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Abstract

Wildfires represent one of the most destructive natural disturbances, yet they play a funda-
mental ecological role in the regeneration and evolution of forest ecosystems. In Mediter-
ranean regions, fire acts as a selective factor shaping plant adaptive strategies and the
structure of vegetation mosaics. This study analyzes post-fire regeneration dynamics in
Pinus radiata and P. pinaster plantations located in Roccaforte del Greco (Metropolitan City
of Reggio Calabria, southern Italy), severely affected by the 2021 wildfires. Phytosociologi-
cal surveys were conducted along permanent transects using the Braun-Blanquet method
and analyzed through diversity indices (Shannon, Evenness), Non-Metric Multidimen-
sional Scaling (NMDS), Indicator Species Analysis (IndVal), and hierarchical clustering.
The results reveal a clear floristic differentiation among management conditions, with
higher species diversity and variability, and a predominance of pioneer therophytes and
hemicryptophytes in burned areas. The in situ retention of burned logs enhances structural
and microenvironmental heterogeneity, facilitating the establishment of native species and
supporting post-fire functional recovery. Overall, this preliminary study, focusing on early
successional dynamics, suggests that the in situ retention of burned logs may positively
contribute to ecosystem resilience and biodiversity in post-fire Mediterranean pine forests,
while also highlighting the need for long-term monitoring to confirm the persistence of
these effects.

Keywords: post-fire regeneration; mediterranean pine plantations; natural succession;
vegetation dynamics; adaptive forest management; in situ burnt wood; ecological resilience;
erosion mitigation

1. Introduction
Fire is one of the most destructive natural phenomena and a characteristic element

of boreal, temperate, and tropical regions worldwide. At the same time, it represents a
key factor shaping the equilibrium of many forest ecosystems and the ecological history of
numerous landscapes [1].

Fire has played a fundamental role in the evolutionary history of plants since the
Silurian (ca. 443 million years ago), and not only in more recent geological periods [2].

Although commonly perceived as catastrophic events, wildfires constitute, an intrinsic
ecological factor of many ecosystems, combining destructive processes with mechanisms
of renewal and regeneration [3].
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In Mediterranean-climate regions, the influence of fire on vegetation has progressively
increased due to the addition of anthropogenic ignitions to natural fire regimes, produc-
ing heterogeneous effects depending on local environmental conditions and ecological
context [4,5]. Wildfires act as selective agents, promoting the survival and regeneration
of plant species adapted to recurrent disturbance [6]. Fire often removes the pre-existing
vegetation cover, triggering secondary succession dynamics that may restore plant com-
munities similar to the original ones within one or two decades [6]. In Mediterranean
environments, vegetation recovery frequently follows autosuccessional pathways driven
by resprouting and vegetative regeneration of the same species present before the fire,
resulting in limited changes in floristic composition and a rapid re-establishment of pre-
fire physiognomy [7]; at the same time, vegetation responses may diverge depending on
landscape heterogeneity and fire-regime characteristics, giving rise to distinct successional
trajectories [8]. However, recent large-scale assessments have shown that the increasing
interaction between climate and land-use change and altered fire regimes is progressively
eroding the resilience of Mediterranean forest ecosystems, pushing some systems toward
critical thresholds of degradation and collapse, as highlighted for Chilean Mediterranean
forests by Cueto et al. [9]. In the Mediterranean basin, too, the increasing frequency of
forest fires, largely due to improper land management and human activities, exacerbated
by drought linked to climate change, can lead to serious ecological consequences, including
reduced ecosystem productivity and the onset of desertification processes [10–14].

At the same time, agricultural abandonment in marginal and hilly areas has promoted
the expansion of monospecific plantations of highly flammable species, such as Pinus sp. pl.
and Eucalyptus sp. pl., increasing the vulnerability of forest landscapes to wildfire [15,16].
Forest ecosystems characterized by high plant diversity generally exhibit greater resilience
due to the coexistence of species with different disturbance-response strategies; conversely,
structurally simplified monocultures, lacking functional heterogeneity, are particularly
fragile and prone to irreversible collapse following fire [17].

The increase in the frequency of fires, which are increasingly widespread and destruc-
tive, has serious consequences, both direct and indirect, including economic ones, and
poses a substantial threat to human safety, sometimes resulting in loss of life [13,18,19].
Beyond the immediate impacts on vegetation and infrastructure, severe or recurrent fires
exert long-lasting effects on ecosystems, particularly on soils and hydrological processes.
Fire alters soil structure and fertility through organic matter combustion and litter loss,
while simultaneously modifying water regulation by increasing surface runoff and reduc-
ing soil water retention, thereby enhancing the risk of floods and hydrogeomorphological
instability during post-fire rainfall events [20–23].

Vegetation plays a crucial role in soil protection through canopy interception, which
reduces raindrop impact, and through root systems that stabilize soil particles [11,24].
Consequently, the loss of vegetation following fire promotes soil particle detachment and
transport, particularly during high-intensity post-fire precipitation events [24].

The effects of fire extend beyond vegetation to include fauna and overall biodiversity.
Many animal species depend on the structural and compositional features of forest vegeta-
tion and on the availability of different successional stages [25]. Some taxa may temporarily
benefit from post-fire conditions: certain bird species exploit the increased abundance of
insects and other organisms associated with burnt substrates [25], while some mammals
and reptiles are able to rapidly adapt to the altered spatial configuration [26,27]. In addition,
the increased availability of dead wood generated by fire can provide essential habitat
and resources for saproxylic organisms, including insects and fungi, thereby supporting
post-fire biodiversity and food-web dynamics [28,29].
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However, the loss or severe reduction in habitat types linked to specific plant com-
munities can have detrimental effects, particularly on vulnerable or endemic species,
highlighting the need for targeted post-fire management aimed at promoting vegetation
recovery and mitigating impacts on wildlife [13,30–32].

Mediterranean ecosystems generally exhibit high resilience to wildfire due to the
presence of numerous plant species that have evolved fire-adaptive traits enabling survival
and regeneration after burning, including autosuccessional mechanisms [3,33,34], through
three main regenerative strategies, commonly referred to as plant functional types (PFTs).

- “Resprouting species” survive fire thanks to protected buds located in different parts
of the plant, such as basal or underground buds associated with specialised storage
structures, such as lignotuber, or dormant buds along branches protected by thick
bark, as observed in many Mediterranean woody species [35,36]. This strategy al-
lows for rapid vegetative recovery, as observed in Quercus ilex, Q. suber and several
Mediterranean shrubs [37,38]. Geophytes survive fire thanks to deep rhizomes or
bulbs located below lethal temperature thresholds [35].

- “Seeder species”, by contrast, do not survive fire as adults and rely on soil or canopy
seed banks for post-fire regeneration, taking advantage of nutrient-rich ash beds and
increased light availability [39–41]. Obligatory seeders form persistent seed banks
with dormancy broken by heat or smoke-derived cues, a strategy typical of several
Fabaceae and Cistaceae species [14,35,42]. Some conifers exhibit serotiny, retaining
seeds in closed cones that open synchronously in response to fire, as observed in Pinus
halepensis and P. pinaster [35,42,43]. Annual therophytes often dominate early post-fire
stages due to rapid growth and high seed production [44–46]. However, seeder species
are particularly vulnerable to short fire-return intervals that prevent individuals from
reaching reproductive maturity, potentially leading to population decline [39].

