. 2).
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Table 1. Changes in Opuntia stricta cover over the two-year pe-
riod (2024-2025) and by vegetation macrocategory using a Type
III Analysis of Variance (ANOVA) with Satterthwaite’s method
for denominator degrees of freedom. Sum Sq: sum of squares;
Mean Sq: mean sum of squares; NumDF: numerator degree of
freedom; F value: the overall F-statistic of the ANOVA model.

Sumsq Meansq NumDF Fvalue Pr(>F)

Table 2. Change in Natura 2000 habitat cover by vegetation
macrocategory, year, N2000 habitat type and their interactions
using a Type III Analysis of Variance (ANOVA) with Satterth-
waite’s method for denominator degrees of freedom. Sum Sq:
sum of squares; Mean Sq: mean sum of squares; NumDF: nu-
merator degree of freedom; F value: the overall F-statistic of the
ANOVA model.

Vegetation 5678.7  2839.37 2 1687.098 < 0.001 ***
Year 194.4 194.40 1 115.509 < 0.001***
Vegetation:Year  106.8 53.42 2 31742 <0.001
g 40 | (1}

o}

g )

© L

k3]

®
S

€ 20 ==

=

Q.
o

0
Coastal vegetation  Low garrigue Low maquis
Vegetation
Year —@— 2024 2025

Figure 2. Percent cover of Opuntia stricta in relation to veg-
etation macrocategory and year. Opuntia stricta cover (%) in
Coastal vegetation, Low garrigue and Low maquis during 2024
(dark blue) and 2025 (yellow). Individual data points for each
measurement are shown alongside the means.

The cover of Natura 2000 habitats varied across vegeta-
tion macrocategories, showing a significant interaction be-
tween vegetation and habitat (Table 2). Coastal vegetation
is mainly represented by habitats 5320 and 1240, which
have the highest mean cover values recorded (Fig. 3). Low
garrigue is mostly represented by open habitats 6220* and
8220, for which we have higher mean cover values, and in
some cases the lesser presence of habitat 3170* (Fig. 3). Fi-
nally, Low maquis is defined by a higher mean cover value
for habitat 5330, followed by habitats 6220* and 8220. The
alluvial plot shows the relationships between vegetation
cover macrocategories and Natura 2000 habitats and visu-
ally synthesizes their connections (Fig. 3).

The Non-metric Multidimensional Scaling (NMDS) or-
dination revealed a relevant floristic differentiation among
vegetation macrocategories (Stress value = 0.16; Fig. 4),
with only vegetation resulting as a significant grouping fac-
tor (p-value < 0.001 according to PERMANOVA). Coastal
vegetation formed a relatively well-defined cluster along
NMDS], distinctly separated from Low garrigue and Low
maquis, and was closely associated with coastal habitats
1240 and 5320. Low maquis and Low garrigue showed par-

Sumsq Meansq NumDF Fvalue Pr(>F)
Vegetation 1606 802.8 2 2.7653  0.065
Year 20 19.7 1 0.0679  0.795
N2000 Habitats 9054  1811.2 5 6.2389 <0.001 ***
Vegetation:Year 31 15.5 2 0.0536  0.948
VegetationiN2000 13186 43186 10 148758 <0.001
Habitats
Year:N2000 Habitats 208 41.7 5 0.1435  0.982
Vegetation:-
Year:N2000 Habitats > 236 10 00813 0999

tial overlap occupying different regions of the ordination
space only in part. In fact, Low garrigue is positioned to-
wards the left and associated primarily with habitats 6220*
and 5330. The vector representing Opuntia stricta pointed
towards the coastal vegetation cluster (p-value = 0.002), in-
dicating a strong association with coastal habitats and low
maquis, especially with 1240, 5320, and 5330. All vectors
representing Natura 2000 habitat cover resulted signifi-
cantly with p-value <0.01, except for habitat 8220 that was
not significantly correlated within the ordination. As well,
vegetation macrocategory centroids resulted to be signif-
icant with p-value <0.001. Overall, these patterns reflect
marked compositional differences among vegetation mac-
rocategories and their corresponding Natura 2000 habitats.
Regarding the species belonging to the reference physi-
ognomic combinations, between 2024-2025 we recorded:
16 species for habitat 6220* “Pseudo-steppe with grasses and
annuals of the Thero-Brachypodietea”, 1 species for habitat
5320 “Low formations of Euphorbia close to cliffs”, 7 species
for habitat 5330 “Thermo-Mediterranean and pre-desert
scrub’, 3 species for habitat 3170* “Mediterranean tempo-
rary ponds’, 8 species for habitat 1240 “Vegetated sea clifts
of the Mediterranean coasts with endemic Limonium spp.,
and no species for habitat 8220 “Siliceous rocky slopes with
chasmophytic vegetation” (Table 3). Generally, we found a
good correspondence among the cover of Natura 2000 hab-
itats assessed in the field and the presence of the reference
species combinations for Natura 2000 habitats. The species
richness and cover of the reference physiognomic combi-
nations showed high values where habitats were present,
except for the species cover of the habitat 3170* (Fig. 5).

