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Badlands are peculiar geomorphological formations shaping landscapes of high ecological and
cultural value. In the last decades, land reclamation for agricultural purposes and the cessation of
traditional land use, such as sheep grazing, led to their decline in extent in many areas. To
quantify the changes in badland-related plant communities, we resurveyed badland vegetation in
a site of the Crete Senesi (Siena, central Italy) after 16 years (2006-2022), using 48 quasi-
permanent vegetation plots and by means of uni- and multivariate analysis of variance. We
found an increase in the total vegetation cover of plant communities growing in former bare soil
and sparsely vegetated areas, in line with an overall decrease in the extent of bare soil surfaces in
the study area, which we highlighted through the analysis of multitemporal satellite images.
Pioneer vegetation characterized by the endemic plant Artemisia caerulescens subsp. cretacea
changed into ruderal annual grasslands, while former bare soils were colonized by such pioneer
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vegetation. In contrast, perennial grasslands remained stable. Grasslands with shrubs became
more similar to perennial grasslands in species composition. Species richness increased in former
bare soils, and using the total vegetation cover as a proxy for successional stages, we found that
Shannon diversity and evenness peaked at about 90% of total cover. In all the stages of coloni-
zation, short distance dispersal species prevailed, both therophytes (Avena sterilis, Parapholis
strigosa) and perennials (Artemisia caerulescens subsp. cretacea, Bromopsis erecta). Long distance
dispersal species (Galatella linosyris) started colonizing at about 60% of total vegetation cover, and
at high vegetation cover all the functional groups coexisted. Our results confirm that the badland
landscapes of southern Tuscany and specialist plant diversity adapted to badlands are vanishing
after a diminishing of active land management, suggesting the current ineffectiveness of the
Natura 2000 network in their conservation.

1. Introduction

Land use change is one of the main drivers of biodiversity loss worldwide. Over the last century, European semi-natural habitats
have declined by about 90% compared to their historical extent (EEA, 2016). The decline of these habitats has resulted in an increase of
their conservation interest. Besides, ecosystem services such as cultural and scenic value, water retention, and storage of genetic di-
versity are gradually lost (Torralba et al., 2018; Bengtsson et al., 2019). Due to their dependence on human management, semi-natural
habitats have recently been proposed to be caught in a socio-ecological vortex of extinction (Herzon et al., 2022).

The dramatic shifts that semi-natural habitats are undergoing make their monitoring urgent. Quantifying vegetation change over
time is pivotal for defining conservation and restoration actions aimed at protecting semi-natural habitats. Measuring temporal
vegetation change has always aroused great interest by plant ecologists, who have long used vegetation resampling to ascertain
differences between two sampling dates (Loeb, 1990). A critical issue that needs to be addressed when conducting vegetation resurvey
studies is the accuracy of plot relocation. However, even approximate plot relocations can provide robust results (Kopecky and Macek,
2015). Although the methodological pitfalls of plant community resampling are well known (Cain, 1936; Loeb, 1990; Verheyen et al.,
2018), resurveying permanent or non-permanent plots is still crucial for understanding the effects of different drivers for an effective
management and conservation of natural resources (Kapfer et al., 2017; de Bello et al., 2020).

The Italian peninsula is characterized by the presence of peculiar semi-natural habitats, generally known as badlands, resulting
from the severe erosion of Plio-Pleistocene marine clays (Torri et al., 2000). These are classified in two types: “calanchi”, which are
knife-edge rill-gully erosion spots developing on hillslopes and are the most common type of badland, and the rarer “biancane”, which
are small dome-shaped remnants of intensely digitated, gully and pipe erosion spots, resembling a miniature clay hill (Calzolari and
Ungaro, 1998; Phillips, 1998), present in Italy only in Tuscany, Basilicata and Calabria (Bazzoffi et al., 1997). Because of their harsh
features, badlands are typically either reclaimed or left aside. However, the acknowledgment of their value for biodiversity led to their
protection through national parks in some areas of the World (e.g., https://www.nps.gov/badl/index.htm).