- “Intermediate strategies” combine both resprouting and seeding mechanisms. Typical
examples include tufted grasses of Mediterranean grasslands, such as Ampelodesmos
mauritanicus and Hyparrhenia hirta, which protect buds at the base of the tussock and
regenerate rapidly after fire while also reproducing through soil-stored seeds [47].

Post-fire recovery dynamics in Mediterranean vegetation are influenced by multiple
ecological, climatic, and geological factors, among which soil erosion plays a critical role.
The loss of topsoil, particularly pronounced in hilly and mountainous landscapes, can
amplify habitat degradation and significantly limit vegetation recovery potential [48,49].

Within this context, the present study focuses on post-fire vegetation recolonization
dynamics in relation to erosion-mitigation interventions, with the aim of evaluating the
effectiveness of such practices in enhancing soil stabilization and supporting sustainable
ecological recovery.

In Italy, Mediterranean pine forests dominated by Pinus pinea, P. pinaster, and
P. halepensis cover approximately 226,101 ha, accounting for about 4% of the total for-
est area, according to the National Forest Inventory [50]. These stands largely consist
of plantations established in recent decades with the primary objective of reducing soil
erosion and stabilizing slopes. Nevertheless, they currently face significant conservation
challenges, as high stand densities often limit natural regeneration and reduce structural
and compositional diversity, compromising their long-term persistence [51]. Artificial
plantations, particularly those created with non-native species, should undergo renaturali-
sation processes [51] aimed at restoring potential natural vegetation, thereby improving
ecosystem functionality and allowing the formation of more complex, stable and resilient
forest communities [51].

In this framework, the present study addresses a relevant knowledge gap by providing
empirical, field-based evidence on the role of in situ retention of burned logs as a nature-
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based solution for post-fire management in Mediterranean pine plantations. Accordingly,
the purpose of this study is to evaluate post-fire regeneration dynamics in Mediterranean
pine plantations. The case study focuses on pine stands within the Aspromonte National
Park (southern Italy), severely affected by a wildfire in 2021 and subsequently subjected
to management interventions, with particular emphasis on the effectiveness of retaining
burned logs in situ as a nature-based solution to promote renaturalization, soil stability,
and ecosystem resilience.

2. Materials and Methods
2.1. Study Area

The study area is located entirely within the municipality of Roccaforte del Greco
(Metropolitan City of Reggio Calabria, Southern Italy). It is characterized by extensive Pinus
plantations, dominated by Pinus radiata D.Don and Pinus pinaster Aiton subsp. pinaster, most
of which were severely affected by the wildfire that struck the area in 2021 [22,23,52–54].
The site lies at elevations ranging between 970 and 1020 m a.s.l. (Figure 1).

 
Figure 1. Study area located in Aspromonte National Park (southern Italy). (A) Geographic location
of the study area in Italy and within the Calabria region. (B) Satellite view showing the extent of the
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study area (outlined in red) and the position of the experimental plot (red square). The distribution
map was created using ®QGIS 3.26.3 [55], with spatial data overlaid on ©Google Satellite imagery [56],
available through the QGIS XYZ Tiles service. (C) Field view of the post-fire pine plantation, showing
retained burned logs arranged along contour lines and early post-fire vegetation recovery within the
experimental area.

For the climatic characterization of the study area, meteorological data were obtained
from the ARPACAL portal [57], with specific reference to the Roccaforte del Greco station,
code 2340, the nearest station to our site. The mean annual temperature is approximately
13.1 ◦C. The dry season lasts for about three months, from the end of May to the end
of August.

Precipitation shows marked seasonal variability, consistent with the typical rainfall
regime of Mediterranean areas. The mean annual total is approximately 923 mm. The wet
period extends for about nine months, from early September to mid-May (Figure 2).

Figure 2. Climate diagram of study area (Roccaforte del Greco—RC), according to Walter and
Lieth [58], generated using Climate Plot 32 (©1999 Backhuys Publishers, Leiden, The Netherlands).
The diagram shows the mean monthly value of temperature (red line) and precipitation (blue line),
highlighting the dry season (dotted area, defined as monthly value of P < 2T) and the wet period
(vertical line area).

The investigated area is characterized by a Mediterranean macrobioclimate, with
a pluviseasonal oceanic bioclimate, upper mesomediterranean thermotype, and upper
subhumid ombrotype [59].
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2.2. Data Collection

The study was conducted within a single experimental plot located in the burned pine
plantation of the study area. Following the August 2021 wildfire, post-fire management
actions were implemented during the subsequent months, and the experimental plot
was established in October 2021. The plot corresponds to the same experimental parcel
previously investigated and described by Bombino et al. [22,23] and is located on a north-
eastern-facing slope. The management treatment consisted of the in situ retention of eight
burned logs already present within the burned area. These logs were not removed but
manually repositioned and arranged transversely to the slope and to the main runoff
directions in order to increase surface microtopographic complexity, reduce runoff velocity,
and enhance soil stabilization and microenvironmental heterogeneity. Burned trunks
generally ranged between approximately 1.5 and 4.0 m in length.

To characterize the flora and vegetation and to evaluate their temporal dynamics,
phytosociological surveys were conducted using the permanent transect method. This
approach allows for the analysis of the spatial distribution of plant species, vegetation
structure, and changes in cover over time, providing essential information for the manage-
ment and conservation of ecosystems affected by wildfire [60]. Within the experimental
plot, three permanent transects were established, each 10 m long and positioned along the
longitudinal profile of the study area: one in the central portion and two along the lateral
margins [60]. Along each transect, 1 × 1 m sampling plots were established following
the alternating-plot technique [61], which consists of placing non-contiguous sampling
units to increase representativeness and reduce bias associated with environmental vari-
ability. This approach is particularly suitable in structurally complex environments, as it
allows sampling across a broad range of ecological conditions and heterogeneous vege-
tation communities. For each transect, the following baseline information was recorded:
unique identifier (ID), elevation (m a.s.l.), slope (◦), aspect, and geographic coordinates
(decimal degrees).

Vegetation surveys were conducted during key periods of the year corresponding to
major phenological phases, in order to capture seasonal variations in cover and floristic
composition. Sampling activities were therefore planned when vegetation was most expres-
sive and representative, enabling the detection of both perennial species and ephemeral
annuals. This timing ensured accurate species census and minimized the risk of underes-
timating plant diversity due to phenological differences or temporary disappearance of
taxa. For each plot, the following data were collected: transect ID and plot number; survey
date; average height and percentage cover of vegetation layers (herbaceous, shrub, and tree
layers); percentage cover of litter; deadwood; bryophytes; and bare ground. All species
occurring within each 1 m2 plot were recorded, and their percentage cover was estimated
by subdividing the plot into 10 × 10 cm grids to improve estimation accuracy.