Discussion

Our results indicated that Opuntia stricta displayed clear
differences in cover across vegetation macrocategories,
with consistently higher values in Coastal vegetation and
Low maquis, and lower, more homogeneous cover in Low
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garrigue. Natura 2000 habitat cover also varied among
macrocategories: Coastal vegetation was dominated by
habitats 1240 and 5320, Low garrigue was primarily asso-
ciated with habitats 6220* and 8220, and Low maquis was
characterized mainly by habitat 5330. Floristic composition
differed significantly among macrocategories, as supported
by NMDS and PERMANOVA analyses, with Coastal vege-
tation forming a distinct and well-defined cluster. Opuntia
stricta showed a strong association with Coastal vegetation
and Low maquis, and most Natura 2000 habitats exhibited
significant ecological associations within the ordination.
Finally, the presence and cover of reference physiognomic

A 100 o

species combinations largely reflected the habitat cover
recorded in the field, with the exception of habitat 3170,
which showed low species cover despite its occurrence.

Cover patterns of Opuntia stricta and
Natura 2000 habitats

In our monitoring, we recorded Opuntia stricta occur-
rence in almost all macroplots and subplots, in some
cases with relevant cover (higher than 50%). Howev-
er, the observed patterns in cover across vegetation

Habitat (N2000)
H €@ 1240
. @ Hsio
g 50
5 @ Hss0
3 § i @ Hs330
25 . - O H.e220
i H_8220
0 ‘.o -ﬁ - ¥
Coastal vegetation Low garrigue Low maquis
Vegetation
3000 H_1240
H_-{1 L0)
Coastal vegetation
H_5320
& 2000 ~.. H_5330
2
Q
o
[0] u
© Low garrigue
(@]
o
: /
© H_6220
s
o
F 1000 / I
Low maquis H_8220
0
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Figure 3. Relationship between vegetation macrocategory and Natura 2000 habitat cover. A) Natura 2000 habitat cover (%) across
three vegetation macrocategories, with individual data points colored according to the corresponding Natura 2000 habitat (N2000)
codes. B) Alluvial plot showing the distribution and total cover (%) of the three vegetation macrocategories (Coastal vegetation, Low
garrigue, Low maquis) and their proportional contribution to the different Natura 2000 habitat codes (H_1240, H_3170, H_5320,
H_5330, H_6220, H_8220). The y-axis represents the total aggregated cover, calculated by summing the cover values of each mac-
roplot (averaged across the two sampling years to represent a stable condition).
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macrocategories suggest differential habitat susceptibility
to invasion and a certain degree of spatial heterogeneity
in its distribution. In fact, the higher mean cover record-
ed in Coastal vegetation and Low maquis, combined with
the slight increase over time in coastal areas, indicates
that these habitats may provide particularly favorable
conditions for the establishment and expansion of the
species, in accordance with the findings of Misuri et al.
(2024). In fact, open environments and disturbance may
facilitate cacti colonization and growth (Shackleton et al.
2017; Sheehan and Potter 2017). These findings are also
supported by the NMDS analysis, which suggested an as-
sociation between this invasive species and open coastal
habitats. Furthermore, in accordance with Padrén et al.
(2011) and Gémez-Bellver et al. (2020), the occurrence
of opuntioid cacti was reported in rocky coastal habitats
and in Mediterranean scrub mixed with abandoned fields.

However, the consistently low cover observed in Low
garrigue suggests that this vegetation macrocategory might
be less suitable for the invasion. This evidence seems in con-
trast with the above findings for open environments, in fact

A

Low garrigu Coastal vegetation

NMDS2

1

- 0 1 2
NMDS1

open spaces are certainly a defining feature of low garrigue.
This result is probably linked to several factors, including
less favorable ecological characteristics, greater competitive
pressure from native species, the random sampling design
used, and how the species disperses and spreads on the is-
land. Further investigation is required to develop a more
comprehensive understanding of this dynamic.

