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Abstract: Human activities and climate change are the main factors causing habitat loss, jeopardising
the survival of many species, especially those with limited range, such as endemic species. Recently,
species distribution models (SDMs) have been used in conservation biology to assess their extinction
risk, environmental dynamics, and potential distribution. This study analyses the potential, current
and future distribution range of Salvia ceratophylloides Ard., an endemic perennial species of the
Lamiaceae family that occurs exclusively in a limited suburban area of the city of Reggio Calabria
(southern Italy). The MaxEnt model was employed to configure the current potential range of the
species using bioclimatic and edaphic variables, and to predict the potential suitability of the habitat
in relation to two future scenarios (SSP245 and SSP585) for the periods 2021–2040 and 2041–2060. The
field survey, which spanned 5 years (2017–2021), involved 17 occurrence points. According to the
results of the MaxEnt model, the current potential distribution is 237.321 km2, which considering
the preferred substrates of the species and land-use constraints is re-estimated to 41.392 km2. The
model obtained from the SSP245 future scenario shows a decrease in the area suitable for the
species of 35% in the 2021–2040 period and 28% in the 2041–2060 period. The SSP585 scenario
shows an increase in the range suitable for hosting the species of 167% in the 2021–2040 period
and 171% in the 2041–2060 period. Assessing variation in the species distribution related to the
impacts of climate change makes it possible to define priority areas for reintroduction and in situ
conservation. Identifying areas presumably at risk or, on the contrary, suitable for hosting the species
is of paramount importance for management and conservation plans for Salvia ceratophylloides.

Keywords: conservation; Calabria; climate changes; endangered species; Italy; MaxEnt; SSP245;
SSP585; vascular plants

1. Introduction

Human activities and climate change are the main causes of habitat and biodiversity
loss [1–6], seriously threatening the survival of many species, especially those with limited
distribution and, especially, endemic species [7–14].

The 20th century saw the strongest warming trend of the last millennium, with an
increase in average temperatures of approximately 0.6 ◦C, compared to pre-industrial times
(1850–1900) [15–19]. Estimates suggest that future temperature increases could exceed this
value, with an increase of between 0.1 and 0.2 ◦C expected per decade [19]. In addition,
climate change, combined with economic globalisation, rapid infrastructure development,
and human activities, has favoured the spread of invasive alien species, which, by rapidly
expanding their range, affect natural habitats and lead to the extinction of species, especially
those with limited ranges [20–26].
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The Mediterranean region is characterised by high plant biodiversity and a remarkable
richness of endemic species, which is due to several factors acting simultaneously [27–30].
Several authors assessed the impact that climate change could have on the distribu-
tion of species, particularly species with limited distributions, such as endemic species,
which are more sensitive than others to environmental change and are at greater risk of
extinction [10,31–36]. To this end, the ecological variables that influence the natural distri-
bution of endemic species must be studied to identify the areas where they occur or could
occur [10,32,37,38]. Currently, one of the most widely used systems for determining the
environmental limits of species is the MaxEnt prediction model (Maximum Entropy Species
Distribution Modeling) [39], which uses bioclimatic data and species occurrence to predict
species distributions based on the maximum entropy theory, estimating a probabilistic
distribution that is as uniform as possible but subject to environmental constraints [40–47].

The MaxEnt model has been used extensively in the field of conservation biology: it
allows the prediction of the current and future potential range of a species [48,49]. Compared
to other prediction models, it is more stable and reliable and works quickly and easily in
modelling rare species with restricted ranges and limited occurrence data [43,47,50–53].

Lamiaceae, one of the largest families of angiosperms, includes more than 7000 species
distributed throughout the world, with several species characterised by essential oils [54–58].
In the Italian flora, among the endemic species of this family with an extremely limited
range [59,60], whose existence may be threatened in the near future by climate change,
there is Salvia ceratophylloides Ard. (Figure 1), a species growing exclusively in southern Italy
in the hill belt of the suburb of Reggio Calabria. It is clearly distinguished from the other
perennial sage species of the Salvia pratensis L. group, to which it belongs [61,62], mainly
by its wrinkled, pinnatifid leaves with toothed lobes [63,64]. Its chromosome number is
2n = 6x = 54 [65]. Salvia ceratophylloides (Figure 1) is a perennial herbaceous plant (scapose
hemicryptophyte), densely pubescent with both glandular and simple patent hairs, has a
main flowering period in spring from April to June, and has a second flowering period in
autumn from October to November. Pollination is entomophilous, mediated mainly by
hymenoptera (Eucera sp., Bombus sp., Apis sp.). The fruiting occurs after some flowering
weeks. Seed dispersal is mainly carried out by ants (myrmecochory) [64]. Seed germination
takes place mostly in spring, seedlings reach reproductive maturity (small generative)
within 4–5 months, while they tiller (Large Generative) in the following year [13].
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reason, the species was considered extinct in 1997 and included in the “Libro rosso della 
flora d’Italia” (Red Book of the Flora of Italy) among the extinct species (EX) [70] and 
confirmed by Del Carratore and Garbari [71] and Scoppola and Spampinato [72]. 

Subsequent surveys in 2008 revealed four new occurrence points in the surroundings 
of Reggio Calabria at sites approximately 10 km from those for which the species was 
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totalling nearly 100 mature individuals [73–76]. 
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Union for Conservation of Nature) criteria and categories [77]. 
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campestris subsp. variabilis (Ten.) Greuter, and more rarely in garrigues, characterised by 
Cistus creticus L. subsp. creticus and Thymbra capitata (L.) Cav. The most frequently 
growing species with S. ceratophylloides, in addition to the aforementioned species, are 
some grasses (Lagurus ovatus L., Avena barbata Link, Macrobriza maxima (L.) Tzvelev, 
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located on hills at altitudes between 250 and 450 m a.s.l., characterised exclusively by 
layers of loose sands, alternating with banks of soft Pliocene calcarenites [78]. The species 
grows in a territory with average annual temperatures of 18 °C and an average annual 
rainfall of 600 mm, concentrated in the autumn, the months of November and December, 
and a summer dry period of approximately 5 months [13,64]. According to Pesaresi [79], 
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The species was known only in a few nearby places, as can be seen from bibliographical
references from 1800 [66,67] to the early 1900s [68,69], when, moreover, it was already very
rare. Subsequently, despite the research of various botanists, the species was no longer
found, having disappeared from the locations mentioned in the literature (Gallico Superiore,
Terreti, Straorino, Ortì, Vito Superiore, Pietrastorta) [69]. For this reason, the species was
considered extinct in 1997 and included in the “Libro rosso della flora d’Italia” (Red Book
of the Flora of Italy) among the extinct species (EX) [70] and confirmed by Del Carratore
and Garbari [71] and Scoppola and Spampinato [72].