Additional phytosociological surveys were also performed using the Braun-Blanquet
method [62] in areas adjacent to the transects, following a random sampling design within
environmentally homogeneous units selected based on physiognomic and structural uni-
formity. Representative surfaces were selected for each vegetation unit under the most
homogeneous conditions. In each relevé, all vascular plant taxa were recorded with
abundance–cover estimates following the Braun-Blanquet scale [62] (classes +, 1–5). Cover
estimates were also assigned for each vegetation layer (tree, shrub, herb layers), as well as
for litter, bare soil, and rock cover. Environmental variables (elevation, slope, aspect, topog-
raphy, disturbance type) were simultaneously recorded. All relevés were georeferenced
and conducted during the phenological period of maximum floristic detectability.

Finally, an in-depth analysis of pressures and threats influencing habitat conservation
and natural regeneration capacity was carried out for the entire study area. This analysis
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involved the identification, description, and coding of each disturbance factor following
the criteria established in the Reference List of Threats, Pressures and Activities proposed
by Salafsky et al. [63] and later updated by the European Environment Information and Ob-
servation Network [64]. This standardized framework allowed for consistent classification
of different impact types, including both natural disturbances, such as extreme climatic
events and intrinsic ecological processes (e.g., landslides), and anthropogenic factors, such
as wildfires, agricultural activities, grazing, or the presence of invasive alien species.

2.3. Data Analysis

The doubtful taxa observed in the field were collected and deposited in the Herbarium
of the Mediterranean University of Reggio Calabria (REGGIO) [65] and identified using
Flora d’Italia [66–70]. For alien species, online floras and specialized databases such as
GBIF [71], CABI [72], and POWO [73] were consulted. Taxonomic nomenclature follows
the Portal to the Flora of Italy [74] and the second checklist of the vascular flora native to
Italy [75].

All field relevés were tabulated in an Excel spreadsheet [76]. When necessary, Braun–
Blanquet cover–abundance classes were converted into ordinal values according to the van
der Maarel scale [77] for subsequent statistical analyses.

A comprehensive checklist of the flora occurring in the study area was compiled and
tabulated in Excel [76]. The floristic list was analyzed in terms of chorology and biological
forms. Biological forms were classified according to Raunkiaer’s system [78]. Chorotypes
follow Pignatti [66]. For each taxon, the origin status was also reported according to PFI [74],
distinguishing two main categories: Alien (A): species introduced by humans, intentionally
or unintentionally, outside their native range; Native (N): species naturally occurring in a
given area, whose presence is not related to human activity and reflects the evolutionary
history of the territory.

Biodiversity in the study area was assessed using the Shannon–Weaver [79] diversity
index (1), which accounts both for the number of species present (richness) within a given
habitat and for the distribution of their relative abundances (evenness) defined as:

H′ = −∑S
i=1 piln(pi) (1)

where S is the total number of species and pi (2) is the relative importance of the i-th species
(e.g., frequency or percentage cover), calculated as:

pi =
ni
N

(2)

where ni is the number of individuals (or cover, or frequency) of species i, and N is the total
number of individuals (or total cover) of all species.

Evenness (J) (3), defined as the ratio between the observed diversity (H) and the
maximum possible diversity (Hmax), was also calculated as:

J =
H

Hmax
(3)

The value of J ranges from 0 to 1. When J = 1, all species are equally represented and
the observed diversity corresponds to its maximum possible value (Hmax). Conversely, low
values of J indicate dominance by one or a few species, with the remaining species being
poorly represented. This index is particularly useful for monitoring temporal changes in
biodiversity [79].

To analyze the floristic composition of the sampled plots, a non-parametric ordina-
tion analysis (NMDS, Non-metric Multidimensional Scaling) was performed using the
software PAST 4.10 [80], employing the Bray–Curtis dissimilarity coefficient, which is
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appropriate for ecological data expressed as percentage cover. The analysis was based on a
species × plot matrix, where each sampling unit corresponded to a 1 m2 quadrat placed
along the three permanent transects (left margin, centre, and right margin).

To identify the species most strongly associated with the different sectors of the
experimental plot, an Indicator Species Analysis (IndVal) was performed following the
approach of Dufrêne and Legendre [81], using PAST 4.10 [80]. This method allows the
identification of indicator species, i.e., species exhibiting a non-random spatial distribution
and a strong association with specific groups of relevés, both in terms of abundance and
frequency of occurrence.

The Indicator Value (IndVal) (4) for each species was calculated by combining two
components: specificity (A), which measures how exclusive a species is to a particular
group, and fidelity (B), which measures the constancy of the species within that group. The
final index ranges from 0 to 100 and is computed as:

IndValij = 100AijBij (4)

where Aij is specificity, i.e., the proportion of the abundance of species i found in group
j relative to its total abundance across all groups, and Bij is fidelity, i.e., the frequency of
occurrence of species i within group j.

For each species, the IndVal value was calculated for every group, and the group with
the highest value was identified as the reference group for that species. To test whether
the association between species and groups was statistically significant, a permutation
test (999 permutations) was performed. The p-value was computed as the proportion of
permutations in which the randomized IndVal was equal to or greater than the observed
value. A species was considered a significant indicator when p ≤ 0.05 and its IndVal
value was high. Intermediate IndVal values allowed the identification of different levels of
association: low values (0–30): the species is scarce or broadly distributed across groups,
without indicating specific conditions; medium values (30–60): the species shows some
preference for a group, but is neither exclusive nor constant; high values (60–100): the
species is strongly indicative and useful for identifying and monitoring particular habitats
or vegetation communities.

To analyze floristic similarity among relevés, a hierarchical clustering analysis was per-
formed using PAST 4.1 [80]. The data matrix, containing Braun–Blanquet [62] cover values
converted to the van der Maarel [77] scale, was analyzed using the UPGMA agglomerative
method (Unweighted Pair Group Method with Arithmetic Mean) and Chord distance.

In addition, each species was assigned to its corresponding vegetation class according
to Mucina et al. [82], considering its sociological role within the study area [83]. To assess
differences in floristic composition between the two experimental areas (plots with logs
retained in situ and unmanaged areas), the Bray–Curtis dissimilarity index [84] (5) was
calculated using the abundance matrix by phytosociological class.

It should be noted that Bray–Curtis dissimilarity was intentionally computed using
phytosociological classes rather than individual species abundances, in order to capture
differences in vegetation structure and syntaxonomic composition between management
conditions. Species-level patterns were instead explored through NMDS ordination and
Indicator Species Analysis, allowing the integration of both compositional and structural
perspectives in the interpretation of post-fire vegetation dynamics. This index, widely
used in vegetation ecology, quantifies the degree of difference between two communities
based on relative abundances or counts of taxa, ranging from 0 (identical communities) to
1 (completely different communities).
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The index was calculated using the standard formula:

BC =
∑|ai − bi|
∑(ai + bi)

(5)

where ai and bi represent the number of taxa belonging to the i phytosociological class in
the two areas being compared.

The calculation was carried out using PAST v. 4.1 [80], selecting the abundance matrix
by phytosociological class as input. The resulting value provides a synthetic measure of
overall floristic dissimilarity, useful for highlighting the effect of retaining burned logs in
situ on the composition and structure of the plant communities.