Biancana badlands are a typical element of the cultural landscape of southern Tuscany. They host plants endemic to peninsular
Italy, such as Artemisia caerulescens subsp. cretacea, and several plant communities of high conservation interest, such as Bromopsis
erecta grasslands (Bromion erecti Koch 1926) (Chiarucci et al., 1995; Maccherini et al., 2000). The latter are protected under the
European Habitats Directive, code “Habitat 6210(*) — Semi-natural dry grasslands and scrubland facies on calcareous substrates
(Festuco-Brometalia) (*important orchid sites)” (European Commission, 1992). Recently, badland specialist pioneer plant communities
with Artemisia caerulescens subsp. cretacea and Parapholis spp. have also been proposed for inclusion in the Annex I of the Habitats
Directive (Casavecchia et al., 2021). Over the last 25-30 years, some of the Tuscan biancana badlands have been protected in order to
preserve their biodiversity and their cultural and geomorphological landscapes. However, appropriate management strategies are still
not defined (Marignani et al., 2007; Marignani et al., 2008a; b). Rural abandonment and the lack of management practices have
contributed to the loss of eroded areas due to the encroachment of vegetation by natural succession, resulting in the loss of species and
geomorphological units of high conservation, ecological, and cultural value (Torri et al., 2013). Unlike elsewhere in Italy, Tuscan
badlands are perceived by both local authorities and local people as a disappearing cultural element of great conservation concern,
substantially contributing to the maintenance of the typical landscape of southern Tuscany and of its biodiversity (Phillips, 1998).
Until 40 years ago, biancana badlands were extremely widespread in the “Crete Senesi” and “Val d’Orcia” areas, two cultural land-
scapes of southern Tuscany. Here, they were included in the UNESCO World Heritage list as a valuable cultural landscape (Fresta,
2011).

Local-scale (plot level) variables play a major role in determining the patterns of species composition in the vegetation of biancana
badlands. Soil electrical conductivity (EC) is the most important factor determining the persistence of annual grassland communities
supporting the endemic species Artemisia caerulescens subsp. cretacea, together with the maintenance of soil sedimentation from the
southern slopes of biancana badlands (Maccherini et al., 2011; Torri et al., 2018).

The origins of Tuscan biancana badlands date back to the demographic expansion of the Middle Ages (Torri et al., 2018). In the
second half of the 19™ century, such geomorphological formations and the vegetation they host have undergone a process of disap-
pearance. Until recently, this process was mainly due to the destruction of “biancane” to reclaim arable land. This process was partially
slowed down by the spread of sheep farming in the 1970’s, since sheep trampling promotes erosion phenomena in badlands (Gallart
etal., 2013). Between 1954 and 2005, bare soil and sparse and discontinuous herbaceous cover decreased by more than 60%, from 82
ha to 25 ha, in the most important remnants of Tuscany (Torri et al., 2013). Bare soil and sparsely vegetated areas were encroached by



Fig. 1. a) Location of the study area in Italy and Tuscany; b) biancana in the Leonina field with different vegetation types developing on soils with different salinity and erosion rates: 1) upper part of a
biancana with perennial Bromopsis erecta grassland; 2) bare soil with little or no vegetation on a southern biancana slope; 3) biancana pediment with Artemisia caerulescens subsp. cretacea and Parapholis
spp. pioneer vegetation; 4) Spartium junceum shrubland.
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generalist ruderal species, such as Avena spp. and Dactylis glomerata (Torri et al., 2013). The decrease in extent of eroded spots of
biancana badlands leads to a loss of biodiversity due to the disappearance of the highly specialized plant communities that occupy the
peculiar ecological niches created by the combination of erosion and sedimentation processes.

