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Abstract: In Mediterranean regions, fires are a key ecological factor, altering soil properties,
biodiversity, and landscape dynamics. Post-fire recovery varies based on vegetation type,
fire severity, and climate conditions. However, the specific relationship between post-
fire vegetation recovery and soil temperature regimes remains poorly investigated. This
study investigates this relationship in an area severely affected by a megafire. Three plots
(unburned, low-severity fire, and high-severity fire) were monitored for species richness,
vegetation cover and height, and soil temperature, with data from 2021 to 2024 analyzed.
Vegetation surveys revealed that fire severity influenced species richness and vegetation
cover and height. Particularly, burned areas showed a higher proliferation of pioneer
and herbaceous species three years post-fire. Moreover, after the same period, burned
areas showed consistently higher soil temperatures than the unburned ones, reflecting
altered microclimatic conditions. This could be because the presence of more pioneer
and herbaceous species is insufficient to mitigate the air temperatures. Our results show
the impact of fires on soil and vegetation, highlighting the critical role of vegetation in
modeling soil temperature. However, long-term monitoring is necessary to assess the real
effect of vegetation type on soil temperature.

Keywords: megafire; Mediterranean basin; Montiferru massif; plant richness; vegetation
cover; Sardinia; soil temperature

1. Introduction

Under tree canopies, organisms encounter unique climatic conditions that differ sig-
nificantly from those outside forest environments [1-3]. Direct sunlight and wind speed
significantly diminish inside the forest, resulting in a reduction of temperature and humidity
fluctuations [4]. This creates microclimatic conditions that influence understory vegetation,
soil biota and properties, and ecosystem processes [5,6]. In fact, microclimatic conditions
can shape the physiology, occurrence, distribution, and development of biota [7]. Forests
exhibit significant buffering of temperature extremes relative to open habitats, with colder
maximum temperatures beneath the canopy, warmer minimum temperatures, and reduced
seasonal and inter-annual variability [3,8,9]. This is due, among other factors, to the fact that
vegetation intercepts solar radiation, leading to an increase in evapotranspiration and air
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mixing [2,4]. Additionally, micro-topographical features and intricate structural elements can
alter microclimatic conditions in many forested areas [10,11]. The magnitude of positive and
negative temperature differences between open lands and forest interiors depends on several
factors, including forest structure, ambient temperatures, and local water balance [3,12,13].
Nevertheless, soil surface temperature—rather than air temperature—plays a more crucial
role in defining the distribution and performance of most terrestrial species and many ecosys-
tem functions, particularly those occurring at or below the soil surface [14-18]. For instance,
daily and annual variations in soil temperature affect the decomposition and mineraliza-
tion rates of soil organic matter, as well as CO, emissions. Additionally, soil temperature
influences plant growth directly (by influencing physiological activity) and indirectly (by
influencing nutrient availability in the soil) [19]. At the same time, soil temperature is influ-
enced by multiple factors, including site topography, soil water content, and texture, surfaces
covered by litter and plant canopies, and climatic conditions such as air temperature and
solar radiation [19].