Each multivariate analysis was applied with a specific and complementary purpose.
NMDS was used to explore overall floristic patterns and spatio-temporal variability among
plots; Indicator Species Analysis (IndVal) was applied to identify taxa preferentially asso-
ciated with different sectors of the experimental plot; cluster analysis was used to assess
floristic affinities among phytosociological relevés. Bray–Curtis dissimilarity was calculated
at the phytosociological class level to provide a synthetic measure of structural and syn-
taxonomic differentiation between treated and unmanaged areas, rather than species-level
compositional turnover.

3. Results
3.1. Analysis of Flora

The flora of the study area comprises 97 vascular taxa belonging to 29 families and
74 genera. The most represented families are Asteraceae (20 species; 20.6%), followed by
Poaceae (14 species; 14.4%) and Fabaceae (13 species; 13.4%), which together account for
nearly half of the total floristic richness (48%). Caryophyllaceae (6 species), Rosaceae and
Apiaceae (4 species each) follow with lower values, whereas the remaining families are
represented by one to three species (Figure 3).
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Figure 3. Distribution of vascular plant species among the most represented botanical families.

The biological spectrum reveals a marked predominance of therophytes (T, 49 species;
51%), followed by hemicryptophytes (H, 31; 32%), and, to a lesser extent, chamaephytes
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(Ch, 3; 3%), geophytes (G, 3; 3%), phanerophytes (P, 10; 10%), and nanophanerophytes (NP,
1; 1%) (Figure 4).

 

Ch, 3, 3%
G, 3, 3%

H, 31, 32%

NP, 1, 1%
P, 10, 10%

T, 49, 51%

Figure 4. Biological spectrum of the recorded flora. T = therophytes; H = hemicryptophytes;
Ch = chamaephytes; G = geophytes; P = phanerophytes; NP = nanophanerophytes.

The chorological spectrum shows a clear predominance of Steno-Mediterranean ele-
ments (25; 26%), followed by Euri-Mediterranean taxa (22; 23%), which together account
for 49% of the Mediterranean component. These are followed by broadly distributed taxa
(24; 25%) and Eurasian elements (11; 11%). Endemic species (4; 4%), Atlantic and boreal
species (2–3%) are marginal. Particularly noteworthy is the presence of alien taxa, which
represent 6% of the total flora (Figure 5).

The Shannon index (H = 2.03) indicates an intermediate level of species diversity,
suggesting the presence of a substantial number of taxa with differentiated abundances.
The maximum theoretical diversity (Hmax = 3.81) shows that, under conditions of perfect
evenness, the community could achieve a considerably higher level of complexity. However,
the evenness value (J = 0.53) reveals that species abundances are not uniformly distributed:
a few species tend to dominate and exert a stronger influence on community structure,
whereas others occur at lower frequencies, resulting in only partial ecological balance.

The NMDS analysis revealed a clear spatial separation among plots according to their
position within the experimental parcel and the sampling period. In the ordination diagram
(Figure 6), colours represent the different survey dates (blue: November; red: April; green:
May), while shapes indicate transect position: triangle for the left margin (A), circle for the
centre (B), and diamond for the right margin (C). The arrangement of points shows that
central plots tend to cluster within a restricted ordination space, suggesting a relatively
homogeneous and temporally stable floristic composition. This pattern indicates that the
centre of the parcel is characterised by more uniform ecological conditions, with reduced
influence from edge-related disturbances and a more consolidated plant community.

In contrast, plots located along the margins display a more scattered distribution,
reflecting higher floristic variability both between the two edges and across the different
sampling dates. Such variability likely corresponds to greater environmental heterogeneity,
driven by factors such as edge exposure, colonisation by pioneer species, and fluctuations
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in microclimatic conditions. Moreover, the partial overlap of points belonging to different
sampling periods at the margins suggests that the vegetation composition in these areas is
still undergoing dynamic changes, with processes of species turnover and the arrival of
new taxa over time (Figure 6).

 

Atlant., 2, 2%
Endem., 4, 4%

Euri-Medit., 22, 
23%

Euroasiat., 11, 
11%Broadly 

distributed 
group; 24; 25%Boreal species; 

3; 3%

Steno-Medit., 
25, 26%

Aliena, 6, 6%

Figure 5. Chorological spectrum of the recorded flora.

Figure 6. NMDS (Non-Metric Multidimensional Scaling) analysis of the floristic composition within
the permanent transects of the Roccaforte del Greco study area. Colours indicate the different
sampling periods (blue: November; red: April; green: May), while shapes represent transect position
(triangle: left margin—A; circle: centre—B; diamond: right margin—C).
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The Indicator Species Analysis (IndVal) (Figure 7) revealed clear patterns in species
distribution along the spatial gradient of the experimental plot at Roccaforte del Greco, dis-
tinctly separating the three sampled sectors (A = left margin, B = centre, C = right margin).

 

Figure 7. Analysis of species distribution using Indicator Species Analysis (IndVal) in the experimental
plot of Roccaforte del Greco. The subdivision of the plant community along the spatial gradient is
shown for the three sampled sectors (A = left margin, B = centre, C = right margin). Colours represent
IndVal values ranging from 0 (blue) to 100 (red). Grey rectangles highlight species that are statistically
significant with p ≤ 0.05. A code was assigned to each species: Aira caryophyllea—A car; Anisantha
madritensis—A mad; Anisantha sterilis—A ste; Avena barbata—A bar; Brassica fruticulosa—B fru; Carduus
pycnocephalus—C pyc; Cerastium arvense—C arv; Cytisus scoparius—C sco; Cytisus villosus—C vil;
Daucus carota—D car; Falona echinata—F ech; Festuca ligustica—F lig; Galium lucidum—G luc; Geranium
molle—G mol; Geranium purpureum—G pur; Holcus lanatus—H lan; Hypochaeris laevigata—H lae;
Hypochaeris radicata—H rad; Isatis tinctoria—I tin; Lolium perenne—L per; Lotus corniculatus—L cor;
Ornithopus compressus—O com; Pimpinella anisum—P ani; Poa sylvicola—P syl; Pteridium aquilinum—P
aqu; Rubus ulmifolius—R ulm; Rumex acetosa—R ace; Senecio leucanthemus—S leu; Senecio vulgaris—S
vul; Sherardia arvensis—S arv; Silene gallica—S gal; Sonchus oleraceus—S ole; Stellaria neglecta—S neg;
Trifolium campestre—T cam; Trifolium incarnatum—T inc; Trifolium repens—T rep; Veronica arvensis—V
arv; Vicia lathyroides—V lat; Vicia villosa—V vil.

At the left margin (A), very high IndVal values were recorded for several herbaceous
species, particularly Pimpinella anisoides and Pteridium aquilinum, which are strongly asso-
ciated with this sector (IndVal > 95; p ≤ 0.001). These species typify disturbed areas with
partially colonised bare soil, indicating an early phase of post-fire recolonisation. Annual
species such as Sonchus oleraceus and Stellaria neglecta are also present, reflecting open,
dynamic, and disturbance-prone conditions.