Subsequent surveys in 2008 revealed four new occurrence points in the surroundings
of Reggio Calabria at sites approximately 10 km from those for which the species was
known in the literature of the early 1900s, each consisting of a few dozen individuals,
totalling nearly 100 mature individuals [73–76].

Laface et al. [13] carried out field surveys between 2017 and 2021 and identified
17 occurrence points, always in the suburbs of Reggio Calabria, some of these with a small
number of individuals. Salvia ceratophylloides covers an “Extent of Occurrence” (EOO) of
4.2 km2 and an “Area of Occupancy” (AOO) of 7 km2: this made it possible to assess the
species as “Critically Endangered” (CR) [13,64,76] according to IUCN (International Union
for Conservation of Nature) criteria and categories [77].

Salvia ceratophylloides grows spontaneously in the habitat of the EEC Directive 43/93:
“5330 thermo Mediterranean and predesert scrub” subtype “32.23 Diss dominated gar-
rigues”. This habitat includes Mediterranean steppe, such as grasslands with Ampelodesmos
mauritanicus (Poir.) Dur. & Schinz., sands vegetation with Artemisia campestris subsp.
variabilis (Ten.) Greuter, and more rarely in garrigues, characterised by Cistus creticus L.
subsp. creticus and Thymbra capitata (L.) Cav. The most frequently growing species with
S. ceratophylloides, in addition to the aforementioned species, are some grasses (Lagurus ovatus L.,
Avena barbata Link, Macrobriza maxima (L.) Tzvelev, Hyparrhenia hirta (L.) Stapf., Dasypyrum
villosum (L.) P. Candargy), several dwarf shrubs (Micromeria graeca (L.) Benth. ex Rchb.,
Phlomis fruticosa L.), and some shrubs (Cytisus infestus (C.Presl) Guss. subsp. infestus,
Spartium junceum L.). Mostly, they are widespread species in the Mediterranean steppic
grassland and garrigues [64,76]. The populations are located on hills at altitudes between
250 and 450 m a.s.l., characterised exclusively by layers of loose sands, alternating with
banks of soft Pliocene calcarenites [78]. The species grows in a territory with average
annual temperatures of 18 ◦C and an average annual rainfall of 600 mm, concentrated
in the autumn, the months of November and December, and a summer dry period of
approximately 5 months [13,64]. According to Pesaresi [79], the bioclimate is classified as
oceanic pluviostagional Mediterranean, with upper thermo-Mediterranean thermotype
and lower sub-humid ombrotype.

Numerous physiological studies have been carried out on S. ceratophylloides, and these
have shown that the species has a very strong adaptive capacity to future climate change,
and develops resilient forms of defence [80–82].

In order to safeguard the habitat of S. ceratophylloides, it is of fundamental importance,
both theoretically and practically, to understand which areas are potentially suitable from a
current and future climatic perspective. This, correlated with population dynamics [13],
will make it possible to determine the most appropriate locations for effectively targeting
conservation strategies aimed at protecting and reintroducing this critically endangered
species. The aim of our study, therefore, is to analyse the species distribution patterns
(SDM) of S. ceratophylloides by interpolating the occurrence points with environmental
variables, and to model current and future scenarios to assess the current distribution and
predict the habitat’s conservation capacity in the context of climate change [19].

2. Materials and Methods
2.1. Species Occurrence Data

Information concerning the current distribution of S. ceratophylloides was obtained
during fieldwork carried out between 2017 and 2021 [13], and also considering historical
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information reported in the literature by several authors [66–69,73–76] and verified in the
field. For each point of occurrence, field coordinates were taken and the substrate and plant
community recorded.

The collected data were analysed using QGIS 3.26.3® software (OSGeo, Beaverton, OR,
USA) [83].

2.2. Environmental Variables

In order to model the potential habitat of S. ceratophylloides, based on its current occur-
rence, a total of 22 ecological variables were considered (Table 1); specifically, 19 bioclimatic
and 3 topographic. This information was obtained from the WorldClim database [84,85]
at a spatial resolution (expressed as minutes of a degree of longitude and latitude) of
30 s (approx. 1 × 1 km). The topographic variables were extracted using QGIS 3.26.3®

software [83].

Table 1. Description of variables used in the prediction of the MaxEnt model. The variables in bold
were selected through Pearson’s correlation analysis and were used in the modelling.