Forest fires are a worldwide phenomenon that impacts many land areas. They are
considered a devastating element in most tropical, temperate, and boreal forest ecosys-
tems [20]. The magnitude of soil disturbance caused by fire depends on factors such as
fire intensity, severity, duration, recurrence, fuel load, and soil characteristics [21]. The
effects of fire on soil properties and characteristics are frequently spatially heterogeneous
and mainly restricted to the top few centimeters of soil due to the unequal distribution
of heat [22]. Despite the destructive effect of fires on forest vegetation and their role in
modifying soil conditions, relatively few studies have analyzed the effects of fires on soil
properties. For example, Memoli et al. [23] evaluated the impact of wildfires on different
soil properties, such as pH, water content, and concentrations of C, N, Corg, P, NO?~, and
NH#** in shrub and tree stands. Gonzalez-Pelayo et al. [24] considered the variations in
soil hydrological parameters under natural field conditions and after repeated fires, also
considering the effect of the previous presence or absence of vegetation cover. Fernandez-
Garcia et al. [25] studied the relationship between soil and vegetation, focusing on soil
chemical and biochemical variables (e.g., total organic C, total N, available P, -glucosidase,
urease, and phosphatase) at different times after wildfire. Additionally, Caon et al. [26]
reviewed changes in soil nutrient status in Mediterranean ecosystems affected by wildfires,
showing that the soil nutrient content in burned drylands depends on the vegetation type,
fire recurrence, and fire intensity. Moreover, the overall impacts of fire on soil geochemistry
(including the composition of major and trace elements and their leachability capacity)
have been evaluated by Megremi et al. [27]. Furthermore, forest fires expose vast areas of
soil to air and sunlight, changing physical characteristics such as structure and humidity
that subsequently impact the chemical and biological properties of the soil [21]. In addition,
low-intensity fires that deposit ash on soil surfaces alter soil chemistry, increasing accessible
nutrients and pH. In contrast, high-intensity fires are known for completely consuming
organic matter and causing serious damage to forest soils [28]. At the same time, the
combustion of plants induces various direct effects on biological, hydrological, and geomor-
phological processes, such as the loss of the organic litter layer [29]. After vegetation cover,
the organic layer (including both the organic horizons of the pedological profile and those
where the organic component is intimately connected to the mineral fraction) is the primary
anti-erosion agent, as it cements soil particles and increases stability. The loss of this layer
affects soil temperature, as it acts as an efficient thermal insulator [29]. It is plausible
that areas where fire is more intense will experience higher soil temperatures and more
significant impacts on soil and, more generally, on the ecosystem. Furthermore, seasonality
could influence these effects, since factors such as soil moisture and vegetation present at
the time of fire can contribute to determining the overall impact of fire on the ecosystem.
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However, despite soil temperature playing a fundamental role in ecosystem functioning,
the effects of fire on this variable remain poorly studied and poorly understood.

Mediterranean climate regions rank among the most fire-prone globally [30]. Wildfires
have been a recurring disturbance factor for millions of years, affecting ecosystem and
forest biodiversity, species compositions and structures, and plant species characteristics, as
well as the dynamics of natural vegetation and, ultimately, shaping landscapes e.g., [31-33].
Forests are frequently replaced by shrub or sparse woodland following severe fires, and
they may turn into bare ground or arid grassland if they are burned repeatedly [34]. Current
knowledge suggests that when canopy cover falls below approximately 75%, the protection
of forest microclimates and biodiversity from climatic extremes decreases significantly [4,35].
This is particularly relevant in Mediterranean ecosystems, where temperatures are expected
to increase by 0.9-5.6 °C by the end of 2100 compared to the last decades of the 20th century,
with more frequent and intense heatwaves and drought [36].

Over the past few decades, wildfires have increased in frequency and severity due to
land abandonment and global warming [33,37,38]. This trend raises concerns about poten-
tial detrimental effects on biodiversity, traditional landscapes, ecosystem functions and
services, post-fire vegetation recovery dynamics, and, ultimately, human well-being [32,39].
Post-fire dynamics can be very different, and it may take a long time for forests to return
to their pre-fire conditions [40-42]. Post-fire vegetation recovery time, in fact, can vary
depending on factors such as vegetation type, fire severity, post-fire climate conditions, and
ecoregions [43—47]. For instance, fire severity influences vegetation recovery as recovery
rates are enhanced with increasing severity. However, extremely severe fires significantly
reduce it. Furthermore, pre-fire vegetation characteristics may influence post-fire recovery
rates in two ways: higher pre-fire greenness is associated with more intense fires and longer
recovery, while lower pre-fire greenness is associated with faster recovery [48]. In addition,
complex dynamics occur at the edges of burned areas, for example, the phenomenon of
delayed mortality [49], which makes post-fire vegetation recovery dynamics extremely
complex and, often, site-specific. After a fire, vegetation regeneration is primarily influ-
enced by the sprouting of new shoots from surviving underground plant components
and the germination of heat-resistant seeds. Many plant species have developed survival
strategies that allow them to sacrifice their above-ground phytomass to endure forest
fires [39,50-52]. Moreover, many Mediterranean plants show fire adaptations such as thick
barks, resprouting ability, or stimulation of reproduction after fire exposure [53-57].