Seed dispersal is a critical process for species colonization and community assembly during vegetation succession in badlands,
particularly in the light of their very species-poor germinable seed bank, especially in bare soil areas (Maccherini et al., 2019). The lack
of vegetation on badland slopes, which is essential for the survival of the most characteristic feature of biancanas, is attributed by the
literature to the high erosion rates that remove seeds, litter or entire plants or that act indirectly by changing those soil properties to
which seed germination and seedling establishment are sensitive (Gallart et al., 2013). Understanding the functional aspects of
vegetation succession in terms of plant dispersal mode and life forms can add an important piece of knowledge on the ecology of
remnant biancana badlands. This aspect has so far only been described, but never quantified.

As badlands are disappearing, it is urgent to monitor the evolution of their plant communities to define effective conservation
strategies. While several resampling studies are available for a wide range of ecosystems worldwide (Taverna et al., 2005; Meyer et al.,
2013; Pedrotti et al., 2014; Frate et al., 2018; Fanfarillo et al., 2019; Lelli et al., 2021; Schiile et al., 2023), to the best of our knowledge
there is no information on the temporal trends of badland plant communities obtained using this approach. Therefore, in this study we
investigated the spatial and temporal changes of plant communities that occurred over 16 years in one of the most important remnants
of biancana badlands in central Italy (Leonina site, Siena, Tuscany). We aimed to answer the following research questions: i) has the
diversity of plant communities of the Leonina biancana badlands changed? ii) which communities have undergone the most significant
changes? iii) which environmental processes have been responsible for the changes? Moreover, we questioned which is the role of
species with different dispersal and life strategies in the vegetation succession that leads to badland disappearance.

2. Materials and methods
2.1. Study site

The study area is located in the Municipality of Asciano, within the cultural landscape of the “Crete Senesi”, southeast of Siena,
central Italy (centroid coordinates, WGS84: 43°16°35’" N, 11°25°56°" E) (Fig. 1a). It is included in the Natura 2000 network, and
namely in the Special Area of Conservation (SAC) “Crete di Camposodo e Crete di Leonina” (IT5190004) (Italian Ministry for the
protection of land and sea, 2016). The elevation ranges between 200 and 250 m a.s.1. The hilly parts of the landscape are characterized
by outcrops mainly composed of Pliocene marine sediments, while the valleys are characterized by more recent fluvial deposits. The
climate is transitional between sub-humid and subarid, with a mean annual temperature around 13 °C and a mean annual rainfall
between 700 and 800 mm. The precipitation regime has a Mediterranean character, with a minimum during summer months (Tuscany
Region, 2022a).

The biancana badlands of the Crete Senesi are characterized by cascades of small domes/hummocks with base diameters ranging
from 2 to over 20 m, generally protruding 3-10 m above gently sloping pediments. In some cases, protrusion can reach more than
20-30 m. The pediment can be either absent or extend up to 10-15 m from the slopes of the eroded hummocks (Calzolari and Ungaro,
1998). Differently developed biancana soils are spatially distributed in patches and soil diversity is reflected in the distribution of
different vegetation types (Chiarucci et al., 1995) (Fig. 1b). The pioneer vegetation of the biancana micro-pediments is characterized
by halotolerant species such as Artemisia caerulescens subsp. cretacea, Hordeum marinum, Parapholis incurva, Parapholis strigosa, and
Scorzonera laciniata. On less salty and less eroded soils, grasslands with Galatella linosyris, Bromopsis erecta, Dactylis glomerata, Phleum
nodosum, and Plantago lanceolata occur. The biancana domes and ESE-facing slopes host dry grasslands dominated by Bromopsis erecta,
Galatella linosyris, and Linum corymbulosum. With increasing soil stability and water availability, Bromopsis erecta becomes more
abundant and is often accompanied by shrubs. Wetter and cooler sites host dense Thinopyrum acutum grasslands. Shrublands are
dominated by Crataegus monogyna, Prunus spinosa, Pyrus spinosa, Spartium junceum and Ulmus minor. Mixed deciduous oak woods with
Quercus pubescens and Quercus cerris are also present (Torri et al., 2018).