The central portion of the plot (B) exhibits a floristically heterogeneous pattern, with
IndVal values distributed without pronounced peaks. This sector is dominated by annual
and perennial herbaceous species adapted to unstable environments and frequent distur-
bance. Among these, Poa sylvicola and Holcus lanatus, fast-growing and competitive grasses,
enhance soil cover during early colonisation stages. Some Fabaceae, such as Ornithopus
compressus and Trifolium repens, contribute to improving soil fertility through atmospheric
nitrogen fixation, thereby facilitating the establishment of other plants. Their abundance
suggests that the central sector represents an intermediate successional phase, dominated
by pioneer communities that play a key role in post-fire recovery (Figure 7).
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Finally, the right margin (C) is characterised by species associated with more advanced
successional stages, including Rubus ulmifolius and Cytisus scoparius, which show high
and significant IndVal values (IndVal > 95; p ≤ 0.001). Their presence indicates a process
of vegetation consolidation, with increasing soil cover and a gradual decline in pioneer
species (Figure 7).

Overall, the analysis identified key ecological indicators that reflect the vegetation
status along the spatial gradient of the plot. Species with the highest IndVal not only
discriminate among the sectors but also provide insights into post-fire recolonisation
dynamics and the degree of habitat stability or vulnerability.

The cluster analysis (Figure 8) of the phytosociological relevés conducted in the areas
adjacent to the permanent plot reveals three distinct groups. Relevé 7 separates early from
all others, with a distance greater than 20, indicating a clearly distinct floristic composition
strictly linked to the local edaphic and microclimatic conditions. Indeed, it is characterised
by species typical of warmer and drier south-facing slopes, such as Spartium junceum, Rosa
canina and Rubus ulmifolius.

Figure 8. Dendrogram of floristic similarity for the phytosociological relevés conducted in the
experimental area of Roccaforte del Greco. The analysis is based on the UPGMA agglomerative
method and Chord distance. The different box colors (green, red and yellow) represent distinct
clustering groups, and REL is the abbreviation of relevé.

Relevé 4 and Relevé 1 exhibit strong floristic affinity, clustering together at a very short
distance (~7). These two relevés share similar ecological dynamics and are characterised by
species typical of cooler, north-facing sites, such as Cytisus villosus and Cytisus scoparius.

The group formed by Relevé 2, Relevé 3, Relevé 5, and Relevé 6 occupies an inter-
mediate position. These relevés show a relatively homogeneous floristic–ecological com-
position, although with some internal variability. This pattern likely reflects the presence
of interconnected habitats where plant communities partially overlap while maintaining
distinctive features related to soil properties and slope exposure. These relevés are mainly
characterised by Pteridium aquilinum, with a lower representation of Cytisus villosus and
Cytisus scoparius.

The analysis of pressures and threats (Table 1) made it possible to identify the main
anthropogenic and natural factors affecting the conservation status of habitats and species
within the study area. Agro-pastoral practices represent one of the principal sources of
disturbance: both extensive grazing (A10) and agricultural burning (A11), as well as arson
fires (H4), show high levels of pressure and threat, whereas land conversion to agricultural
use (A01) currently exhibits a low impact. Infrastructure-related modifications—including
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roads, connection works and urban development (E01, F02)—generally display low pres-
sure values, although in the case of road infrastructure the associated threat reaches a
medium level. Waste management activities (F09) show low threat values.

Table 1. Classification of pressures and threats affecting the study area according to Salafsky et al. [63]
and later updated by EIONET [64]. COD refers to the threat code according to Salafsky’s classification
system, while H and L indicate the level of impact, corresponding to High and Low, respectively.

COD Definition Pressures Threats

A01 Conversion into agricultural land (excluding drainage
and burning) L L

A10 Extensive grazing or undergrazing by livestock H H

A11 Burning for agriculture. H H

E01 Roads, paths, railroads and related infrastructure (e.g.,
bridges, viaducts, tunnels) L L

F02 Construction or modification (e.g., of housing and
settlements) in existing urban or recreational areas - L

F07 Sports, tourism and leisure activities L L

F09 Deposition and treatment of waste/garbage from
household/recreational facilities - L

F24 Residential or recreational activities and structures
generating noise, light, heat or other forms of pollution L L

F33 Other modification of hydrological conditions for
residential or recreational development L L

H4 Vandalism or arson H H

I02 Other invasive alien species (other than species of
Union concern) H H

L01 Abiotic natural processes (e.g., erosion, silting up,
drying out, submersion, salinization) M H

M05 Collapse of terrain, landslide L M

N01 Temperature changes (e.g., rise in temperature and
extremes) due to climate change L L

N02 Droughts and decreases in precipitation due to
climate change M M

Among biotic factors, the presence of invasive alien species represents one of the most
critical issues: in particular, alien taxa not included in the EU list (I02) exhibit high levels of
pressure and threat, with potential consequences for community structure and local ecolog-
ical dynamics. The most widespread alien species in the study area include Cryptomeria
japonica, Cupressus sempervirens, Erigeron bonariensis, Isatis tinctoria subsp. tinctoria, and the
two pine species that formed the burned plantation and are currently regenerating: Pinus
pinaster subsp. pinaster and Pinus radiata.

Natural abiotic processes (L01)—such as erosion, sedimentation and drought—show
medium intensity, reflecting the geomorphological fragility of the area. Landslide processes
(M05) appear relatively less significant, with low to medium impacts.

Finally, climatic factors constitute emerging threats: both rising temperatures (N01)
and decreasing precipitation (N02) show medium to high impacts, confirming the increas-
ing influence of climate change on ecosystem stability and vegetation dynamics.
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3.2. Analysis of Phytosociological Classes

The analysis of phytosociological classes reveals marked differences between the
vegetation of the experimental plot and that of the untreated surrounding area. Overall,
17 phytosociological classes were identified within the study area (Table 2).

Table 2. Phytosociological classes recorded in the overall relevés and in the experimental plot,
according to the syntaxonomic classification proposed by Mucina et al. [82]. Values indicate the
percentage (%) of taxa assigned to each class.