Although the relationships between topography, soil characteristics, soil temperature,
and soil moisture have been widely studied, the biotic influence of vegetation on these
aspects is still a subject of research [58,59]. In particular, it is known that dense vegetation
covers can mitigate abiotic conditions, reducing the variability of soil temperature and mois-
ture [60,61]. Numerous studies have analyzed vegetation recovery after fire [33,49,52,62,63],
but to our knowledge, the short-term response of vegetation is often neglected, especially
the differences between areas with different levels of fire severity. However, short-term
vegetation recovery is crucial to understanding how changes in associated variables, such
as vegetation composition, cover, and height, can contribute to broader ecosystem changes.
Furthermore, the existing literature rarely considers together different species types (struc-
tural and non-structural) or different vegetation layers, aspects that are fundamental for
a more complete view of post-fire recovery. Additionally, to our knowledge, no studies
have investigated in detail the relationship between post-fire vegetation recovery and soil
temperatures in the Mediterranean Basin. Initiating a study immediately after a fire is
challenging, so such data are often difficult to obtain. In this context, our investigation
began measurements immediately after the fire, establishing a baseline for vegetation
dynamics and soil temperature.
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Within this general framework, our study aimed to explore the potential relationships
between post-fire vegetation recovery and soil temperature patterns in the short term
following a megafire. Specifically, we set three main objectives: (1) investigate the short-
term response of vegetation in areas with different levels of fire severity; (2) assess the soil
temperature regimes in areas with different levels of fire severity; and (3) analyze if and
how the vegetation recovery patterns affect the soil temperature regimes after a megafire.
According to these objectives, we formulated the following hypotheses. (1) Vegetation
recovery (in terms of number, cover, and height of species) will be slower in areas affected
by high-severity fire, but the recovery rate is expected to vary depending on the species
assemblages. Specifically, woody structural species may show a slower recovery compared
to non-structural pioneer herbaceous species. Since our study focuses on short-term
vegetation recovery, we expect that certain parameters, such as species richness, may
recover more rapidly than others (e.g., height and cover), as initial post-fire recolonization
is often dominated by fast-growing herbaceous species. (2) Soil temperatures will be higher
in areas affected by high-severity fire. Nevertheless, the extent of these temperature changes
may be influenced by seasonal fluctuations and vegetation dynamics, with stronger effects
probably seen during the warmer months. (3) Post-fire vegetation recovery (in terms of
total cover and height) will influence soil temperature over time, although it may not be
sufficient to restore pre-fire conditions in the short term. We believe that increased plant
cover and height will help to moderate soil temperature variations by limiting, for example,
direct solar radiation.

2. Materials and Methods
2.1. Study Area

The study area is located within the forest complex called “Pabarile”, covering an area
of 768 ha in the upper section of the Montiferru massif (CW-5Sardinia; Figure 1). Geolitho-
logically, this area is characterized by basaltic lava flows and deeply incised lava sheets,
which show two distinct volcanic cycles: the first occurred from the Oligocene to Miocene
periods and the second from the Pliocene to Quaternary periods. This massif, originat-
ing from a Plio-Pleistocene shield volcano and surrounded by a large volcanic plateau,
is mainly composed of trachytes, phonolites, and alkaline basalts, with some variations
in composition due to the complex volcanic evolution of the region [64]. The “Pabarile”
forestry commission yard, predominantly andesitic, includes the highest altitudes of the
massif (above 800 m asl) and the peak of the massif (Mount Urtigu, 1050 m asl).

Bioclimatically, the area falls within the Mediterranean pluviseasonal oceanic bio-
climate, in the upper meso-Mediterranean and lower humid belt [65], according to the
Rivas-Martinez classification system [66]. There are no weather stations in this area, so
there are no detailed climate data. However, available data from the nearest weather
stations indicate a typically Mediterranean climate (mean annual temperatures ranged
from 8.8 °C in January to 24.6 °C in August, and mean annual rainfall was 739.3 mm [52]).

The study area was affected in 2021 by a megafire (according to [67]) that occurred
between the 23rd and 28th of July, affecting over 12,000 ha (Figure 1). This is not an isolated
phenomenon, as other megafires of similar duration and intensity occurred in the same
areas in 1976, 1984, and 1994 (Fenu G., personal communication; www.sardegnageoportale.
it (accessed on 3 December 2024)).