By focusing on the relationship between vegetation
cover and the Natura 2000 habitat, our results revealed a
significant heterogeneity and clear distributional patterns.
Coastal vegetation presented a highest mean cover asso-
ciated with habitat 5320 and 1240, indicating a close cor-
respondence. Likewise, the specific composition demon-
strated a notable similarity between Coastal vegetation
and habitats 5320 and 1240, indicating a strong affinity
between them. Conversely, Low garrigue and Low ma-
quis generally displayed lower overall mean habitat cover
but are widespread across several habitats. In particular,
Low garrigue is mainly represented by the habitat 6220*
and 8220 cover, while Low maquis exhibited a higher
mean cover for the habitat 5330. Similarly, the species
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Figure 4. Non-metric Multidimensional Scaling (NMDS) ordination based on Bray-Curtis dissimilarities calculated from species cover
data across all subplots (Stress value = 0.16). Panel A displays the subplots (empty circles) with ellipses highlighting the spatial aggregation of
the three vegetation macrocategories. Panel B presents the 50 most frequent species with their labels. In both panels, black arrows represent
significant environmental vectors related to the cover of Natura 2000 habitats and Opuntia stricta, while filled circles indicate the centroids
of the vegetation macrocategories. Colors correspond to vegetation macrocategories: low garrigue (blue-cyan), low maquis (green), and
coastal vegetation (violet). Air_car = Aira caryophyllea; Ani_mad = Anisantha madritensis; Ari_vul = Arisarum vulgare subsp. vulgare; Asp_
acu = Asparagus acutifolius; Asp_ram = Asphodelus ramosus subsp. ramosus; Ave_bar = Avena barbata; Bra_dis = Brachypodium distachyon;
Bra_ret = Brachypodium retusum; Cen_mar = Centaurium maritimum; Cis_mon = Cistus monspeliensis; Col_myc = Coleostephus myconis;
Cyn_ech = Cynosurus echinatus; Cyt_lan = Cytisus laniger; Dac_glo = Dactylis glomerata; Dau_car = Daucus carota; Eup_den = Euphorbia
dendroides; Fes_amb = Festuca ambigua; Fes_myu = Festuca myuros subsp. myuros; Gal_tom = Galactites tomentosus; Gal_div = Galium
divaricatum; Gal_ver = Galium verrucosum; Gas_ven = Gastridium ventricosum; Gau_fra = Gaudinia fragilis; Ger_rot = Geranium rotundi-
folium; Hed_rha = Hedypnois rhagadioloides; Hel_ita = Helichrysum italicum; Hyp_ach = Hypochaeris achyrophorus; Lin_usi = Linum usi-
tatissimum subsp. angustifolium; Lot_cyt = Lotus cytisoides; Lot_edu = Lotus edulis; Lys_arv = Lysimachia arvensis; Mac_max = Macrobriza
maxima; Opu_str = Opuntia stricta; Par_ech = Paronychia echinulata; Pet_rup = Petrosedum rupestre; Pis_len = Pistacia lentiscus; Pla_afr
= Plantago afra; Pla_bel = Plantago bellardii; Pol_cam = Polypodium cambricum; Sil_gal = Silene gallica; Son_bul = Sonchus bulbosus subsp.
bulbosus; Squ_mar = Squilla maritima; Sti_cap = Stipellula capensis; Teu_mar = Teucrium marum; Tri_arv = Trifolium arvense; Tri_cam =
Trifolium campestre; Tri_sca = Trifolium scabrum; Umb_rup = Umbilicus rupestris; Vic_ben = Vicia benghalensis; Vic_dis = Vicia disperma.
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Figure 5. Association between the species richness and total cover of the reference physiognomic combination across Natura 2000
habitats. A) Number of reference species present or absent from the target habitat. B) Percentage cover of reference species in the
presence or absence of target habitats. Significance codes: p-value < 0.001 ***’; p-value < 0.01 **’; p-value < 0.05 *} p-value < 0.10 *’.

composition of both these two vegetation macrocatego-
ries showed a partial overlap reflecting more gradual eco-
logical transitions between these habitats.

The connections established between vegetation macro-
categories and Natura 2000 habitats enable us to identify
the dominant structural components. Understanding these
associations is crucial for conservation planning and man-
agement, as it enables us to identify broader vegetation cat-
egories that encompass multiple habitats. This allows us to
determine where to concentrate our conservation efforts.