Code Description Unit

Bio 1 Annual Mean Temperature ◦C
Bio 2 Mean Diurnal Range (Mean of monthly (max temp–min temp)) ◦C
Bio 3 Isothermality (BIO2/BIO7) (*100) %
Bio 4 Temperature Seasonality (standard deviation *100) %
Bio 5 Max Temperature of Warmest Month ◦C
Bio 6 Min Temperature of Coldest Month ◦C
Bio 7 Temperature Annual Range (BIO5-BIO6) ◦C
Bio 8 Mean Temperature of Wettest Quarter ◦C
Bio 9 Mean Temperature of Driest Quarter ◦C

Bio 10 Mean Temperature of Warmest Quarter ◦C
Bio 11 Mean Temperature of Coldest Quarter ◦C
Bio 12 Annual Precipitation mm
Bio 13 Precipitation of Wettest Month mm
Bio 14 Precipitation of Driest Month mm
Bio 15 Precipitation Seasonality (Coefficient of Variation) %
Bio 16 Precipitation of Wettest Quarter mm
Bio 17 Precipitation of Driest Quarter mm
Bio 18 Precipitation of Warmest Quarter mm
Bio 19 Precipitation of Coldest Quarter mm
Elev. Elevation meter
Slope Slope degree
Aspe. Aspect degree

Information on the environmental variables is an essential parameter for building
a predictive model: however, overuse of the environmental variables may increase the
spatial correlation between them, leading to overfitting and reducing the transferability
of the model [86]. To avoid overfitting, it is necessary to calculate the correlation between
all variables considered and exclude the highly correlated variables, which exponentially
improves the predictive ability of the model [87]. For this purpose, Pearson’s correlation
analysis [88] was carried out using Past 4.1.4 © software (Hammer, Oslo, Norway) [89].
Environmental variables with correlation values falling in the following range were con-
sidered significant: −0.8 ≤ r ≤ +0.8. To assess the dominant environmental variables,
i.e., those that defined the potential distribution of the species, the jackknife test [90] was
performed. For the modelling of future scenarios, the Global Climate Model (GCM) BCC-
CSM2-MR was used, with this model producing excellent results in many studies at the
European and Mediterranean level [91,92]. For the scenarios reference for the IPCC’s Sixth
Assessment Report [19], where four Shared Socioeconomic Pathways (SSPs) are assumed:
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• SSP585: with an additional radiative forcing of 8.5 W/m2 by the year 2100;
• SSP370: with an additional radiative forcing of 7 W/m2 by the year 2100;
• SSP245: with an additional radiative forcer of 4.5 W/m2 by the year 2100;
• SSP126: with an additional radiative forcer of 2.6 W/m2 by the year 2100.

To make the modelling more reliable and plausible, the scenarios SSP585 (most ex-
treme) and SSP245 (intermediate) were chosen, for the periods 2021–2040 and 2041–2060.

Pearson’s [88] correlation analysis made it possible to determine six ecological vari-
ables (out of 22) useful for modelling the distribution of the species. Five bioclimatic
variables (Bio 1, Bio 4, Bio 13, Bio 14, Bio 19) and one topographic variable (Elev.) were
found to be significant (−0.8 ≤ r ≤ +0.8) (Table 1, Figure 2). These variables were also used
for modelling the future scenarios. Variables with values >0.8 and those <−0.8 were not
considered in order to avoid overfitting.
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2.3. Model Construction

The distribution point data (species and geographical coordinates, saved in .csv format)
and the resulting bioclimatic variable data were imported into MaxEnt 3.4.4® (American
Museum of Natural History, New York, NY, USA) [93,94].

In the analysed models, 75% of the data were selected for model training (calibra-
tion), using a maximum number of iterations of 1000, and 25% as test data, for model
validation [93,94], keeping the other values as defaults. The Bootstrap method was used,
implemented with 10 repetitions and the multiplier value at 0.5. The output format is
complementary log-log (cloglog).

The accuracy of the generated model was verified using the Receiver Operating
Characteristic (ROC) curve analysis method. The ROC curve has as the ordinate the
percentage of true positive values (the ratio that exists and is expected to exist) and as the
abscissa the percentage of false positive values (the ratio that does not exist but is expected
to exist) [95]. The AUC (Area under the Curve) value is the area enclosed between the
abscissa and the ROC curve, and has a range between 0.5 and 1. The higher the AUC value,
the greater the distance from the random distribution, the more relevant the correlation
between the environmental variables and the geographic distribution of the species, and
the more reliable the predictive power of this model.
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Conversely, the predictive power of the model is not very reliable. The model’s
performance is classified as: inadequate with AUC values ranging from 0.5 to 0.6; poor
with values ranging from 0.6 to 0.7; reasonable with values ranging from 0.7 to 0.8; good
with values ranging from 0.8 to 0.9; and excellent with values ranging from 0.9 to 1. The
necessary means of measuring the model performance is the AUC score, as it has a strong
independence from threshold choices. The smallest difference between the training and
test AUC data (AUCDiff) was also observed; a lower difference indicates less overfitting in
the model [96].

2.4. Distribution Maps: Visualisation and Analysis

For the visualisation and investigation of the distribution areas of the species, the
models created with the software MaxEnt (range 0–1) [39] were imported into the software
QGIS 3.26.3 [83]. The areas found to be suitable for the species were grouped into 5 habitat
potential classes (ranging from 0 to 1): highly unsuitable (≤0.20); unsuitable (0.21–0.40);
moderately suitable (0.41–0.60); highly suitable (0.61–0.80); very highly suitable (≥0.80).
For each model, the area for each selected class was calculated using QGIS [83].

To define the real distribution of the species, we interpolated the current and future
models on the geological map of Calabria [78] and with the land use map of the Region of
Calabria “Carta di Uso del Territorio” [97] using the software QGIS. In the first case, we
considered the geological substrates on which the species grows, i.e., sands, calcarenites
and conglomerates more or less cemented. In the land use map, which is divided into
five macro-categories of land cover (1. Artificial surfaces; 2. Agricultural areas; 3. Forests
and semi-natural areas; 4. Wetlands; 5. Water bodies), we considered land cover 2 and 3,
because S. ceratophylloides grows in areas with a highly fragmented mosaic of agricultural
and semi-natural habitats [13].

3. Results
3.1. Natural Distribution Data

A total of 23 occurrence points of S. ceratophylloides are known (Figure 3), of which
17 currently occur in the area (albeit with a small number of individuals for occurrence
points) while 6 are extinct: occurrence point 13 became extinct in 2019 and had only one
individual in the previous year; occurrence point 19 was reported in 2008 [73] and was not
found in subsequent years during field surveys; occurrence points 20, 21, 22, and 23 are
historical reports dating back to the early 1900s [68,69] and were not found in the second
half of the last century [71].