2.2. Historical and recent vegetation data

In late May 2022, we revisited 48 plots previously sampled in late May 2006 according to a stratified random sampling design based
on land cover classes and the partition of the biancana field in four zones (Maccherini et al., 2011). The 48 plots were re-sampled using
the same methods, after having been relocated using their geographical position with a GPS device (quasi-permanent plots sensu Kapfer
et al., 2017). For each of the 4 zones identified in 2006 in the biancana field, we sampled four 1 x 1 m quadrats (plots) in each of the
following land cover classes: i) bare soil with little or no vegetation,; ii) sparsely and discontinuous herbaceous cover; iii) grasslands;
and iv) grasslands with shrubs (shrub cover <20%) (4 zones x 4 land cover classes x 4 plots). The percentage cover of vascular plants
in each plot was estimated using the point-quadrat method (Moore and Chapman, 1986), with a density of 100 pins/m?. This method
reduces the differences between observers since it is more accurate than the visual estimation of percentage covers to record species
abundance, and it is considered especially adequate for open habitats (Leps, 1987; Kent, 2011). Starting from the data published by
Maccherini et al. (2011), we harmonized species nomenclature after consulting Pignatti (1982) and Pignatti et al. (2017-2019), ac-
cording to the updates by Bartolucci et al. (2018) and Galasso et al. (2018).
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2.3. Environmental data

Based on the data from the closest climate stations (Tuscany Region, 2022a), we assessed climatic shifts for the period 2005-2022
in terms of annual rainfall, mean annual temperature, summer days (SU30), number of extremely heavy precipitation days (R20), and
aridity (De Martonne, 1926; Zhang et al., 2011) (Supplementary Data — Fig. S1).

Since soil EC is one of the main drivers of diversity of plant communities in biancana badlands, besides being important in defining
the very first stages of soil development (Torri et al., 2018), we retrieved such information for 48 plots sampled in the study area in
2006 from Maccherini et al. (2011). Soil EC (ECy.25, dS m’!) was measured using the pre-calibrated electronic probes WTW I 340
multimeter WTW® (Weilheim, Germany). The extent of bare soil in the Leonina biancana field was identified by photo-interpretation
of aerial orthophotos at six years (2002, 2007, 2010, 2013, 2016, 2019 - Tuscany Region, 2022b), with a minimum mapping unit of
10 m?. The landscape analyses were carried out in QGIS v. 3.20.3 (QGIS Development Team, 2021).

2.4. Data analysis

To analyse climatic trends over the 16 years between the two surveys, we built a series of linear regression models using mean
annual temperature, annual rainfall, SU30, and R20 as response variables and year as a predictor, using the function Im in the package
stats of R (R Core Team, 2022). As soil salinity is known to decrease with increasing vegetation cover (Bertness et al., 1992; Crain and
Bertness, 2006; Thiam et al., 2021), we built a linear regression model with soil salinity as a response variable and the total vegetation
cover as a predictor. The statistical significance of the linear trend models was assessed by means of ANOVA tests (999 permutations)
using the anova function in the stats package. We also plotted the extent of bare soil surfaces from 2002 to 2019 (2002, 2007, 2010,
2013, 2016, 2019) in the Leonina biancana field.

The multivariate temporal trend of plant communities for different land use classes was analysed using redundancy analysis (RDA)
with untransformed percent cover data for each species. We tested the following hypotheses: there were no directional changes of
species composition in time that are either common to all the land cover classes or specific to one land cover class (effect of the factor
“year of observation™); the individual land cover classes did not differ in their temporal dynamic (effect of the interaction “year of
observation” x “land cover class™). Significance of the multivariate analyses was tested using Monte Carlo permutation tests (499
permutations). Multivariate analyses were performed in the CANOCO 5 software (Ter Braak and Smilauer, 2012).