Floristic composition and Natura 2000
habitats

From the floristic-vegetation surveys conducted on the 50
subplots, we recorded a total of 178 species over the two
years of monitoring, approximately 25% of the total flo-
ra checked by Foggi et al. (2001). This result can be con-
sidered remarkable given the limited number of surveys
and the few macrocategories of vegetation explored. In
addition, the complex vegetational and spatial dynamics
of Capraia’s plant landscape must also be considered. The
island’s plant communities are formed from mosaics of
whose vegetation types are often mixed with one another,
making Capraia highly valuable in terms of conservation
(Foggi and Grigioni 1999).

Among the endemic species reported by Foggi et al.
(2001), during the two years of monitoring, we found
Galium caprarium, Romulea insularis, and Limonium
caprariae. Furthermore, Limonium caprariae belongs to

the reference physiognomic combination of habitat 1240
“Vegetated sea cliffs of the Mediterranean coasts with
endemic Limonium spp’, as a species of the genus Limo-
nium, and is considered a typical species of this habitat
(Biondi et al. 2010; Angelini 2016).

Species of the reference physiognomic
combination and Natura 2000 habitats

By focusing on the species of the reference physiognomic
combinations, the high number of species found in habitat
6220* compared to other habitats is not surprising, given
that this habitat is inherently particularly rich in species
(Biondi et al. 2010). These communities are mainly estab-
lished in the empty spaces between shrubs, as well as in
the most degraded microelophytic ephemeral grasslands.
They are usually small in size and characterized by annual
graminoid therophytes, most of which belong to the alli-
ance Tuberarion guttatae (Foggi and Grigioni 1999). Of-
ten, the xerotolerant annual species of these communities
invade temporary ponds as they dry up, creating contact
between different plant communities and habitats.

For the habitat 3170*, we did not find a large number
of species from the reference physiognomic combination,
probably due to the ephemeral nature of the plant commu-
nity and the limitation of the surveys. However, we record-
ed other entities characteristic of late winter microelophytic
ephemeral meadows (class Isoéto-Nanojuncetea), such as Ro-
mulea insularis, Romulea columnae, Bellis annua, and Lotus
angustissimus, in accordance with Foggi and Grigioni (1999).
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Table 3. Species sampled in 2024-2025 of the reference phys-
iognomic combinations of habitats (X symbol) and typical spe-
cies (! symbol) (according to the Italian Interpretation Manual
of the 92/43/EEC Habitats Directive and Angelini 2016).

Habitat
6220* 5320 5330 3170* 1240 8220

Allium commutatum X

Species

Asphodelus ramosus subsp.
ramosus

b

Brachypodium distachyon X

Brachypodium retusum X

Catapodium balearicum X
Centaurium maritimum X
Crithmum maritimum X!
Dactylis glomerata X

Euphorbia dendroides X!

Euphorbia exigua subsp.
exigua

Gaudinia fragilis X
Helichrysum italicum X! X
Hyparrhenia hirta X X

Hypochaeris achyrophorus X

Jacobaea maritima X
Limonium caprariae X!
Lotus cytisoides X
Lotus ornithopodioides X

Macrobriza maxima X

Myrtus communis X

Olea europaea X!

Ornithopus compressus X

Pistacia lentiscus X

Reichardia picroides X

Rhamnus alaternus subsp.
alaternus

Serapias lingua X

o

Stipellula capensis
Teucrium marum X
Trifolium arvense
Trifolium cherleri
Trifolium glomeratum

Trifolium scabrum

MoK R XA

Tuberaria guttata
Total 16 1 7 3 8 0

Regarding the coastal vegetation represented by hab-
itats 1240 and 5320, we found communities consist-
ing of Helichrysum italicum and Jacobaea maritima in
spatial contact with scrub formations on one side and
aeroaline chasmophytic communities of association
Crithmo-Limonietum contortiramei on the other. These
communities are underestimated compared to those of
other macrocategories of vegetation, partly due to the
sampling design and partly due to the difficulty, if not
impossibility, of accessing these areas.

On the other hand, habitat 5330 is fairly well rep-
resented in our monitoring at Capraia. It is character-
ized by patches of Euphorbia dendroides, which mainly

grow in steep rocky areas, sometimes merging with the
Helichrysum belt near the sea, especially on southern
exposures and eastern slopes. We often recorded its oc-
currence in with Cistus monspeliensis, Teucrium marum,
Pistacia lentiscus, Myrtus communis, Salvia rosmarinus,
Erica arborea, and in accordance with Foggi and Grigioni
(1999), occasionally with Olea europaea.

