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Abstract

Habitat fragmentation is one of the main causes of biodiversity loss and the alteration of
the structure and function of habitat types. This study aimed to assess the conservation
status of forest habitats by examining fragmentation and naturalness. As a case study, we
examined the Oak forests of Calabria, which play an important structural and ecological
role in the region. The vegetation analysis enabled us to define six forest communities,
corresponding to six habitat types or subtypes, as defined by the EEC Directive 92/43.
The ecological characteristics of the habitat types were analyzed using Ellenberg—Pignatti
indicators. Temperature (T) and moisture (U) are the most significant ecological factors
for distinguishing the different habitat types and are strongly correlated with naturalness.
The analysis of landscape parameters revealed that habitat types 91AA* and 9330 are the
most fragmented and punctuated, with an observed correlation between naturalness and
patch density, a parameter expressing the number of patches per unit area. The study of
ecological characteristics in relation to biodiversity and landscape indices contributes to the
characterization of oak woodland habitats and provides guidelines for the implementation
of active conservation measures.

Keywords: directive habitat types; biodiversity; fragmentation; naturalness

1. Introduction

Landscape structure refers to the composition and arrangement of different habi-
tat types within an area. It encompasses both the quantity of these habitats and their
configuration—including the size, shape, and spatial arrangement of individual habitat
patches [1]—which plays a significant role in guiding ecological processes [2—4]. To ensure
the long-term conservation of biodiversity in the face of global climate change, it is essential
to define and assess the anthropogenic pressures that impact ecosystems and landscape
structure. Such pressures include the invasion of alien species [5], land use change, and
changes in the structure and function of natural and semi-natural habitats [6]. Habitat
fragmentation into smaller and isolated patches affects the migration and colonization
potential of species at the landscape level [7,8] and poses a serious threat to the conservation
of biological diversity [8-12].

Numerous studies analyze the relationship between biodiversity and landscape struc-
ture [13-16]. In fragmented habitats, a decrease in their quality can be measured by
assessing the plant species assemblage, a method often used in national and supranational
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regulations to monitor the ecological integrity of ecosystems [17]. Vegetation studies are
important tools for ecology, biodiversity, nature conservation, and environmental monitor-
ing [18]. Species are a useful vector of ecological information for identifying and describing
vegetation patterns and interpreting their characteristics and dynamics [19]. The fragmenta-
tion of natural habitats affects the structure and species composition of plant communities
by exposing them to anthropogenic disturbances, either directly or indirectly due to ex-
panding margins. This results in the disappearance of ecologically specialized species with
narrow niches, and the emergence of synanthropic and alien species. As highlighted by
various authors, the invasion of alien species results in severe alterations to ecosystems,
affecting both physical processes [6,20] and species composition and diversity [21]. Several
studies [22-24] highlight that the habitats of community interest under EEC Directive 92/43
are useful for defining environmental diversity and interpreting the naturalistic value of
the landscape.

Although the floristic and structural composition of the vegetation in Calabrian habi-
tats has been widely researched, there are gaps in the literature regarding detailed studies
of the relationship between landscape structure and plant communities belonging to the
genus Quercus L.

In this study, we investigate the relationship between landscape structure and habitat
naturalness by comparing analyses of habitat fragmentation and diversity, considering the
ecological characteristics of plant communities. The forest characterized by the dominance
of species of the genus Quercus in the Calabria Region, for which an updated distribution
map is available thanks to the recent publication of Nature Map [25], was used as a case
study. Oak forests are an important component of the Mediterranean forest ecosystems
that would potentially occupy a wide belt of land from sea level to the mountain range [26].
The forest vegetation of Calabria, a region in the center of the Mediterranean, is quite well-
known thanks to various studies that have examined its ecological, floristic, and structural
characteristics [27-38]. Although the floristic and structural composition of the vegetation
in Calabrian habitats has been widely researched, there are gaps in the literature regarding
detailed studies of the relationship between landscape structure and plant communities of
the genus Quercus.

The specific objectives of this study are: (i) identifying the different habitat types of the
EEC Directive 92/43 through species assemblages and their relationship with ecological
factors; (ii) analyzing the fragmentation and naturalness of habitat types at the patch scale;
(iii) assessing the conservation status of different habitat types.

The overall aim is to develop tools that can assess the conservation status of different
habitat types. These tools will provide insights that will inform effective management
strategies to counteract degradation and fragmentation.