Plant species richness and total vegetation cover (%) were calculated for: i) each plot; ii) each year of observation (2006 and 2022);
and iii) each land cover class. We also calculated the Shannon-Wiener diversity (H-Shannon’s entropy), and the Pielou’s evenness
index (J) for each plot (function diversity in the vegan package of R) (Oksanen et al., 2022), according to Egs. 1 and 2:

N
H=-""pin p m

S H
“In N

(2)

where p; is the relative abundance of element (species) i and N is the total number of different elements considered. Moreover, we
calculated Shannon-Wiener diversity and Pielou’s evenness indexes including bare soil and its abundance as an additional element (Hy
and Jp, respectively). This allowed keeping constant the reference surface for the calculation of the two indexes, which is otherwise
smaller with increasing abundance of bare soil in the plot.

To quantify vegetation changes, we first analysed the following univariate attributes: i) plant species richness; ii) total vegetation
cover; iii) Shannon’s diversity index; iv) Pielou’s evenness index. These attributes were used as response variables in two-way repeated
measures ANOVAs using GLM, where the explanatory factors were year of observation (two fixed levels: 2006 and 2022) and land
cover class (four fixed levels: bare soil with little or no vegetation, sparsely and discontinuous herbaceous cover, grasslands, and
grasslands with shrubs). The number of species was square root-transformed and the total vegetation cover values were log (x + 1)
transformed to improve the normality of the data. When the factor “year” or the interaction “year x land cover class” was significant,
we performed pairwise comparisons to test the effect of the factor “year” on the response variables, separately for each land cover class.
We used the Bonferroni correction for multiple comparisons. We set alpha at 0.05. Univariate data were analysed using SPSS 13.0 for
Windows (SPSS Inc, 2004).

To explore the colonization patterns of plant species along the stages of ecological succession, we classified each species into four
functional groups (FGs) (Supplementary Data, Table S1) based on their i) dispersal strategy: short-distance dispersal (SDD) vs long-
distance dispersal (LDD) (Allium type vs Bidens type, Cornus type, and Epilobium type sensu Sadlo et al., 2018); ii) Raunkiaer’s life
form: therophyte (T) vs perennial (nT). The resulting combinations were four: i) short-distance dispersal therophyte (SDD/T); ii)
short-distance dispersal perennial (SDD/nT); iii) long-distance dispersal therophyte (LDD/T); iv) long-distance dispersal perennial
(LDD/nT). We calculated the cumulative cover of the four FGs for each plot. Life forms were retrieved from Pignatti et al. (2017-2019).
Only taxa identified to the species level were classified into FGs and used in the related analyses. Since there is no classification of the
Italian flora based on dispersal strategies, we used the one by Sddlo et al. (2018) for the Czech flora. We could find most of the species
occurring in our dataset, and as for the few missing species we attributed to them the dispersal strategy of a similar species from the
same genus.

To explore the patterns of colonization by plant species along vegetation succession, we calculated the cover of each FG and of the
most abundant species for all the plots. We plotted the values of the calculated attributes, averaged on moving windows of 10 values,
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against the total vegetation cover, obtaining curves describing the patterns of change of FGs, H, J, Hy, and J}, along the ecological
succession. The same operation was done using the cover values of the seven most abundant species, i.e., Brachypodium rupestre,
Xeranthemum cylindraceum, Bromopsis erecta, Galatella linosyris, Parapholis strigosa, Artemisia caerulescens subsp. cretacea, and Avena
sterilis. The results obtained through this procedure are comparable to those that may be obtained through annual observations in
permanent sampling plots.

3. Results
3.1. Community composition

In total, we recorded the presence of 136 taxa: 88 in 2006 and 118 in 2022. The most frequent species in both years were Avena
sterilis, Galatella linosyris, Dactylis glomerata, Gaudinia fragilis, and Xeranthemum cylindraceum.

The RDA analysis (Fig. 2) showed that the factor "year of observation" explained 13% of the variation in species composition
(p < 0.01), while the factor "year of observation" x "land cover class" explained 9.5% of the variation (p < 0.01). This means that the
examined plant communities changed in composition from 2006 to 2022 and that these changes were dependent on the land cover
class analysed. Grasslands were the most stable communities, i.e., they underwent the least changes. Grasslands with shrubs showed a
shift towards grasslands. A slightly bigger change was shown by the sparsely vegetated areas, where there was an increase in Avena
sterilis and Anisantha madritensis, and by the bare soil, which moved towards the sparsely vegetated communities characterized by
Artemisia caerulescens subsp. cretacea and Parapholis strigosa.