Phytosociological Classes % Taxa in
the Relevés

% Taxa in
the Plot

Artemisietea vulgaris Lohmeyer et al. in Tx. exvon
Rochow 1951 13 4

Carpino-Fagetea sylvaticae Jakucs ex Passarge 1968 2 -

Chenopodietea Br.-Bl. in Br.-Bl. et al. 1952 18 26

Cytisetea scopario-striati Rivas-Mart. 1974 9 4

Helianthemetea guttati Rivas Goday et Rivas-Mart. 1963 7 18

Lygeo sparti-Stipetea tenacissimae Rivas-Mart.1978 2 3

Molinio-Arrhenatheretea Tx. 1937 2 7

Papaveretea rhoeadis S. Brullo et al. 2001 4 7

Poetea bulbosae Rivas Goday et Rivas-Mart. in
Rivas-Mart. 1978 2 -

Quercetea ilicis Br.-Bl. ex A. Bolòs et O. de Bolòsin A.
Bolòs y Vayreda 1950 4 -

Quercetea pubescentis Doing-Kraft ex Scamoni et
Passarge 1959 18 6

Rhamno catharticae-Prunetea spinosae Rivas Goday & Borja
ex Tüxen 1962 4 1

Sisymbrietea Gutte et Hilbig 1975 7 12

Stipo-Trachynietea distachyae S. Brullo in S. Brullo
et al. 2001 - 4

Thlaspietea rotundifolii Br.-Bl. 1948 2 1

Trifolio-Geranietea sanguinei T. Müller 1962 4 4

The analysis of the syntaxonomic composition of the overall relevés (Table 2) reveals a
clear predominance of the classes Chenopodietea and Quercetea pubescentis, each representing
18% of the taxa. The class Chenopodietea comprises ephemeral therophytes, nitrophilous or
sub-nitrophilous species typical of ruderal and highly disturbed environments, occurring
on nutrient-rich soils and in post-fire recolonisation contexts characterised by discontinuous
vegetation cover and low competitive pressure. Conversely, Quercetea pubescentis includes
species characteristic of deciduous oak forest communities, as well as thermophilous and
meso-xerophilous elements typical of Mediterranean hill woodlands. These are followed
by Artemisietea vulgaris (13%) and Cytisetea scopario-striati (9%), which comprise species of
open, sunny and transitional environments featuring dynamic mosaics of herbaceous and
shrubby elements. The class Helianthematea guttati (7%) represents pioneer communities
typical of incoherent, dry and nutrient-poor substrates, dominated by ephemeral annual,
xerophilous and thermophilous species with short winter–spring life cycles. Sisymbrietea
(7%) includes highly ruderal and synanthropic pioneer communities, characterised by
nitrophilous species adapted to nutrient-poor soils and strong disturbance, also with
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rapid biological cycles. The remaining classes are less represented (1–4%), including
Rhamno-Prunetea, Trifolio-Geranietea sanguinei, Poetea bulbosae, Papaveretea rhoeadis, Molinio-
Arrhenatheretea, Carpino-Fagetea sylvaticae, Lygeo-Stipetea, Thlaspietea rotundifolii and Quercetea
ilicis, which nonetheless contribute to delineating a complex vegetational mosaic combining
grassland, shrubland and forest elements.

In the experimental plot (Table 2), the distribution of vegetation classes shows a clear
shift towards greater floristic and structural diversity. Chenopodietea remains the dominant
class (26%), but there is a marked increase in components belonging to Helianthematea
guttati (18%)—pioneer communities dominated by ephemeral, xerophytic, thermophilous,
non-nitrophilous annuals with short winter–spring cycles and to Sisymbrietea (12%), charac-
terised by ruderal and synanthropic species that colonise highly disturbed environments.
At the same time, the contribution of Molinio-Arrhenatheretea (7%) and Papaveretea rhoeadis
(7%) increases, reflecting the presence of species typical of secondary grasslands and pas-
tures, and suggesting advancement towards more mature stages of vegetation succession.

Although less represented (4%), the presence of classes such as Stipo-Trachynietea
distachyae and Trifolio-Geranietea sanguinei indicates the onset of secondary recolonisation
processes and greater ecological heterogeneity induced by the installation of woody mate-
rial. Altogether, the intervention using logs along drainage lines favoured the establishment
of a higher number of species belonging to different syntaxonomic classes, reflecting im-
proved microenvironmental conditions and a progression towards more complex and
diversified vegetation stages.

The comparison between the two areas, based on Bray–Curtis dissimilarity, yielded
a value of 0.566, indicating a moderate floristic difference between the communities. Al-
though they share a substantial portion of species (approximately 43%), the areas exhibit
clear structural divergence linked to differing microenvironmental conditions and distinct
successional trajectories. In the unmanaged area, therophytic and nitrophilous elements
typical of Chenopodietea and Artemisietea vulgaris dominate, reflecting early successional
stages and disturbed environments.

In contrast, the plot with logs displays floristic and functional enrichment, with an
increase in species from Helianthematea guttati, Molinio-Arrhenatheretea and Lygeo-Stipetea
tenacissimae, as well as shrubs and perennial species belonging to Cytisetea scopario-striati,
typical of Mediterranean shrublands, and Trifolio-Geranietea sanguinei, characteristic of
hemicryptophytic grasslands.

This composition indicates a more advanced and diversified successional stage in
the treated areas, where the retention of woody material in situ promotes the forma-
tion of heterogeneous microhabitats and supports progression towards more mature and
stable vegetation.

4. Discussion
The flora of the experimental area of Roccaforte del Greco shows a typically Mediter-

ranean composition, dominated by Asteraceae, Poaceae, and Fabaceae (Figure 3), consistent
with herbaceous communities developing in thermo-xerophilous, disturbance-prone envi-
ronments during the post-fire phase [85,86]. In line with recent studies [87,88], this pattern
reflects the early colonisation of nutrient-depleted substrates by herbaceous species with
high ecological plasticity.

The life forms spectrum (Figure 4), characterised by the predominance of therophytes
and hemicryptophytes, indicates an active recolonisation phase following disturbance. As
reported by Erfanian et al. [89], therophytes reflect the influence of disturbance factors such
as fire and grazing, while hemicryptophytes signal the gradual establishment of perennial
species and a progressively stabilising successional process.
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These floristic and biological patterns are consistent with succession mediated by the
microenvironmental conditions created by the experimental treatment [90]. The transverse
arrangement of burned logs reduced runoff velocity and enhanced soil moisture and stabil-
isation, generating more favourable microsites for vegetation development. Accordingly,
NMDS results (Figure 6) show a more homogeneous and temporally stable floristic compo-
sition in the central sector of the plot, where the treatment effect is strongest, compared to
the more erosion-prone and pioneer-dominated margins.

Beyond their role in reducing runoff and soil erosion, retained burned logs likely
influenced post-fire vegetation dynamics through multiple ecological mechanisms. Woody
debris can function as an effective seed trap, intercepting diaspores transported by wind
or surface runoff and increasing local seed availability, especially in microsites upslope
of the logs. In addition, the accumulation of litter and fine organic material around the
logs creates favourable conditions for germination by improving soil structure, buffering
temperature extremes, and maintaining higher soil moisture. These microsites may also
enhance microbial activity and nutrient cycling, increasing nitrogen and carbon availability
during the early post-fire phase and ultimately facilitating seedling establishment and the
development of more stable, perennial-dominated assemblages in treated areas [91,92].