2. Materials and Methods
2.1. Study Area

The study was conducted in oak forests in Calabria, a region in southern Italy located
at the center of the Mediterranean basin (see Figure 1). The Southern Apennine Mountain
Range runs north to south through the region, reaching heights of almost 2000 m, and
creates a strong climatic gradient. This results in two distinct bioclimatic regions—the
Mediterranean region, extending from sea level to about 1000 m, and the temperate region,
located in the mountain belt above 1000 m. The temperate region is characterized by
lower average annual temperatures, greater water availability, and the absence of summer
droughts. Using habitat mapping from the Nature Map of the Calabria Region [25], we
identified habitats dominated by species of the genus Quercus.
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Figure 1. The study area.

2.2. Vegetation Analysis

The analysis of oak woodland habitats was based on vegetation surveys carried out
between 2018 and 2022. These surveys employed the Zurich-Montpellier phytosociological
method, which is a widely used approach for classifying and studying plant communities,
especially in Europe [39]. Phytosociological relevés consist of lists of tracheophyte taxa
present in different vegetation layers, along with information on their abundance and
dominance within a homogeneous stand. To capture environmental heterogeneity and facil-
itate a comprehensive analysis of the forest ecosystem, the phytosociological relevés were
conducted using a stratified sampling method. We did this within areas identified on the
Nature Map as having forests dominated by Quercus species. Specifically, relevé points were
randomly placed within the Nature Map [25] polygons, which refer to Quercus woodlands.
The sampling effort was proportionate to the area occupied by the habitat at the regional
scale. A total of 59 unpublished georeferenced relevés containing 237 species were carried
out throughout the Calabrian region (see Supplementary Materials Tables S1 and S2). The
nomenclature of the plant species follows the “Portal to the Flora of Italy” [40]. The phytoso-
ciological relevés matrix was subjected to a multivariate analysis to define homogeneous
groups on an effective statistical basis. To this end, the abundance—dominance values of
each species reported using the Braun-Blanquet scale were converted using the numerical
scale proposed by Van der Mareel [41]. The raw data were organized using Microsoft Excel
2010 software. To interpret the habitat types of Directive EEC 92/43, we used the manual
for the interpretation of habitats of community interest in Europe and Italy [42,43].

The ecological characteristics of the identified habitat types were assessed through a
statistical analysis, utilizing the Ellenberg-Pignatti ecological indicator values modified by
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Pignatti for the Italian flora [44—47]. The ecological indicators under consideration were
continentality (C), substrate reaction (R), temperature (T), moisture or water availability
(U), light (L), and nutrients (N).

2.3. Diversity Analysis

Habitat diversity was evaluated with Shannon’s index [48] (H*) applied to vegetation
relevés of habitat types:

Ht = —Z;Zl pilogpi (1)

Here, pi = coverage percentage of the ith species compared to the entire plant commu-
nity, and S = number of plant species.
Shannon’s index considers both the number of species and their relative abundance in
each habitat types.
We also calculated the Evenness index (J), which quantifies the degree of homogeneity
that characterizes a community.
] = HY /Hmax

Hmax = log S 2)

Hmax highlights the maximum potential diversity for a habitat type [49]. Evenness (])
ranges from 1 (communities with a uniform distribution of individuals among the species)
to 0, which indicates that all individuals belong to a single species.

The naturalness (Na) of habitat types was assessed using the index proposed by
Griinewald [50] applied to vegetation relevés. This index considers not only the biodiversity
contributed by alien species, but also that related to anthropogenic disturbance [38], as
illustrated by Formula (3).

Na = H" (without alien and disturbing plant species)/H™ 3)

The Na index ranges from 0 to 1. A value of 0 indicates that all plant diversity is
attributable to alien and ruderal species, while a value of 1 shows that these species are
absent from plant communities [50]. Alien species were identified according to the “Portal
to the Flora of Italy” [40].

Disturbing plants were identified based on their association with synanthropic veg-
etation types, as defined in “Italian Vegetation Prodrome” [51] and other studies [30]. In
particular, disturbing species were those typical of the following vegetation classes:

o  Stellarietea mediae, includes ephemeral, nitrophilous, and semi-nitrophilous annual
vegetation growing in fertilized agricultural fields and other disturbed sites within
human settlements, such as ruderal habitats.

e Galio aparines—Urticetea dioicae, being nitrophilous, mainly perennial vegetation typical
of mesophilous habitats with high soil moisture, shade, or both.

e  Filipendulo ulmariae—Convolvuletea sepium, being semi-natural perennial vegetation of
megaforbs on the edges of disturbed forests and in forest clearings with eutrophic or
mesotrophic moist soils, as well as on nutrient-rich riparian strips.

The pressures observed during the vegetation survey were recorded using the classification
system of Article 17 of the Habitats Directive [52] (Supplementary Material Table S3).