3.2. Analysis and Evaluation of Environmental Variables

The calibration of the current potential distribution model for S. ceratophylloides,
using the variables thus selected, was optimal (AUC mean = 0.986, ±0.001; AUCDiff
(0.09 ± 0.006).

From the results obtained with the jackknife test, we know that the distribution of
S. ceratophylloides is mainly influenced by the precipitation of wettest month (Bio 13), the
annual mean temperature (Bio 1), and the precipitation of the coldest quarter (Bio 19);
these contributed 69.3%, 7.8%, and 11.4%, respectively, to the MaxEnt model (Figure 4). In
addition, two other environmental variables (Bio 4, Bio 14) contributed a total of 8.3% to the
habitat distribution model and 3.2% to the topographic variable (Elev.) (Figure 4, Table 2).

In view of the importance of the permutation, the precipitation of wettest month (Bio
13) had the greatest impact on the model with 66.9%, the annual mean temperature (Bio 1)
with 13.3%, while the other variables contributed a smaller percentage, totalling 19.8%.

Considering the six bioclimatic variables previously selected, the mean annual tem-
perature range (Bio 1) of S. ceratophylloides is 15.7–19.7 ◦C, and the temperature seasonality
(Bio 4) is 549–576%. In addition, the average precipitation in the wettest month (Bio 13) is
108–111 mm, in the driest month (Bio 14) it is 10–15 mm, and in the coldest quarter (Bio 19)
it is 256–297 mm, on average. The altitude ranges from 11 to 689 m a.s.l.
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occurring, in orange the extinct ones. 1—Serro Ciugna, Mosorrofa; 2—Serro Ciugna, Mosorrofa;
3—Spilingari, Armo; 4—Contrada S. Todaro, Aretina; 5—Contrada S. Todaro, Aretina; 6—Serro dei
Morti, Puzzi fraz. di Gallina; 7—Prai, Aretina; 8—Prai, Aretina; 9—Aretina; 10—Aretina; 11—Grotta
di S. Arsenio, Armo; 12—Mosorrofa vecchio; 13—Mosorrofa vecchio; 14—Serro d’Angelo, Puzzi
fraz. of Gallina; 15—Prai, Aretina; 16—Prai, Aretina; 17—Serro della Cattina, Aretina; 18—Serro
della Cattina, Aretina; 19—Lutrà, Fiumara di Sant’Agata; 20—Galluzzi, Gallico Superiore; 21—Pietra
Storta; 22—Croce Missionaria, Terreti; 23—Fontana Acqua Fresca, Straorino. In the top left-hand
corner, the distribution area of the points of occurrence is highlighted in red.
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Figure 4. Relative predictive power of different environmental variables based on the jackknife of
regularised training gain in MaxEnt models for Salvia ceratophylloides Ard.
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Table 2. Percent contribution and permutation importance of environmental variables used to predict
the MaxEnt model of Salvia ceratophylloides Ard. [SSPs- future scenarios (see text) Bio 1, Bio 4, Bio 13,
Bio 14, and Bio 19. Elev (see Table 1)].

Time SSPs Variable Bio 1 Bio 4 Bio 13 Bio 14 Bio 19 Elev.

Present time
Percent contribution (%) 7.8 7.3 69.3 1 11.4 3.2
Permutation importance (%) 13.3 1 66.9 0.8 9 9

2021/2040

245 Percent contribution (%) 7 5.5 86.3 0.1 0.9 0.2
Permutation importance (%) 0.1 1.1 97.8 0.2 0.6 0.

585 Percent contribution (%) 24.4 15.4 40.7 0 3 16.5
Permutation importance (%) 52.4 0 25 0.2 21.7 0.7

2041/2060

245 Percent contribution (%) 11.9 12.1 73.4 1 1.3 0.3
Permutation importance (%) 13.7 0.6 78.7 0.8 5.4 0.7

585 Percent contribution (%) 16.5 14.2 25.6 0.1 42.6 1
Permutation importance (%) 15.4 1.5 76 0.1 0.8 6.2

3.3. Current Potential Distribution of Salvia ceratophylloides

The current estimated potential habitat for S. ceratophylloides is located exclusively in the
south/west of the Italian peninsula and Calabria (Figure 5): this corresponds to a total area of
237.321 km2, equal to 1.58% of the entire regional territory and 0.08% of the Italian territory. In
relation to the probability of occurrence of the species, the area is distributed as follows: very
highly suitable (≥0.80) with an area of 30,440 km2 (0.20%); highly suitable (0.61–0.80) with an
area of 20,962 km2 (0.14); moderately suitable (0.41–0.60) with a surface area of 59,434 km2

(0.39%); and unsuitable (0.21–0.40) with a surface area of 126,485 km2 (0.84%). The remaining
territory (14,813,597 km2, 98.42%) is unsuitable for the species (Table 3).

Table 3. Classification of habitat suitability in relation to the probability values for the presence of Salvia
ceratophylloides Ard. (highly unsuitable (≤0.20); unsuitable (0.21–0.40); moderately suitable (0.41–0.60);
highly suitable (0.61–0.80); very highly suitable (≥0.80); area in km2, relative percentage (%) in relation
to the entire regional territory, % decrease (−) or increase (+) of the area suitable for the species.