3.2. Changes in species richness, diversity indexes, and functional groups

Both species richness and the total vegetation cover per plot increased significantly from 2006 to 2022. Pairwise comparisons
showed that species richness increased significantly only in bare soil. Total vegetation cover increased in both bare soil (with the loss of
5 plots without vegetation, i.e., 100% bare soil) and in sparsely vegetated areas. However, the number of species per plot increased
only in bare soil. We did not observe significant changes in Shannon’s diversity index and Pielou’s evenness (Fig. 3, Table S2).

Shannon diversity showed two initially rising curves with a maximum at a total vegetation cover of about 90% (Fig. 4a). The Hy,
curve had a monotonically increasing slope, while the H curve showed a slight decrease between 40% and 60% vegetation cover. Both
the indexes reach a maximum at about 90% cover, before a slight decline occurs corresponding to 100% total cover.

The evenness indexes J and Jj, showed similar trends to Shannon diversity in relation to total vegetation cover, in particular the
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Fig. 2. Redundancy analysis (RDA) diagram showing species, land cover classes, and years for the plant communities of the Leonina biancana field.
Compositional changes within the different land cover classes over 16 years are drawn as trajectories. Land cover classes (classified in the year
2006): B = bare soil with little or no vegetation; S = sparse and discontinuous herbaceous cover; G = grasslands; Sc = grasslands with shrubs (shrub
cover < 20%).
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569202 (£20Z) Lt uonvALsu0) pup £30]103 [pGo1D



E. Fanfarillo et al. Global Ecology and Conservation 47 (2023) e02655

—

[

Shannon diversity

— Hb

20 40 60 80 100
Total vegetation cover (%)

Evenness
o
S

— | b

20 40 60 80 100
Total vegetation cover (%)

Fig. 4. Trends of a) Shannon diversity and b) Evenness in relation to the total vegetation cover.); H = Shannon diversity (only plant species); Hy,
= Shannon diversity (bare soil + plant species); J, = Pielou’s evenness (bare soil + plant species); J = Pielou’s evenness (only plant species).

same peak at 90% cover (Fig. 4b). Each evenness curve shows an absolute maximum at zero cover (where J=J,=1) and a minimum at
about 30% cover (Fig. 4b). The Jy, curve is smoother than the J curve, similar to the corresponding Hy, curves, which are generally
smoother than the H curve.

The variation in abundance of the four FGs and of the most abundant species with respect to the total vegetation cover (Fig. 5a,b)
shows that all the stages of colonization are characterized by an increase of SDD species, both therophytes and perennials. However,
this increase is due to pioneer species like Artemisia caerulescens subsp. cretacea (SDD/nT) and Parapholis strigosa (SSD/T) until about
50-60% of total vegetation cover, and to species of more stable morphologies at higher total vegetation covers, especially Avena sterilis
(SSD/T) and Bromopsis erecta (SSD/nT). LDD species like Galatella linosyris (LDD/nT) start increasing at about 60% of total vegetation
cover. From about 90% cover, all the functional groups reached high abundance with oscillating levels, without further clear trends.
Remarkable is the sharp increase in abundance of Avena sterilis and Bromopsis erecta at very high vegetation covers.

3.3. Trends in environmental data

Analysis of climatic trends in the study area revealed a significant increase in mean annual temperature and SU30. Increasing trends
in annual rainfall, R20, and aridity index (and thus a decrease of aridity) were also observed, but these were not statistically significant
(Supplementary Data, Fig. S1).

We found a high and significant negative predictive power of total vegetation cover on EC in the year 2006 (Fig. 6).

The temporal analysis of the changes in bare soil cover showed a decrease in extent of eroded areas over the years, which passed
from 30476 m? in 2002 to 9302 m? in 2019, with a loss of almost 70% of the eroded surfaces (Fig. 7).