2.4. Statistical Analysis

The R Core Team 4.4.3 software [53] was used to classify a matrix containing 59 phy-
tosociological relevés and 237 species via a hierarchical cluster analysis. This analysis
grouped the relevés according to their species composition. To quantitatively assess dis-
similarity between relevés, a distance matrix was calculated using the Euclidean distance



Forests 2025, 16, 1320

50f18

metric. Clustering was then performed using the UPGMA (unweighted pair group method
with arithmetic mean) hierarchical algorithm, a recognized robust method for analyzing
ecological data. The cophylogenetic correlation coefficient (CCC) was then calculated on
the relevés—species matrix. The optimal number of clusters (k) was determined using
the Silhouette index. The R Core Team 4.4.3 software package was also used to test the
significance of differences between various habitat groups with respect to ecological factors
using a non-parametric Kruskal-Wallis test and to generate box plots.

A linear correlation analysis was performed on the entire relevé matrix using PAST 4.13
software [54]. The Durbin—Watson and Breusch—Pagan tests were then applied to the linear
regression to verify homoscedasticity and describe the relationship between the variables.

2.5. Landscape Metrics

Landscape metrics are statistical tools used to quantify the spatial and temporal
patterns and structures of a landscape. These metrics are useful for understanding the
relationship between natural habitats and human land use, as well as for assessing habitat
fragmentation [55-57]. As class-level parameters are more closely correlated with ecological
response variables than landscape-level parameters, we analyzed fragmentation at the class
level in this study. For this analysis, we used FRAGSTATS software (version 4.2.1), which
calculates various landscape fragmentation parameters [58]. Assessing the fragmentation
process required us to verify the extent and arrangement of various oak forest patches
within the landscape. For this purpose, we examined the cartography of these habitats,
using the Natura Map of Calabria [25] in a GIS environment. In this study, we assessed
habitat fragmentation using landscape parameters that quantify the landscape configura-
tion and composition. Specifically, we used the shape index (SHAPE), which measures the
complexity of a patch’s shape relative to a standard square of the same size [4]. This index,
along with the fractal dimension, is widely used in landscape ecology to characterize patch
forms [1,58] We also quantified several other landscape metrics. The fractal dimension
(FRAC) was used to measure the complexity of flat shapes [5]. Patch number (NP) and
patch density (PD) were used as measures of subdivision and fragmentation, with NP
representing the number of patches of a given habitat type and PD expressing the number
of patches per unit area [6]. Additionally, we calculated the mean patch size (AREA_MN)),
which is the total area of the class divided by the number of patches. We also considered
the total area of the habitat in hectares (surface). The formulas of the parameters considered
to quantify the configuration and composition of the landscape are reported below:

0.25pij
SHAPE = =="CL /4ij ()
A /{Ill']'

SHAPE = shape index; pij = perimeter (m) of the patch ij; aij = area (m?) of the patch ij.

2 1n(0.25 pij)

FRAC =
In al-]-

(5)

FRAC = fractal dimension index; pij = perimeter (m) of patch ij; aij = area (m?) of patch ij.

n;

PD
A

(10.000)(100) 6)

PD = patch density; ni = number of patches in the patch-like landscape (class) ;;
A = total landscape area (m?).
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3. Results
3.1. Habitat Types

The Silhouette index, which is used to determine the optimal number of clusters,
shows a maximum value of 0.20 at K = 6 (see Figure 2). This suggests that six clusters
would provide the best balance of compactness and separation for our data.

The silhouette index for K-means clustering of species.

0.20

Average silhouette width
)
s

)
°
<

0.00

1 2 3 4 5 6 7 8 9 10 " 12 13 14 15
Number of Clusters (k)

Figure 2. The Silhouette index analysis used to validate the optimal number of clusters.

The cluster analysis of the relevé—species matrix from the oak forest produced the
dendrogram shown in Figure 3. The high cophenetic correlation coefficient (CCC) of
0.8456 suggests a strong correlation between the dissimilarities in the original dataset and
the hierarchical structure of the dendrogram. The abscissa of the dendrogram displays
the relevés, while the ordinate shows the similarity scale. The first subdivision occurs at
a similarity level of 1.4, with subsequent subdivisions occurring at similarity coefficients
of 1.3, 1.2, 1.1, and 1.0, revealing six distinct groups of oak relevés. According to the
European and Italian interpretation manuals of the Habitats Directive 92/43/EEC [42,43],
and considering the diagnostic species, the groups correspond to the following habitats:

r—l—l

|

91M0a

iiJ- 'J:'_‘l =1J£_l

O~ Nt © 00O ™ 10 3 0 O I~
= O < O

9330 91AA* 9340 91MOb 91MOc
Habitat

Figure 3. The hierarchical cluster analysis dendrogram of vegetation data from oak woodland habitat
types (Euclidean distance coefficient and UPGMA clustering algorithm) revealing six distinct habitat
types: red—91AA*: Eastern white oak woods; yellow—9330: Quercus suber forests; blue—9340:
Quercus ilex and Quercus rotundifolia forests; orange—91M0Oa Pannonian—Balkan sessile oak forests-
dominated by Quercus cerris; purple—91MOb: Pannonian—Balkan sessile oak groves dominated by
Quercus frainetto; green—91MOc: Pannonian-Balkan sessile oak groves dominated by Quercus petraea
subsp. austrotyrrhenica.

Group 1-10: Habitat 91AA*: (Eastern white oak woods.
Group 11-28: Habitat 9340: Quercus ilex and Quercus rotundifolia forests.
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data.ecolog], "N"]

65 70 75 80 85

6.0

35 40 45 50 55

3.0

Group 29-36: Habitat 91M0c: Pannonian—Balkanic Turkey oak-Sessile oak forests,
characterized by the dominance of Quercus petraea subsp. austrotyrrhenica.

Group 37-41: Habitat 91MOb: Pannonian—Balkanic Turkey oak-sessile oak forests),
dominated by Quercus frainetto.

Group 42-46: Habitat 91MOc: Pannonian—Balkanic Turkey oak—sessile oak forests,
dominated by Quercus cerris.

Group 47-59: Habitat 9330: Quercus suber forests.

3.2. Ecological Analysis

The ecological characteristics of the six identified habitats are shown in Figure 4 using
boxplots with the ecological indicator values of moisture (U), temperature (T), light (L),
nutrients (N), continentality (C), and substrate reaction (R). The Kruskal-Wallis test was
applied to quantify the separability of the various habitat groups considering the mean
values of the ecological index.
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Figure 4. Box plot of Ellenberg—Pignatti indicator values for each habitat type: 91AA*: Eastern white
oak woods; 9340: Quercus ilex and Quercus rotundifolia forests; 91MOc: Pannonian-Balkanic Turkey oak-
sessile oak forests dominated by Quercus petraea subsp. austrotyrrhenica; 91MOb: Pannonian—Balkanic
Turkey oak-sessile oak forests dominated by Quercus frainetto; 91MO0Oa: Pannonian—Balkanic Turkey
oak-sessile oak forests dominated by Quercus cerris; 9330: Quercus suber forests. Box plots show me-
dian, interquartile range, maximum, minimum, and outlier values (U = moisture; C = continentality;
R = substrate reaction; T = temperature; L = light; N = nutrients).

The ecological light indicator (L) is highest in habitat 91AA*, with lower values shown in
habitat 9340. Significant differences for this ecological indicator were found between habitats



Forests 2025, 16, 1320

8 of 18

91AA* and 9340 (p < 0.001). Further significant differences were observed between habitat 9340
and habitats 91M0Oc, 91M0b, 91MO0a, and 9330 (p values of 0.02, 0.04, and 0.02, respectively).

The ecological temperature indicator (T) is highest in habitats 91AA* and 9330 and
lowest in habitats 91M0a, 91MOb, and 91M0c. Statistically significant differences were
found between habitats 91AA* and 91MOc (p < 0.001), 91MOb (p = 0.027), and 91MO0a
(p = 0.02). Finally, habitat 9330 differs significantly from habitats 91M0c (p < 0.0001), 91MO0b
(p =0.04), and 91M0a (p = 0.0025).

The continentality indicator (C) is highest in habitats 91M0Oc, 91M0b, and 91M0a, and
lowest in habitats 9330 and 9340. Significant differences were found between habitat 9330
and habitats 91MOc (p < 0.0001), 91MOb (p = 0.0081), and 91M0a (p < 0.0001). Additionally,
significant differences were found between habitats 9340 and 91MO0a (p = 0.0284).

The moisture indicator (U) values are highest in habitats 91MO0c, 91MO0b, and 91M0a,
and lowest in habitats 91AA* and 9330. Statistically significant differences were observed
between habitats 91AA* and 91M0c (p < 0.001), 91MODb (p = 0.0314), 91MO0a (p = 0.0490), and
9340 (p = 0.0017). Significant differences were also found between habitat 9330 and habitats
91MO0c (p < 0.001), and 91MO0a (p = 0.0092). Overall, this analysis showed that the ecological
indicators of moisture (U), continentality (C), temperature (T), and light (L) are the most
important in characterizing species composition in the analyzed dataset. The overall table
of this evaluation is shown as Supplementary Material Table S54.