Time SSP Unit Area tot. ≥0.80 0.61–0.80 0.41–0.60 0.21–0.40 ≤0.20

Present time
km2 237.321 30.440 20.962 59.434 126.485 14,813.597

% 1.58 0.20 0.14 0.39 0.84 98.42

2021/2040

245
km2 153.986 25.020 18.258 26.326 84.382 14,896.932

% 1.02 0.17 0.12 0.17 0.56 98.98
% inc./dec. −35.11 −17.81 −12.90 −55.71 −33.29 +0.56

585
km2 633.513 129.708 94.667 171.816 237.322 14,417.405

% 4.21 0.86 0.63 1.14 1.58 95.79
% inc./dec. +166.94 +326.11 +351.61 +189.09 +87.63 −2.67

2041/2060

245
km2 171.414 29.071 22.984 41.241 78.118 14,879.504

% 1.14 0.19 0.15 0.27 0.52 98.86
% inc./dec. −27.77 −4.50 +9.65 −30.61 −38.24 +0.44

585
km2 643.814 145.446 122.362 150.514 225.492 14,407.104

% 4.28 0.97 0.81 1.00 1.50 95.72
% inc./dec. +171.28 +377.81 +483.73 +153.25 +78.28 −2.74
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month (Bio 13) with 86.3%, an annual mean temperature (Bio 1) with 7%, and a 
temperature seasonality (Bio 4) with 5.5%; the remaining variables contributing a total of 
1.2%. Regarding the importance of permutation, the most influential variable is Bio13 with 
97.8%. With SSP 245 in the 20-year period between 2041–2060, the variables that contribute 
the most are the precipitation of the wettest month (Bio 13) with 73.4%, the temperature 
seasonality (Bio 4) with 12.1%, and the annual mean temperature (Bio 1) with 11.9%; the 
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Figure 5. Prediction of the current potential distribution of Salvia ceratophylloides Ard. In white, highly
unsuitable habitat (≤0.20); in blue, unsuitable (0.21–0.40); in green, moderately suitable (0.41–0.60);
in yellow, highly suitable (0.61–0.80); in red, highly suitable (≥0.80). In the top left-hand corner, the
Calabria region within the Italian territory is highlighted in green.

3.4. Future Potential Distribution of Salvia ceratophylloides

The jackknife test (Figure 6) reveals that the distribution of S. ceratophylloides with
SSP 245 over the 2021–2040 period is mainly influenced by the precipitation of the wettest
month (Bio 13) with 86.3%, an annual mean temperature (Bio 1) with 7%, and a temperature
seasonality (Bio 4) with 5.5%; the remaining variables contributing a total of 1.2%. Regard-
ing the importance of permutation, the most influential variable is Bio 13 with 97.8%. With
SSP 245 in the 20-year period between 2041–2060, the variables that contribute the most
are the precipitation of the wettest month (Bio 13) with 73.4%, the temperature seasonality
(Bio 4) with 12.1%, and the annual mean temperature (Bio 1) with 11.9%; the remaining
variables contribute a total of 2.6%.

Regarding the SSP585 scenario in the 20-year period between 2021–2040, the variables
contributing most to the model are Bio 13 with 40.7%, Bio 1 with 24.4%, Bio 4 with 15.4%,
and Elev. with 16.5%; the remaining variables contribute 3% (Table 2). By permutation
importance, there are Bio 1 with 52.4%, Bio 13 with 25%, and Bio 19 with 21.7%; the
remaining variables with 0.8%. For the 20-year period between 2041–2060, the variables
contributing most to the model are Bio 19 with 42.6%, Bio 13 with 25.6%, Bio 1 with 16.5%,
and Bio 4 with 14.2%; the other variables contribute 1.1%. With regard to the importance of
permutation, the most influential variables are Bio 4 with 76%, Bio 1 with 15.4%, and Elev.
with 6.2%; the other variables account for 2.4% (Table 2).
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Figure 6. Relative predictive power of different environmental variables based on the jackknife of
regularised training gain in MaxEnt models for Salvia ceratophylloides Ard.

The future potential distribution of S. ceratophylloides, estimated for two types of
scenarios (SSP245 and SSP585), always occupies the south/west part of the Italian peninsula
and Calabria (Figure 7), without expanding into other parts of the region. The habitat
suitable for the species covers a total area of 153,321 km2 (1.02%) in the SSP245 scenario,
2021–2040 and 171,414 km2 (1.14%) in the SSP245 scenario of the following 20 years. It can
be seen that, from the current distribution model, there is a decrease of 83,335 km2 or 35%
in the 20-year period between 2021–2040, and a decrease of 28% in the following 20-year
period, with a loss of 65,907 km2. In relation to the probability values for the presence of the
species in the area of the SSP245 model, 2021–2040, is distributed as follows: very highly
suitable (≥0.80) with an area of 25,020 km2 (0.17%); and highly suitable (0.61–0.80) with an
area of 18,258 km2 (0.12%) (Table 3, Figure 7). The area of the SSP245 model, 2041–2060 is
distributed as follows: very highly suitable (≥0.80) with an area of 29.071 km2 (0.19%); and
highly suitable (0.61–0.80) with an area of 22.984 km2 (0.15%) (Table 3, Figure 7). It can be
seen that the most significant decrease is in the optimal occurrence probability value of the
species (≥0.80) with 17.81%, or 5420 km2, less in the SSP245 scenario 2021–2040, compared
to the current scenario; in the SSP245 2041–2060 scenario, it is 4.5%, or 1369 km2, less.

The distribution model with the SSP585 scenario, shows a total area, suitable to
host the species, of 633.513 km2 (4.21%) in the 20-year period between 2021–2040 and
643.814 km2 (4.28%) in the 20-year period between 2041–2061. Compared to the modelling
of the current potential distribution, we can see an increase in area of 396.192 km2 or 167%,
in the 20-year period between 2021–2040, and an increase of 171% in the following 20-year
period, with an increase of 65.907 km2. In relation to the probability values for the presence
of the species, the area of the SSP585 model, 2021–2040 is distributed as follows: very
highly suitable (≥0.80) with an area of 129.708 km2 (0.86%); and highly suitable (0.61–0.80)
with an area of 94.667 km2 (0. 63%) (Table 3, Figure 7). The potential area of the SSP585
model, 2041–2060 is distributed differently: very highly suitable (≥0.80) with an area of
145.446 km2 (0.97%); and highly suitable (0.61–0.80) with an area of 122.362 km2 (0.81%)
(Table 3, Figure 7). It can be seen that the most significant increase is in the probability
value of optimal occurrence of the species (≥0.80) in the SSP585 scenario 2021–2040 with
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326.11%, or 99.268 km2, more than the current scenario, in the SSP585, 2041–2060 scenario
it is 377.81%, or 115.006 km2, more.