In this context, the same mechanisms may also affect the establishment dynamics of
alien and invasive species. Post-fire environments are highly susceptible to invasions due to
open canopy conditions, reduced competition, and nutrient pulses that favour fast-growing,
disturbance-adapted taxa [93]. The retention of burned logs may influence alien species
establishment in contrasting ways. By trapping diaspores and accumulating litter and fine
sediments, logs can enhance propagule retention and create resource-enriched microsites
that may facilitate the recruitment of opportunistic alien annuals, particularly along runoff
pathways and plot margins. Such patterns are consistent with evidence showing that
seed bank dynamics and species-specific fire responses strongly shape post-fire invasion
potential [94]. On the other hand, the same structures enhance soil moisture buffering
and promote earlier development of continuous native plant cover (including perennial
grasses and shrubs), which can reduce the availability of bare ground and limit invasion
opportunities through increased competition and shading. In our study area, alien taxa
were recorded (e.g., Erigeron bonariensis, Isatis tinctoria subsp. tinctoria, and non-native
conifers), yet their overall incidence remained low (6% of the total flora). This suggests
that, at least in the short term, log retention did not trigger a marked invasion release, but
rather promoted a faster transition towards a more structured community. Alien and exotic
species are recognized as an important issue in post-fire management because fire may
promote their occurrence and compromise native regeneration [95]. Nevertheless, because
alien species responses can be delayed, continued monitoring and early detection are
recommended, particularly in edge sectors and microsites where propagule accumulation
is most likely.

The practice of leaving or placing logs across drainage lines, widely tested in Mediter-
ranean post-fire ecosystems [96], has proven effective in limiting soil and nutrient loss, re-
ducing surface compaction, and promoting the re-establishment of native vegetation [96,97].
The greater representation of perennial herbaceous species such as Holcus lanatus and Poa
sylvicola, along with Fabaceae such as Ornithopus compressus and Trifolium repens, in the
central areas is linked to the higher stability of the plot, which favours germination and
establishment of Fabaceae, species that, in turn, improve soil fertility through nitrogen
enrichment, as also reported by Lucas-Borja et al. [98]. In contrast, more unstable margins
are characterised by persistent annual nitrophilous and ruderal elements.
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These spatial differences indicate that the log-based treatment fostered a more balanced
and differentiated successional trajectory, with greater vegetation cover and reduced erosion
in the central sector compared to the margins.

It should be noted that the present study does not include direct measurements of
physical or hydrological variables (e.g., soil moisture, erosion rates, or sediment accumula-
tion). Therefore, the ecological mechanisms discussed are inferred from vegetation patterns
and supported by existing post-fire literature, and should be interpreted as process-oriented
interpretations rather than direct causal evidence.

However, it should be acknowledged that the observed differences derive from a
preliminary experimental design based on a single treated plot compared with adjacent
unmanaged areas. As a consequence, part of the detected patterns may also reflect local
site-specific conditions or edge effects, in addition to the influence of the management
intervention itself. The results should therefore be interpreted as indicative of early post-fire
successional processes and underlying ecological mechanisms, rather than as definitive
causal evidence. Future research should aim to strengthen causal inference by includ-
ing multiple treated and untreated plots with comparable slope, aspect, burn severity,
and stand structure, thereby allowing treatment effects to be disentangled from local
environmental variability.

Within this context, delayed invasion responses cannot be excluded, underscoring
the importance of continued monitoring, particularly along plot margins and runoff path-
ways. From a management perspective, the findings allow some preliminary practical
considerations to be proposed. The in situ retention of burned logs appears to represent a
promising nature-based solution for Mediterranean pine plantations, especially on erosion-
prone slopes. Compared to extensive salvage logging, the conservation of residual woody
material may support early successional dynamics, promote faster vegetation cover devel-
opment, and enhance microenvironmental heterogeneity, while simultaneously limiting
soil degradation. Nevertheless, given the preliminary nature of this study and its focus
on early post-fire successional stages within a single experimental plot, these indications
should be regarded as process-oriented guidance rather than prescriptive management
recommendations. Overall, while spatial replication and long-term monitoring are re-
quired to assess variability, persistence, and scalability across different environmental
contexts, the observed patterns provide ecologically meaningful insights into post-fire
vegetation recovery processes and contribute to a process-based understanding of post-
fire management effectiveness in Mediterranean pine plantations, rather than definitive
management prescriptions.

In accordance with Di Biase et al. [99] and López-Alvarado & Farris [100], the choro-
logical results (Figure 5) show that the co-dominance of steno-Mediterranean and eury-
Mediterranean elements (totalling 49%) confirms the Mediterranean–xerophilous character
of the flora. However, the presence of regional endemics (4%), such as Carlina hispanica
subsp. globosa, Pimpinella anisoides, Silene italica subsp. sicula, and Trifolium pratense subsp.
semipurpureum, suggests the persistence of microhabitats of high conservation value, in-
directly favoured by the action of the logs, which help reduce soil erosion and increase
edaphic moisture.

The Shannon index (H = 2.03) indicates an intermediate level of species diversity,
consistent with the early stages of secondary succession following a severe disturbance
such as fire. Under these conditions, floristic composition tends to be dominated by a
limited number of pioneer species capable of rapidly colonising the soil through adaptive
strategies such as abundant seed production, heat-stimulated germination, or resprouting
from underground organs.
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The maximum theoretical diversity (Hmax = 3.81) suggests that the structural potential
of the community is not yet fully expressed, while the low evenness value (J = 0.53)
confirms a marked imbalance in relative abundances, with a few dominant species exerting
strong control over community structure and functioning. These values clearly reflect the
recolonisation stage of a plant community undergoing post-fire recovery.

It should be noted that the Shannon diversity and evenness indices are used here
exclusively as general descriptive indicators of plant community structure during the
early post-fire phase. These metrics were not employed for quantitative or inferential
comparisons among treatments, sectors, or sampling dates, but are presented to pro-
vide a general framework for interpreting community conditions in the initial stages of
post-disturbance succession.

Overall, the results indicate that the vegetation community is undergoing an ecological
transition, with recovery dynamics and progressive recolonisation by perennial species
potentially leading to increased diversity and structural stability over time, in agreement
with patterns observed in other Mediterranean post-fire ecosystems [96,101]. The Cluster
Analysis (Figure 8) further highlights the role of topographic and microclimatic variability
in differentiating plant communities, confirming the importance of environmental gradients
in structuring Mediterranean biodiversity [102].

The analysis of pressures and threats (Table 1) shows that the ecological structure of
the study area is primarily shaped by the interaction between traditional anthropogenic
pressures, natural processes, and emerging climate-related factors. Agro-pastoral activities
represent the main disturbance drivers, with extensive grazing, agricultural burning (codes
A10, A11), and arson fires (H4) exerting high levels of pressure and threat, consistent with
their documented role in driving vegetation degradation and regressive successional cycles
in Mediterranean ecosystems [35,102,103]. In contrast, infrastructure-related modifications
(E01, F02), road development, and waste management (F09) currently show low pressure
and threat levels, indicating a more limited and localized impact [104].

Among the most critical factors is the presence of invasive alien species (6% of the total
flora, Figure 5) (I02), which represent one of the fastest-expanding threats in Mediterranean
regions [105,106]. The alien taxa recorded in the area, including Cryptomeria japonica, Cupres-
sus sempervirens, Erigeron bonariensis, Isatis tinctoria subsp. tinctoria, as well as Pinus pinaster
subsp. pinaster and Pinus radiata, may interfere with successional processes and alter com-
petitive dynamics, fostering floristic homogenisation and reducing local biodiversity [107].
Their high pressure and threat levels are consistent with the vulnerability of post-fire envi-
ronments, a phase in which recolonisation can be rapidly monopolised by competitive or
alien taxa [91,108,109].