3.3. Diversity and Naturalness of Habitats

The analysis of oak woodland biodiversity (Figure 5a) shows maximum total Shannon
(H*) and evenness (J) values in habitats 91M0c, 9330, and 9340, with minimum values in
habitats 91M0a and 91MOb. Figure 5b presents the habitats’ naturalness values, which were
calculated as the ratio of total H* to the H* values excluding disturbance and exotic species.
The highest naturalness values occur in habitats 91M0a, 91M0b, and 91MO0c, while habitats
9330 and 91AA* show lower values. This indicates a greater contribution of disturbance
species to the total diversity in the latter habitats (see Supplementary Material Table S5).

(a) (b)

e 2 s B
5 B o= R

=

Diversity of values

= ™

I1AA*

9340

JIMOb  91MO0a 9330 91MOc 91AA* 9340 9IMOb  91MOa 9330  91MoOc

@H*
alJ

ENa

Naturalness Values
-
e

Habitat types

Habitat types

Figure 5. Values of the biodiversity indices of the different habitat types (H* = Shannon’s index,
J = Evenness) (a). Naturalness index (Na) values for different habitat types (b).

3.4. Relationship Between Naturalness and Ellenberg—Pignatti Indicator Values

The linear regression model found a highly significant correlation between the naturalness
index (Na) and the ecological factors of temperature (T) and moisture (U) in 25 of the 59 relevés
(Supplementary Material Table S6). Specifically, Figure 6 shows a highly significant linear
regression between naturalness and temperature, with a p-value for the slope of 0.000000015981
(p < 0.05). This relationship is further characterized by a correlation coefficient of r = —0.87 and
a regression coefficient of r* = 0.76 (Supplementary Material Table S7).



Forests 2025, 16, 1320

90f18

1.05

«91MOc  ¢91M0a O1AA*

9340,
0.90 9340 #9340 91AA"

#9340

Na

0.75
91AA*

9330

0.60

5.0 55 6.0 6.5 7_i_0 75 8.0 8.5

Figure 6. Linear regression model between the naturalness index (Na) and the Ellenberg-Pignatti
temperature indicator value (T): 91AA* (red); 91MO0a (orange); 91MOb (violet); 91MOc (green);
9330 (yellow); 9340 (blue).

To verify the autocorrelation analyses, we applied the Durbin—-Watson statistical test,
which produced a value of 1.41 and an autocorrelation probability of 6%. The Breusch-
Pagan test was used to calculate the variance of the residuals and confirm homoscedasticity,
yielding a value of 3.26 and a homoscedasticity probability of 11% (see Supplementary
Material Table S8). This analysis indicates that natural habitats become less natural with
increasing temperature. This is because low-lying habitats are more affected by human
activity and are often located near urbanized areas.

The regression model between naturalness and the ecological moisture indicator
(U) confirms a strong positive correlation. This is shown by a p-value for the slope of
0.000010336 (p < 0.05), a correlation coefficient of r = 0.76, and a coefficient of determination
(r?) of 0.57 (Supplementary Material Table S8).

To verify the autocorrelation analyses, we applied the Durbin-Watson statistical
test, which produced a value of 1.4 and an autocorrelation probability of 10%. The
Breusch-Pagan test was used to calculate the variance of the residuals and confirm ho-
moscedasticity, yielding a value of 0.37 and a homoscedasticity probability of 54%. This
analysis shows that natural habitats become less natural as temperature increases. This is
because low-lying habitats are more affected by human activity and are often located near
urbanized areas (see Supplementary Material Table 59).

3.5. Landscape Analysis

Starting from the Nature map of the Calabria Region [25], all polygons coded as habitat
types characterized by the dominance of Quercus species were highlighted (Figure 7).

The landscape metrics used to analyze the fragmentation of oak-dominated habitats
are reported in Table 1. These forests constitute an important part of the region’s natural
heritage, occupying a total area of 252,301 hectares and representing 44.8% of the regional
forested area (563,541 hectares) [25]. The largest habitat is 9340, followed by 91AA*. The
number of patches (NP) varies greatly across habitat types, with the highest values found
in the Quercus pubescens oak forest habitat (91AA¥*). These high values indicate that this
habitat is the most fragmented.
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Figure 7. Distribution of oak-dominated forest habitats in Calabria region: 91AA* (red);
91MOa (orange); 91MOb (violet); 91MOc (green); 9330 (yellow); 9340 (blue).