Land 2023, 12, x FOR PEER REVIEW 11 of 22 
 

highly suitable (≥0.80) with an area of 129.708 km2 (0.86%); and highly suitable (0.61–0.80) 
with an area of 94.667 km2 (0. 63%) (Table 3, Figure 7). The potential area of the SSP585 
model, 2041–2060 is distributed differently: very highly suitable (≥0.80) with an area of 
145.446 km2 (0.97%); and highly suitable (0.61–0.80) with an area of 122.362 km2 (0.81%) 
(Table 3, Figure 7). It can be seen that the most significant increase is in the probability 
value of optimal occurrence of the species (≥0.80) in the SSP585 scenario 2021–2040 with 
326.11%, or 99.268 km2, more than the current scenario, in the SSP585, 2041–2060 scenario 
it is 377.81%, or 115.006 km2, more. 

 
Figure 7. Prediction of the future potential distribution of Salvia ceratophylloides Ard. in two different 
scenarios SSP245 and SSP585 in two periods 2021–2040, 2041–2060. In white, highly unsuitable 
(≤0.20); in blue, unsuitable (0.21–0.40); in green, moderately suitable (0.41–0.60); in yellow, highly 
suitable (0.61–0.80); and in red, very highly suitable (≥0.80). 

  

Figure 7. Prediction of the future potential distribution of Salvia ceratophylloides Ard. in two different
scenarios SSP245 and SSP585 in two periods 2021–2040, 2041–2060. In white, highly unsuitable
(≤0.20); in blue, unsuitable (0.21–0.40); in green, moderately suitable (0.41–0.60); in yellow, highly
suitable (0.61–0.80); and in red, very highly suitable (≥0.80).
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3.5. Real Distribution of Salvia ceratophylloides Analysed with Two Limiting Factors: Geology and
Land Use

Field studies and bibliographical references [13,64,68,69,74,75] show that S. ceratophylloides
grows, in nature, exclusively on loose, sandy, and calcarenite substrates of Pliocene and
Pleistocene origin; in particular, the analysis of the geological map [78] shows that there are
three types of sandy substrates in Calabria: sands and conglomerates (Pleistocene); sands
and conglomerates (Pleistocene–Pliocene); sands and conglomerates (Yellow Sands)–Pliocene,
widespread throughout the region.

Although the geological substratum suitable for the species occupies 2066.204 km2

(14.14% of the regional territory), from the superimposition of the current potential distri-
bution models of the species we can observe that: the habitat suitable for the species covers
a total area of 62.427 km2, or 2.93% of the area occupied in the region by the geological
substratum, and 0.41% of the entire regional territory. The suitable area is subdivided
as follows in relation to the probability of occurrence of the species: very highly suitable
(≥0.80) 16.285 km2 (0.77% of the area occupied in the region by the substratum, 0.11% of
the regional territory); and highly suitable (0.61–0.80) 4.071 km2 (0.19% of the geological
substratum, 0.03% of the regional territory (Table 4, Figure 8). This modelling shows a
decrease of 74% compared to the current potential distribution model.

The model with SSP245 2021–2040 presents a total area of 31.892 km2, equal to 1.50% of
the geological substrate and 0.21% of the entire regional territory. In detail, the probability
values for the presence of the species are distributed as follows: very highly suitable
(≥0.80) with an area of 5.428 km2 (0.25% of the geological substratum, 0.04% of the regional
territory); and highly suitable (0.61–0.80) with an area of 9.500 km2 (0.45% of the geological
substratum, 0.06% of the regional territory) (Table 4, Figure 8).

Table 4. Classification of habitat suitability related to the probability values for the presence of the
Salvia ceratophylloides Ard. in areas with sandy substrate and conglomerates in the Calabria Region.
[highly unsuitable (≤0.20); unsuitable (0.21–0.40); moderately suitable (0.41–0.60); highly suitable
(0.61–0.80); very highly suitable (≥0.80); area (km2), and the relative percentage in relation to the
geological substratum (% sub.) and percentage in relation to the entire regional territory (% reg. ter.)].

Time SSP Unit Area tot. ≥0.80 0.61–0.80 0.41–0.60 0.21–0.40 ≤0.20

Present time
km2 62.427 16.285 4.071 19.000 23.071 2066.204

% sub. 2.93 0.77 0.19 0.89 1.08 97.07
% reg. ter. 0.41 0.11 0.03 0.13 0.15 13.73

2021/2040

245
km2 31.892 5.428 9.500 5.428 11.536 2096.739

% sub. 1.50 0.25 0.45 0.25 0.54 98.50
% reg. ter. 0.21 0.04 0.06 0.04 0.08 13.93

585
km2 187.960 56.320 17.642 37.321 76.677 1940.671

% sub. 8.83 2.65 0.83 1.75 3.60 91.17
% reg. ter. 1.25 0.37 0.12 0.25 0.51 12.89

2041/2060

245
km2 50.213 4.750 6.107 10.857 28.499 2078.418

% sub. 2.36 0.22 0.29 0.51 1.34 97.64
% reg. ter. 0.33 0.03 0.04 0.07 0.19 13.81

585
km2 192.031 50.892 19.678 48.856 72.605 1936.600

% sub. 9.02 2.39 0.92 2.30 3.41 90.98
% reg. ter. 1.28 0.34 0.13 0.32 0.48 12.87
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Figure 8. Prediction of the current potential distribution of Salvia ceratophylloides Ard. In relation to
geological substrate. In white, highly unsuitable habitat (≤0.20); in blue, unsuitable (0.21–0.40); in
green, moderately suitable (0.41–0.60); in yellow-low, highly suitable (0.61–0.80); and in red, highly
suitable (≥0.80).