4. Discussion
Our study revealed significant changes in the plant communities developing in the Leonina badlands after 16 years.

These changes mainly concerned two types of land use: bare soil and sparsely vegetated areas. In terms of species shifts, we
highlighted how the areas that were characterized by bare soil in 2006 were subject to an increase in the percentage cover of badland
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pioneer species such as Artemisia caerulescens subsp. cretacea and Parapholis strigosa. Sparsely vegetated areas, previously characterized
by pioneer vegetation, changed their trajectory towards a different vegetation type with a decrease in Artemisia caerulescens subsp.
cretacea and an increase in the percentage cover of annual ruderal grasses such as Avena sterilis and Anisantha madritensis. This is
consistent with previous evidence on the dynamics of Leonina biancana badland vegetation in the period 1954-2005, which high-
lighted how bare soil and sparse vegetation, analysed as a whole class, were colonized by ruderal grasses (Avena spp., Anisantha
madritensis) at the expense of characteristic vegetation with Artemisia caerulescens subsp. cretacea (Torri et al., 2013). Our analysis,
which considered the two land cover classes separately, revealed more details about the dynamics of badland plant communities,
suggesting that pioneer vegetation can colonize new areas in former bare soil, and can thus be maintained if eroded spots are present.
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Consequently, bare surfaces such as the southern steep slopes of biancane, rich in salt and prone to severe erosion, and those parts of
the pediment that are close to the southern slope, represent the most important elements for the conservation of badland-specialist
plant communities. Vegetation encroachment can thus modify one of the most peculiar morphologies of biancana badlands (Roveri
et al., 2014). The colonization of bare surfaces by vegetation causes a strong increase of soil pore connectivity (Torri et al., 2018). This
promotes the penetration and diffusion of water into marine sediments, favoring sodium removal and a decrease of EC (Calzolari,
1993; Calzolari et al., 1996; Bierbal et al., 2014; Torri et al., 2018), consistently with our results. Moreover, the presence of roots
improves soil resistance to erosion through the formation of water-stable aggregates and an increased porosity (Torri et al., 2002,
2018; De Baets et al., 2008). Consequently, when disturbance elements such as browsing, trampling, and burning are missing, the
whole system stabilizes and plant communities change towards less pioneer types. Progressively, Artemisia caerulescens subsp. cretacea
and other pioneer species are replaced by species such as the perennial grasses Brachypodium rupestre and Bromopsis erecta and the
annual grasses Avena sterilis and Gaudinia fragilis.

Grasslands did not change their composition, at least over the period examined. This pattern is well described by previous studies of
alpine vegetation, which suggest that closed grasslands are more stable than open communities due to a higher inertia in community
composition (Lelli et al., 2022). Moreover, seminatural calcareous dry grasslands of southern Tuscany, and especially those dominated
by Bromopsis erecta, were found to be resistant to shrub encroachment at mid-term scales (Maccherini and Santi, 2012; Maccherini
et al., 2018). Bromopsis erecta is also known to be favored by global warming (Poniatowski et al., 2018), so that increasing temperatures
in the study area might also explain the resistance of such grasslands. The observed grassland resistance is inconsistent with other
results from Europe, where shrub encroachment due to secondary succession is a widespread phenomenon (Calaciura and Spinelli,
2008; Schiile et al., 2023).