For habitat 8220, we did not record any species from
the reference physiognomic combination. However, we
did record other entities (Umbilicus rupestris, Polypodium
cambricum, and Selaginella denticulata), which, according
to Foggi and Grigioni (1999), are included in the xero-
phytic, chasmophytic vegetation characteristic of the al-
liance Asplenio billotii-Umbilicion rupestris communities
and related impoverished phytocenoses. In addition, we
found Galium caprarium, characteristic of the association
Linario caprariae-Umbilicetum rupestris of chasmophytic
vegetation (Foggi and Grigioni 1999).

In any case, we found a clear and consistent associa-
tion between the species richness and total cover of the
reference physiognomic combination across Natura 2000
habitats (except for habitat 8220). Only in a few cases
this relationship was not evident. For example, in habitat
3170%*, species cover of the reference physiognomic com-
bination was similar among plots with and without the
habitat, suggesting the possible influence of other factors,
such as the dominance of ephemeral species and seasonal
changes. In other instances, we observed high values of
species richness and cover in plots where the correspond-
ing habitat was not formally identified. This discrepancy
may stem from both analytical and interpretative factors.
Indeed, the concept and delineation of habitats are based
not only on the occurrence of species belonging to the ref-
erence physiognomic combination, but also on the com-
plex interactions between abiotic and biotic factors that
shape community structure and function (The Council of
the European Communities 1992; Angelini 2016; IPBES
2019).

Certainly, in some cases, the absence of species char-
acteristic of the reference physiognomic combination
and plant community of the habitat from our records
does not reflect their actual absence in the study area,
but rather their omission due to not being included with-
in the 4 m? subplot. While our sampling design enabled
the detection of a considerable number of species, it also
presented certain limitations, particularly for some hab-
itat types. In fact, this is not a stratified sampling design
where we have a homogeneous distribution of macroplots
among vegetation macrocategories and habitats, but rath-
er arandom sampling design at the first level (macroplots),
combined with a systematic within-plot sampling at the
second level (subplots). Nevertheless, our objective was
not to produce a detailed phytosociological description
of the study areas, but to assess and delineate the conser-
vation status of the habitats threatened by the invasive
species, Opuntia stricta. We note here that in our assess-
ment, we also attempted to use the framework of “typical
species” as defined by the Habitats Directive (92/43/EEC)
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and listed in the Italian Manual for Habitat Monitoring
(Angelini et al. 2016). However, we encountered several
issues. Although typical species are theoretically intended
to indicate the conservation status of habitats, we found
that they were reported only for a limited number of hab-
itat types in Angelini et al. (2016), and that, in many cas-
es, the listed taxa did not appear particularly responsive
to environmental changes. Moreover, for several habitats
(e.g., 6220*, 3170*, and 8220), the manual omits typical
species, recommending their identification at a regional
scale due to high floristic variability. These limitations re-
flect the broader conceptual and practical difficulties in
defining and applying the concept of typical species, as
repeatedly discussed in the scientific literature (Bonari et
al. 2021). Nevertheless, in the context of post-restoration
monitoring, identifying reliable typical species could be
extremely valuable. This is particularly relevant for LIFE
projects and other conservation initiatives, where one of
the main indicators of success is the measurable improve-
ment of habitat conservation status — an evaluation that
currently remains difficult, if not impossible, when rely-
ing on the existing framework of typical species.

Conclusions

The pre-intervention monitoring (2024-2025) of Opuntia
stricta removal conducted within the LIFE TETIDE proj-
ect has generated a robust baseline dataset that is essential
for guiding and evaluating future management actions.
This baseline serves as a critical foundation for tracking the
species’ response to control measures and for developing
adaptive management strategies over time. A critical issue
remains regarding the identification of the reference phys-
iognomic combination for habitat 8220 which warrant fur-
ther investigation. Our analysis of O. stricta cover patterns
across different vegetation macrocategories reveals varying
levels of habitat susceptibility to invasion and a notable de-
gree of spatial heterogeneity in its distribution. Coastal vege-
tation, Low maquis and their associated habitats (1240, 5320,
and 5330, respectively) are showing greater levels of Opuntia
invasion, underscoring the need to prioritize management
and post-intervention monitoring efforts in these areas.
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