The SSP245 2041–2060 scenario presents a total area of 50.213 km2, equal to 2.36% of
the geological substratum and 0.33% of the regional territory. In relation to the probability
values for the presence of the species, the area of model SSP245 2041–2060 is distributed as
follows: very highly suitable (≥0.80) with an area of 4.750 km2 (0.22% of the substratum,
0.03% of the regional territory); and highly suitable (0.61–0.80) with an area of 6.107 km2

(0.29% of the substratum, 0.04% of the regional territory) (Table 4, Figure 9). Compared to
the modelling of the current potential distribution interpolated with geological substrate
data, we can see an increase in area of 18.164 km2 or 132% in the 2021–2040 period, and
an increase of 266% in the following 20 years with an increase of 36.485 km2. Considering,
on the other hand, the distribution area with the highest probability of hosting the species
(≥0.80), overall, there is a decrease. In the 20-year period between 2021–2040, there is
a decrease of 66.67% with a reduction in area of 10.857 km2, and for the 20-year period
between 2041–2060, there is a reduction of 70.83% and a loss of 11.535 km2.

The distribution model with the SSP585 scenario shows a total area, suitable for hosting
the species, of 187.960 km2 in the 20-year period between 2021–2040, equal to 8.83% of
the geological substratum considered and 1.25% of the entire Calabrian territory. In the
following 20-year period (2041–2061), the area involved is 192.031 km2, equal to 9.02% of
the geological substratum and 1.28% of the regional territory. Considering the probability
values for the presence of the species the area of the SSP585 model, in 2021–2040, is divided
as follows: very highly suitable (≥0.80) 56.320 km2 (2.65% of the geological substratum,
0.37% of the regional territory); and highly suitable (0.61–0.80) 17.642 km2 (0.83% of the
geological substratum, 0.12% of the regional territory) (Table 4, Figure 9). The next 20 years
(2041–2060) show a distribution area of the species divided as follows: very highly suitable
(≥0.80) 50.892 km2 (2.39% of the geological substratum, 0.34% of the regional territory);
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and highly suitable (0.61–0.80) 19.678 km2 (0.92% of the geological substratum, 0.13% of
the regional territory) (Table 4, Figure 9). Comparing the current potential distribution
model interpolated with substrate data, with the SSP585 scenario, we find an increase of
174.232 km2, or 1269%, for the 2021–2040 period, and an increase of 1299% in the following
20 years, with an increase of 178.303 km2. Considering the distribution area with the
highest probability of hosting the species, for the 20-year period between 2021–2040, we
would have an increase of 245.84% with an increase of 40.035 km2, for the 20-year period
between 2041–2060, we would have an increase of 212.51% and a gain of 34.607 km2. The
future potential distribution models, interpolated with the geological substratum, show
a decrease in area compared to the current potential distribution model. In the 20 years
between 2021–2040, with scenario SSP245, there is a 79% decrease, while in the 20 years
between 2041–2060 scenario SSP245, the decrease is 71%. The SSP585 scenario shows a
decrease of 70% for both of the 20-year periods considered in the modelling.
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Figure 9. Prediction of the current potential distribution of Salvia ceratophylloides Ard. related to
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suitable (0.41–0.60); in yellow, highly suitable (0.61–0.80); and in red, very highly suitable (≥0.80).
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In accordance with the CORINE Land Cover system [98], class 2 (agricultural areas)
and class 3 (forests and semi-natural areas) were considered in relation to the actual
occurrence of the species; the second class was also considered because the Calabrian
territory has fragmented agricultural areas that form a complex cultivation mosaic with the
forests and semi-natural areas. All other land-use classes were omitted from the analyses.

Interpolating the current distribution model and the land use map shows that the area
suitable for the species corresponds to 183.295 km2, i.e., 1.22% of the entire regional territory;
relating this to the current potential distribution model shows a decrease in the area suitable
for the species of 54.026 km2, i.e., 23% less (Table 5, Figure 10). The interpolation of the
current distribution model with the exclusion of areas where there is no geological substrate
suitable for the growth of the species, shows that the entire distribution area is 41.392 km2,
or 0.28%, of the entire regional territory, and in relation to the current potential distribution
model, the area undergoes a decrease of 83%, or 195.929 km2 (Figure 10). The table also
shows the measures and percentages relating to the classification of habitat suitability in
relation to the probability of occurrence values (Table 5).

Table 5. Ranking of habitat suitability of Salvia ceratophylloides Ard. Related to the values of probability
of occurrence values in the different modelling obtained by interpolation with the current potential
distribution. Very unsuitable (≤0.20); unsuitable (0.21–0.40); moderately suitable (0.41–0.60); very
suitable (0.61–0.80); very suitable (≥0.80); and the area in km2 and relative percentage (%) of decline
compared to current potential modelling.

Time Unit Area tot. ≥0.80 0.61–0.80 0.41–0.60 0.21–0.40

Present time km2 237.321 30.440 20.962 59.434 126.485

Present time– km2 183.295 26.476 16.972 40.732 99.115
land use % 23 13 19 31 22

Present time– km2 62.427 16.285 4.071 19.000 23.071
geological substrate % 74 47 81 68 82

Present time–
geological substrate–

land use

km2 41.392 14.928 2.714 10.857 12.893

% 83 51 87 82 90
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Figure 10. Prediction of the current potential distribution of Salvia ceratophylloides Ard. Only in
relation to land use and land use with geological substrate. In white, highly unsuitable (≤0.20);
in blue, unsuitable (0.21–0.40); in green, moderately suitable (0.41–0.60); in yellow, highly suitable
(0.61–0.80); and in red, very highly suitable (≥0.80).
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4. Discussion

The results of the current potential modelling show that the environmental suitability
of S. ceratophylloides always falls within the same range as the observations made in the
field in recent years, and are in accordance with the known distribution reported in the
literature [13,64,66–69,73,74,76]. We can observe that the species does not extend its range;
it is localised exclusively on the extreme southwestern side of the Italian Peninsula and the
Calabria region, overlooking the Strait of Messina.