Table 1. Landscape metrics of habitat types (NP—number of patches; AREA_MN—mean patch area;
PD—patch density; FRAC_MN-—mean fractal dimension index; SHAPE_MN-—mean shape index;
Surface—total surface area in Calabria region (ha).

Habitat Type NP AREA_MN PD FRAC_MN SHAPE_MN Surface (ha)
91AA* 6193 11.6 0.4107 1.1113 1.9304 71.988
9330 545 19.6 0.0361 1.1105 2.0509 10.678
9340 2077 56.1 0.0689 1.1062 2.0513 95.430
91M0a 449 64.5 0.0298 1.0986 1.9943 28.986
91MOb 1332 33.9 0.0883 1.1086 1.9556 45.136
91MO0c 8 10.3 0.0005 1.0751 1.4928 83

The mean area (AREA_MN) has maximum values for habitats 91M0Oa (Pannonian—
Balkanic Turkey oak-sessile oak forests, dominated by Quercus cerris) and 9340, (Quercus
ilex and Q. rotundifolia forests), while the minimum values are recorded for habitat 91AA*,
(Eastern white oak woods), and 91M0c, (Pannonian-Balkanian Turkey oak-Sessile oak
forests), which are dominated by Quercus petraea subsp. austrotyrrhenica.

The patch density (PD) is higher in Eastern white oak (Quercus pubescens) woods
(91AA*) and in Quercus ilex and Quercus rotundifolia forests (9340). By contrast, lower values
are found in Pannonian—-Balkanic Turkey oak—sessile oak forests dominated by Quercus
petraea subsp. austrotyrrhenica (91MO0c).
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The Shape index (SHAPE_MN) shows higher values in habitats 9340 and 9330 (2.11
and 2.05, respectively) due to their irregular shapes. However, these irregular habitats are
less effective at protecting the integrity of their ecosystems due to a loss of surface area and
an increase in species associated with human disturbance [59].

The values of the mean fractal dimension index (FRAC_MN) are higher for habitats
91AA*, 9340, and 9330 than habitat 91MO0, thereby showing higher fragmentation.

3.6. Relationship Between Fragmentation and the Naturalness Index

The patch density (PD) values were compared with the naturalness values of the
various habitat types (see Figure 8). Although the number of cases is not very high, it
can be seen that habitat 91AA* is characterized by lower naturalness and higher patch
density, confirming the high fragmentation of this habitat. The model shows a significant
p-slope of less than 0.05 (0.00000048404) and a correlation of 0.82. To check the autocor-
relation analysis, the Durbin—-Watson statistical test was applied, which gave a value of
1.6 and an autocorrelation probability of 41%. The variance of the residuals and the ho-
moscedasticity was calculated using the Breusch-Pagan test, which gave a value of 1.78
and a homoscedasticity probability of 18% (Supplementary Material Table S9).
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Figure 8. Linear regression model between Patch Density (PD) and Naturalness (Na) values of
different habitat types.

4. Discussion

Oak-dominated forests constitute important natural and economic heritage for the
Calabria Region. They cover 252,301 ha, representing 44.8% of the region’s total wooded
surface area of 563,541 ha [25]. This study assesses the naturalness of habitats (Na) by
analyzing biodiversity data and excluding species associated with human-caused distur-
bance, such as alien and ruderal species. The findings are then integrated with a habitat
fragmentation analysis. This combined approach offers a more comprehensive assessment
of habitat conservation status than previous studies, which typically focused on either
detailed vegetation characterization [29,30] or landscape analyses alone [60-63].

The cluster analysis of relevés from oak-dominated forests identified six distinct
groups, which were attributed to the same number of habitat types or subtypes defined
by the Italian and European interpretation manuals of EEC Directive 92/43 [42,43]. These
groups also correspond to phytosociological syntaxa found in the literature [18,51]. Phytoso-
ciological analyses and the formal classification of plant communities (syntaxa) have indeed
been fundamental in defining and interpreting EEC Directive 92/43 habitat types [64].

Habitat 9340, characterized by forests dominated by holm oak (Quercus ilex L.), is
distributed across the Mediterranean region [51], and occupies the largest area in Calabria
(see Table 1 and Figure 7). Habitat 9330 is characterized by cork oak (Quercus suber L.)
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forests, which are spread over limited areas with acidic, sandy soils, especially on the
Tyrrhenian side of Calabria [34].