Natural abiotic processes (L01), such as erosion, desiccation, and sedimentation, show
medium–high impact. These processes are particularly relevant in Mediterranean land-
scapes characterised by steep slopes and incoherent substrates, where the loss of vegetation
cover following fire greatly increases the risk of geomorphological instability [22,23,49].

Climatic factors (N01, N02) indicate an increasing pressure on Mediterranean plant
communities, with rising temperatures and decreasing precipitation exerting medium
to high impacts on ecosystem stability. These climate-driven changes can alter species
phenology, intensify drought stress, and increase fire probability, producing cumulative
effects on habitats and successional dynamics [110]. Overall, the analysed communities are
exposed to multiple and potentially synergistic pressures, resulting from the interaction of
traditional disturbances (grazing and fire), emerging threats such as invasive species, and
ongoing climatic changes. This combination represents a major vulnerability driver, whose
mitigation requires integrated and multisectoral management approaches [102,109,110].
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The analysis of syntaxonomic composition, based on the classification proposed by
Mucina et al. [82], highlights significant differences between the vegetation of the relevés
conducted across the study area and that of the experimental plot treated with fallen logs
retained in situ. The species recorded throughout the study area belong to 17 phytosocio-
logical classes (Table 2), a figure that confirms the site’s floristic diversity and allows the
treatment’s effects on the syntaxonomic spectrum to be clearly assessed.

Overall, the most represented classes in the relevés from the entire study area,
Chenopodietea and Quercetea pubescentis, reflect two distinct yet complementary ecolog-
ical components of the post-fire landscape. The former, composed of ephemeral and
nitrophilous therophytes, is typical of disturbed and recolonising environments where
soils remain rich in mineral nutrients but lack stable vegetation cover [42]. The latter
includes elements of mesophilous and thermophilous deciduous oak forests, representing
the more mature and stable stages of the potential dynamic series in this Mediterranean
area. In unmanaged sectors, this coexistence of ruderal and forest communities reflects
the characteristic mosaic of Mediterranean post-fire landscapes, where vegetation recovery
proceeds through heterogeneous phases shaped by microtopography, water availability,
and the soil seed bank [101,111].

The classes Artemisietea vulgaris and Cytisetea scopario-striati, occupying intermediate
positions, represent transitional communities between pioneer stages and more evolved
shrub-dominated phases, often associated with well-drained soils and sunny exposures.

Conversely, in the more open and arid sectors, communities belonging to Helianthe-
matea guttati are observed, consisting of ephemeral annual, xerophilous and thermophilous
species with short winter–spring cycles and non-nitrophilous preferences, typical of poor,
highly exposed environments, also found in sectors adjoining the study area. Species
characteristic of Sisymbrietea are also present, representing ephemeral nitrophilous and
semi-nitrophilous ruderal vegetation, attributable to the proximity of anthropogenic areas
used for agricultural purposes.

Within the experimental plot, the syntaxonomic pattern changes markedly, with a no-
ticeable increase in the classes Chenopodietea (26%), Helianthematea guttati (18%), Sisymbrietea
(12%), and Papaveretea rhoeadis (7%). The higher representation of these classes indicates
that the treatment likely favoured microhabitats conducive to colonisation and to the rapid
establishment of herbaceous cover composed of species associated with anthropogenic
environments [92,96].

The increase in Molinio-Arrhenatheretea (7%) is consistent with secondary regeneration
dynamics in herbaceous and grassland communities, as reported in studies of post-fire
recovery in Mediterranean regions [112]. In this sense, the installation of woody material
appears to have facilitated vegetation recolonisation by creating greater ecological hetero-
geneity and promoting the transition from ruderal communities to more complex mosaics
in which pioneer species coexist with longer-lived taxa [112,113].

The Bray–Curtis dissimilarity of 56.6% indicates a moderate compositional divergence
between the two communities, attributable to the microenvironmental effects generated
by the woody material retained in situ. This treatment not only increases species richness
but also improves the structure and organisation of the plant community, with positive
effects on ecological recovery processes. Several studies underline that the conservation
of residual woody components (woody legacies) is a key factor in preventing vegetation
simplification and the consequent loss of essential ecosystem functions [114].

The persistence of burned logs left in situ proved to be an effective ecological man-
agement tool, as dead wood contributes to soil stabilization and increases microenvi-
ronmental heterogeneity by enhancing water retention and the accumulation of organic
matter [92,96,115]. These effects improve conditions for the germination and establishment
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of pioneer species while also facilitating the onset of later stages of secondary succession,
as documented in several studies conducted in post-fire forest environments and degraded
substrates [114,116,117].

Numerous studies indicate that the retention of woody material is associated with
faster regeneration dynamics compared to salvage-logged areas, where wood removal may
slow succession and increase erosion [118–120]. In this respect, the experience at Roccaforte
del Greco is consistent with Mediterranean nature-based solutions, suggesting that the
conservation of dead wood in situ can contribute to integrating ecological recovery with
hydrogeomorphological risk mitigation [121–123].

More broadly, wildfire acted as a disturbance capable of promoting the renaturalisation
of artificial stands. Despite its short-term negative effects, fire may, in the medium term,
play a role comparable to silvicultural thinning by reducing stand density and competi-
tive pressure and favouring the re-establishment of potential natural vegetation [2,36,51].
Accordingly, fire-induced canopy opening and structural reorganisation can facilitate na-
tive species recolonisation and initiate more natural successional pathways than those
observed in unmanaged artificial stands [114,116,117,124]. Overall, the findings should
be interpreted within the context of early post-fire succession and as a contribution to
a process-oriented understanding of post-fire management effectiveness, rather than as
definitive management prescriptions.

5. Conclusions
This study suggests that retaining burned logs in situ may represent an effective

nature-based solution to support post-fire recovery in Mediterranean pine forests. Floristic,
vegetational and syntaxonomic analyses show that the treated plot differs clearly from the
unmanaged area, exhibiting greater microenvironmental heterogeneity, higher functional
diversity, and a more structured plant composition. These differences are reflected in
multivariate analyses and diversity patterns, indicating that the stabilising effect of the
logs, through reduced erosion and enhanced water retention, is associated with early
successional processes, facilitating both pioneer and perennial species. The moderate
dissimilarity observed between treated and untreated areas suggests that log retention may
influence successional trajectories, contributing to the development of more complex and
resilient communities.

Importantly, the results presented here derive from a preliminary study conducted
within a single experimental plot and primarily reflect early post-fire successional responses
under site-specific environmental and management conditions.

In a context characterised by recurrent anthropogenic pressures, alien species, and
climatic stressors, the conservation of residual woody material emerges as a sustainable
practice capable of integrating soil protection with biodiversity enhancement. Overall,
these findings should therefore be interpreted as process-oriented evidence directly derived
from the observed floristic and structural patterns, rather than as definitive management
prescriptions. Long-term monitoring will be necessary to assess the persistence of the
observed effects and the evolution of plant communities over time.
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