Further analyses of the current model suggest that the distribution of the species is
strongly influenced by the same climatic conditions reported earlier in the literature [13,64].
The temperature and humidity variables that condition the reproductive biology of the
species [13] proved important in defining the species’ current potential distribution pattern.
In particular, the average annual temperature parameters limit the distribution (7.8%) of
this typically thermophilus species, as do the humidity parameters (precipitation of wettest
month, precipitation of driest month, precipitation of coldest quarter) and temperature
seasonality, which are closely linked to the species’ ecological needs for germination and
the release of young seedlings [13,64,80–82]. The elevation variable also has a range
that does not differ from elevations measured at actual occurrence points [13,64]. The
current potential distribution model includes (with a probability value of very highly
suitable occurrence ≥0.80) areas where the species occurs as well as those where it is
extinct [70,71]. Therefore, the extinction of the species in the latter areas is the result of
severe environmental changes in the suburban area of Reggio Calabria, which is subject
to extensive urbanisation and frequent devastating fires [99]. Future model projections
for 2021–2040 and 2041–2060, obtained from the SSP245 and SSP585 scenarios, indicate
that climate change will significantly influence the distribution of this species. The models
with the SSP585 scenario show more significant impacts than the SSP245 scenario, which
considers the same bioclimatic characteristics currently in place [19]. The SSP585 scenario
shows that, the range suitable for the species will increase by 167% in the 2021–2040 period
and 171% in the 2041–2060 period (Table 3, Figure 7). This trend can also be seen in other
similar studies [100,101]. Furthermore, the SSP585 scenario predicts an extension of the
optimal range to lower altitudes, down to sea level, and other authors also point to an
altitudinal shift in the current potential distribution area of the examined species [43].

The SSP245 scenario shows a potential distribution of S. ceratophylloides similar to the
current modelling, but with a decrease of 35% in the 2021–2040 period and 28% in the
2041–2060 period (Table 3, Figure 7). Similar decreases with the same scenario are also
shown for other species [100].

Salvia ceratophylloides is a species with remarkable edaphic specialisation, as it grows
exclusively on loose substrates characterised by Pliocene and/or Pleistocene sands and
sandy conglomerates [13,64]; these substrates occupy 14% of the entire regional territory,
but only 2.93% is occupied by the current potential distribution range of S. ceratophylloides.
The geological substrate, in this case, becomes one of the limiting factors for the distribution
of the species. Compared to the current distribution pattern, there is a decrease of 74%, with
a loss of 174,894 km2 of suitable area (Table 4, Figure 9), which considerably reduces the
potential distribution range of the species. The model obtained by interpolating the SSP245
scenario with the geological substratum shows that the range suitable for the species will
decrease by 79% in the period of 2021–2040 and by 71% in the period of 2041–2060 (Table 4,
Figure 9), while the SSP585 scenario will show a decrease of 70% in both of the 20 years
examined (2021–2040/2041–2060).

A further limiting factor is land use. The species’ real range is entirely within a
complex environmental mosaic, where agricultural areas (land use class 2) and natural and
semi-natural habitats (land use class 3) are highly fragmented and interconnected. On the
other hand, it is not present in urban areas (land use category 1), where it was probably
present in the past before the expansion of the city, as bibliographic references attest [69].
Excluding the distribution of the species from urban areas, the potential distribution is
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reduced by 23%, with a loss of 54,026 km2, which mainly affects the lower elevation band
(Table 5, Figure 10).

Considering the constraints imposed by the combination of geologic substrate and
land use, the area suitable for S. ceratophylloides is reduced by 83% with a total area of
41,392 km2 (Table 5, Figure 10) compared to 237,321 km2 (Table 5, Figure 10) in the current
distribution model that considers only bioclimatic variables and elevation.

Modelling obtained by subtracting the two limiting factors (geological substrate and
land use) from the current range shows that the very highly suitable habitat (≥0.80), i.e.,
the one in which the probability of finding the species is very high, occupies 14.928 km2; on
the other hand, Laface et al. [13] show that the species has an Area of Occupancy (AOO)
of 7 km2. The modelled distribution is therefore greater than the observed AOO, and
S. ceratophylloides could potentially be found in other areas where it has not yet been ob-
served or where it is not present due to anthropogenic urbanisation [13] or other limitations,
such as pests [102]. The current AOO and anthropogenic pressures justify the assessment
of this species as Critically Endangered (CR) [13,64,75]. Without pressures and threats that
currently limit the distribution of the species, the range will be 14.928 km2 (very highly
suitable ≥0.80), which would reassess the species as Endangered (EN).

Research on S. ceratophylloides confirms that the magnitude of change in the distribution
of potential 2021–2040 and 2041–2060 niches is comparable. That is, the changes expected
for the later period will occur approximately 20 years earlier than is commonly believed, as
2041–2060 is often overlooked in many studies, most of which are for 2061–2080. Hence,
there is less time to develop strategies to mitigate the effects of climate change than is
usually believed [103,104].

5. Conclusions

This study allowed us to develop very efficient models of the current and future
potential distribution of S. ceratophylloides. These showed that habitat suitable for the
species will decrease in 2021–2040 and 2041–2060 in the SSP245 scenario, and increase
in the SSP585 scenario, but it should be noted that important constraints on the species’
distribution are due to the geological substrate and land use, which significantly limit the
current potential distribution.

The potential distribution model identifies areas of suitable habitat for the species
occurrence to evaluate the presence of new occurrence points or to identify locations where
there is a high probability of the species occurrence.

The assessment of changes in species distribution related to climate change impacts
also made it possible to identify priority areas for reintroduction. Therefore, considering
the results obtained, to reduce the risk of extinction of S. ceratophylloides in the wild, the
reintroduction of the species in areas that are suitable according to modelling is an important
in situ conservation measure

The model also gives us clear indications of where to focus conservation activities;
for example, by establishing micro-reserves, small protected areas created to ensure the
conservation, study, and monitoring of endemic endangered flora in the future, which
can be entrusted to environmental associations or the landowner. Furthermore, this work
may be useful for future actions to reintroduce and reinforce the existing S. ceratophylloides
population in areas showed according to modelling. These activities should be accompanied
by greater awareness raising among public opinion and political authorities to reduce the
impact of human activities.
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