Habitat 91MO is rather heterogeneous. In the Calabria region, it consists of decid-
uous mesophilous and meso-termophilous oak forests tending towards silicicolous and
sub-acidic. These forests are multilayered and form in the supra-Mediterranean and
meso-temperate bioclimatic zones. This habitat includes forests dominated by Turkey
oak (Quercus cerris L.) (91M0a), Hungarian oak (Q. frainetto Ten.) (91MOb), or sessile oak
(Q. petraea (Matt.) Liebl. subsp. austrotyrrhenica Brullo, Guarino & Siracusa) (91MO0c).
Habitat 91AA* is characterized by Mediterranean and sub-Mediterranean thermophilic
and often xerophilic forests dominated by Quercus pubescens Willd. This is a complex
species, and various entities within it are classified differently from a taxonomic perspec-
tive [36,44,65]. This habitat is widely distributed throughout the Italian Peninsula and is
particularly widespread in Calabria (see Table 1 and Figure 7).

The ecological indicators that most differentiate the various habitats types are tem-
perature (T), light (L), nutrients (N), and moisture (U). These factors have a significant
influence on the floristic composition of the oak forest habitats identified (Figure 4).

From a phytosociological perspective, two main habitat groups can be identified and
classified into the main types of forest vegetation found in Mediterranean regions. The
first group consists of plant communities belonging to the Querco roboris—Fagetea sylvaticae
class. These communities represent the mesophilic, winter-deciduous forest vegetation
that is typical of temperate macroclimatic areas of Europe. In contrast, the second group
includes forest communities belonging to the Quercetea ilicis class. This class encompasses
thermophilic woods and scrub, which are predominantly evergreen and sclerophyllous.
These communities are widespread throughout the Mediterranean bioclimatic region [18].

Holm oak forests (habitat type 9340) are widespread in the region, occupying an
extensive altitudinal range from sea level to the mountain belt. Temperature and moisture
are key factors in the ecological characterization of this habitat type. The lowest values
of continentality (higher oceanicity) are observed in habitat 9330, which is why cork
oak forests are mainly found in the Tyrrhenian regions of the Italian peninsula and in
Western Mediterranean countries bordering the Atlantic Ocean. In Calabria, these forests
are mainly found on the Tyrrhenian side of the region. Habitat 91MO0 exhibits higher
continentality; subtype 91M0a is characterized by the dominance of Quercus cerris and
displays the highest continentality values. This explains why these forests are distributed
in continental biogeographical regions, as detailed in the literature [66].

Furthermore, the results indicate that habitats with lower moisture index values (U)
and higher temperature index values (T) exhibit lower naturalness index values. This is evi-
dent in habitats 9330 and 91AA*, which have undergone significant changes in community
composition due to the introduction of non-native species [67,68]. Habitat 91AA* exhibited
higher levels of the ecological indicator of light reaching the ground, thereby increasing the
diversity of the herbaceous layer [69], as well as a greater abundance of ruderal species,
in line with the findings of Pérez-Ramos et al. [70]. The deciduous forests of habitats
91M0a, 91MOb, and 91M0c demonstrate high naturalness. This is positively correlated
with ecological indicators of moisture and soil nitrogen and negatively correlated with
temperature values. This confirms that environmental factors such as light availability [70]
and soil conditions [71] affect the species richness in the herbaceous layer.

Our results are consistent with those of other studies conducted in various Mediter-
ranean regions [60-62]. These studies suggest that human activities alter the floristic
composition and the conservation status of habitats, thereby negatively impacting the
ecological integrity. They also advocate methods that can assess and sustain biodiversity.
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However, our results, in line with those of other studies [72,73], suggest that the lower
naturalness of these habitats, associated with a higher presence of ruderal and alien species,
can be interpreted as an indicator of the initial stages of regression succession caused by
various anthropogenic disturbances. Conversely, habitats with greater naturalness and
diversity are in a more stable condition, closer to potential natural vegetation. Furthermore,
the presence of ruderal and alien species in more fragmented habitats indicates specific
ecological mechanisms. These species are characterized by biological traits such as in-
tense competition and broad ecological tolerance, making them particularly well suited to
colonizing and enduring in various human-altered environments [73].

Spatial heterogeneity at landscape scales has a significant influence on habitat conser-
vation [54]. The greater the complexity of a shape, the more edges it has, which has harmful
effects on fauna and flora [74]. Complex shapes can be more easily divided into smaller
areas, increasing habitat fragmentation [75]. The results of the landscape analysis show that
habitat 91AA* is the most fragmented. It is characterized by a greater number of patches, a
smaller average area, a higher density, and a larger fractal size than other habitats.