The patterns of H and Hy, show similar trends with increasing vegetation cover. They reach a maximum before 90% cover, and then
decrease by about 17%. The increase in both H and Hj;, with increasing vegetation cover, and their sudden decrease when the latter
reaches 90% suggests that Shannon diversity increases until one species, in our case grasses like Avena sterilis and Bromopsis erecta,
becomes dominant. This is consistent with well-known trends in grassland vegetation dynamics observed previously in our study area
(Maccherini et al., 2000). However, H tended to decrease slightly between 40% and 60% total cover. Such cover is typically of pioneer
plant communities of pediments, which are characterized by reduced species richness and consequently lower Shannon diversity. Few
halotolerant species can colonize such harsh environments due to the salinity and the intense sediment deposition from the biancana
slope (Maccherini et al., 2011). With time, other species slowly colonize the pediments, vegetation cover increases and, as also
highlighted by our results, salinity decreases. Thus, the succession goes on causing a new increase of H. J and Jy, had trends similar to
those of Shannon indexes. However, J, but not Jj, showed a slight decrease between 40% and 60% cover, similar to H. This can be
explained by the fact that such covers are those of pioneer plant communities, hosting few species. Such successional stages are also
characterized by high amounts of bare soil, which is why J}, contrarily to J, kept increasing between 40% and 60% cover. When the
amount of bare soil becomes less important (>60% of vegetation cover), J starts to increase again and at 90% cover it reaches the same
levels as Jy. At this cover, both the evenness indexes reach their maximum if we exclude the bare soil stage. A decrease in both J and Jy,
can then be observed, due to the dominance of perennial grasses in closed grassland communities. The trends shown here by the
evenness are consistent with those observed in other ecosystems along vegetation succession, such as abandoned croplands and mines
(Zhang, 2005; Norman et al., 2006).

The patterns of FGs and species abundances showed that the colonization of bare soil starts with badland specialist vegetation
characterized by SDD species, and especially Artemisia caerulescens subsp. cretacea and Parapholis strigosa. These plant communities,
which are the most unique of badlands in terms of species composition and have a high conservation value, disappeared as vegetation
cover increased. This was especially due to the colonization by Avena sterilis, consistently with previous evidence (Torri et al., 2013).
When vegetation reaches 90% total cover, the competition between plant species becomes high and no clear trends can be observed,
but oscillations in abundance of all the FGs (Huisman and Weissing, 2001). LDD species had a minor role in the ecological succession,
consistently with their reduced abundance in the dataset. This means that the process of disappearance of bare soil and
badland-specialist plant communities is mainly due to the colonization by species that are present in the immediate surroundings. As
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erosion rates decrease, pioneer plant communities colonize bare soil, ruderal annual grasslands replace pioneer plant communities,
and perennial grasslands replace ruderal annual grasslands, until the disappearance of the biancana.

We observed a general decrease in the extent of bare soil surfaces over the years. Consistently, annual rainfall and extreme pre-
cipitation events, which are important drivers of erosion in Mediterranean badlands (Garcia-Ruiz et al., 2013), did not increase
significantly over time. However, we observed a significant warming, which is often associated with an increase in soil erosion (Ma
et al., 2021). Overall, revegetation processes seem to be the main factors limiting soil erosion in our study site. Consequently, land
management could be the most important driver for maintaining badlands in the study area. This is important in view of the con-
servation of such unique ecosystems, which cannot be maintained through passive protection by the SAC. Indeed, active management
is necessary for the conservation of biodiversity in many other secondary habitats in Europe (Halada et al., 2011; Kettermann et al.,
2022).

5. Conclusions

For the first time, our work highlighted how the decline of the biancana badlands of southern Tuscany, resulting from the pro-
gressive recolonization of eroded areas by vegetation, is leading to the loss of unique habitats and associated plant communities. This is
particularly due to the reduction in extent of bare soil surfaces, with evidence of vegetation succession that will lead to the disap-
pearance of communities supporting endemic species like Artemisia caerulescens subsp. cretacea. Such communities currently resulted
to shift in space, colonizing bare soil and being replaced by ruderal grasslands where they were formerly present. Moreover, the
observed processes are causing the loss of a cultural landscape of great value at the global level. On the other hand, Natura 2000
habitats like Bromopsis erecta grasslands appeared stable in the resurveyed sites at least in the 16 years of observation, contrarily to
elsewhere in Europe. Considering that the study area is included in a SAC due to the presence of badlands themselves and that
seminatural vegetation needs human management to be maintained, the conservation measures applied till now seem insufficient for
biodiversity conservation. Active management fostering erosion rates should be carried out instead, both non-recurring (prescribed
cutting and burning in small sectors) and recurring (reintroduction of grazing).
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