Habitats 9330 and 91AA* have high SHAPE and FRAC_MN values. This results in
irregularly shaped polygons, which are easily penetrated and susceptible to fragmentation.
According to the literature [23,34,76], this fragmentation is caused by repeated fires (PH04),
excessive grazing (PA08), and the replacement of these forest formations with cultivated
land (PAOQ2) or forest plantations (PF04). This results in scattered patches of forest habitat
in areas used for agriculture or grazing, which negatively affects the naturalness of habitats
91AA* and 9330. These habitats are subject to the greatest anthropogenic impact due to
their locations at lower altitudes where human settlement is concentrated. In contrast,
habitats 91M0a and 91M0Oc are typically located at higher elevations within protected areas
and exhibit higher naturalness values.

Several authors [77,78] have highlighted that population growth and the subsequent
demand for new agricultural and urban land is a significant cause of natural habitat
degradation, particularly in forests by causing changes in dominant species, their diversity,
and the areas they cover. The expansion of artificial and agricultural areas also promotes
the proliferation of exotic species (PI01, PI02), many of which are closely associated with
landscape features such as roads, boundaries, and specific land uses [79,80]. Numerous
studies emphasize that protected areas are essential for safeguarding ecosystems, habitats,
and species threatened by changes in land use and the spread of alien species [81].

5. Conclusions

Forest fragmentation is a leading cause of habitat alteration. It often begins with selec-
tive logging and progresses through changes related to agricultural land use, ultimately
resulting in isolated forest patches. Over the latter half of the 20th century, urbanization
and infrastructure development accelerated this process. Compared to contiguous forests,
fragmented forests exhibit reduced biodiversity and impaired ecological processes [81].
Based on our floristic and ecological characterization of habitats, our study found a correla-
tion between the most fragmented habitats and lower levels of naturalness. At first glance,
this finding appears to contradict other research [82]. However, in line with previous
studies [83,84], we found that changes in the structure of the landscape are the main cause
of invasive and ruderal species becoming established in forest habitats.

The study highlights which habitats to focus on for monitoring and conservation,
particularly those that are more fragmented and degraded. This includes white oak forests
(91AA¥), a priority habitat important for biodiversity conservation at a European level. They
are fragmented into numerous small patches that are frequently located near agricultural
or urban areas. This proximity fosters the presence of non-native species that compromise



Forests 2025, 16, 1320

14 of 18

the structure and functionality of these habitats, reducing their naturalness and threatening
their conservation.

Specific conservation measures should also target rare, localized habitats with very
low cover and high conservation value. These include cork oak woods (9330) and Quercus
petraea-dominated woods (91M0c), both of which are at high risk of extinction in the near
future due to significant impacts.

The ecological and diversity-based characterization of habitat types is fundamental
for addressing issues in forest resource management. Consequently, applying diversity
indices linked to landscape analyses is an effective way of identifying the causes of change
driven by invasive and disruptive species. Our results show that habitats of community
interest, particularly priority habitats such as 91AA*, are under pressure and require urgent
attention. This aligns with the conservation objectives set out in the Habitats Directive and
the Biodiversity Strategy 2030 of the European Green Deal.

While the Habitats Directive’s “conservation objectives and measures” are in place at
the local level, the challenge lies in their effective implementation through the involvement
of Natura 2000 sites and protected area management authorities.

To counter fragmentation, specific management measures must, therefore, be applied
to promote ecological connectivity between forest fragments through targeted interventions
such as reforestation and the creation of ecological corridors. Invasive alien species must
be combated through monitoring and eradication projects, especially those listed at the EU
level [85]. For more fragmented habitats, such as 91AA* and 9330, controlling fire through
specific indications in AIB fire plans is essential [86]. Concurrently, grazing intensity should
be reduced to encourage regeneration processes.

The approach outlined in this study, based on vegetation analyses, can be used to mon-
itor habitat fragmentation and assess the conservation status of other European territories.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f16081320/s1, Table S1. Phytosociological relevés. Table S2. Relevés
sites. Table S3. List of pressures observed according to the classification system set out in Article 17 of
the Habitats Directive (92/43 EEC). Table S4. The Kruskal-Wallis test. Table S5. Values of biodiversity
indices for each habitat type (H* = Shannon total species, ] = Evenness, Na = Naturalness). Table
S6. Relevés showing a highly significant correlation between the naturalness index (Na) and the
ecological factors of temperature (T) and moisture (U). Table S7. Linear regression between the
naturalness index (Na) and temperature ecological factor (T). Table S8. Linear regression between the
naturalness index (Na) and the moisture ecological indicator (U). Table S9. Linear regression model
between Pacth Density (PD) and naturalness (Na) values of different habitat types.
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