Before this extreme event, the vegetation of the “Pabarile” forestry commission yard
was mainly characterized by sclerophyllous forest communities dominated by holm oak
(Quercus ilex L.), mainly referable to the Saniculo europaeae-Quercetum ilicis association, as
well as mixed forests with deciduous oaks. A large portion of the area, especially at higher
altitudes, was occupied by conifer afforestation. Throughout this area were widespread


www.sardegnageoportale.it
www.sardegnageoportale.it

Fire 2025, 8,91

50f22

high-altitude heather groves of Erica arborea L. with Genista desoleana Vals., Cytisus villosus
Pourr., and Crataegus monogyna Jacq. and, in the most degraded areas, garrigues referable
to the Armerio sardoae-Genistetum desoleani association.

2,400,000

2,300,000

Land use types
Grasslands
N Shrublands
I Woodlands
[ Cultivations % S
Reforestations
I Anthropized areas
Sparsely vegetated

4,440,000
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Figure 1. Location of the study areas. (A) burned area in relation to Sardinia Island (Western
Mediterranean); (B) burned area in 2021; and (C) detail of the study area: the numbers indicate
the investigated areas. The white triangles indicate the location of our plots (U: unburned plots,
LS: low-severity fire, and HS: high-severity fire, according to dNBR severity classes) within each
study area.

2.2. Experimental Protocol and Data Collection

The experimental activities were carried out within the forestry commission yard
following a collaboration agreement specifically drawn up for this purpose. Study areas
were selected based on the map developed by Rossetti et al. [52], which assessed the
burned area and fire severity classes using remote sensing techniques. This map, with a
10 m spatial resolution, was derived from Copernicus Sentinel-2 multispectral data using
the normalized burn ratio (NBR) and the differenced normalized burn ratio (dNBR) as
spectral indices. To avoid redundancy, we refer to Rossetti et al. [49,52] for a detailed
description of the methodology used to generate the spectral recovery map. The map
summarized the burn severity classes proposed by the EFFIS (2022) and, among these, the
three main severity classes relevant to this study were selected corresponding to three plots:
unburned (our control plot), low-severity fire (0.27 > dNBR > 0.44), and high-severity fire
(dNBR > 0.66).

In the first step, all areas dominated by holm oak forests were identified, ensuring that
the three selected fire severity classes were located within less than 250 m from each other.
Subsequently, a further selection was made through field surveys to filter areas with the
same ecological conditions in terms of altitude, slope, exposure, soil substrate, and forest
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type. Four study areas with similar environmental characteristics were identified (Figure 1).
We therefore assumed that any differences between plots were a result of the fire intensity.

During the autumn—winter of 2021, three plots of 15 x 10 m were positioned in each
of the four selected areas (Figure 1), one for each severity class, following a gradient
of increasing fire severity. All plots were fenced with wire mesh to exclude potential
grazing by wild or domestic livestock. These preliminary operations were concluded
before the beginning of the growing season so that we could include the zero point in our
experimental design.

Every year, in late spring (except in 2021, when surveys were conducted three months
after the fire), field surveys were carried out to collect parameters related to the structure
(i.e., layering, canopy cover) and species composition of the Q. ilex forests in each plot.
Vegetation layering was recorded by visually estimating the height and percent cover of
each layer. The floristic composition was determined by listing and counting all vascular
species occurring in each vegetation layer (species richness) and their relative abundance
(plant cover) within the target community. The cover of each species was visually estimated.
Since the composition of Mediterranean Q. ilex forests may undergo seasonal variations
due to differences in species phenology, at least two field recognitions per year, one in
spring and one in early summer, were performed to ensure the identification of the entire
potential floristic assemblage.

In December 2021, two probes were placed in each study area to detect soil temper-
ature: one in the unburned plot (in this case defined as the control plot) and one in the
high-severity fire plot (in this case defined as the burned plot), and therefore at the extremes
of the fire severity gradient. No probes were placed in the low-severity fire plot because,
given their proximity to the two extreme plots, unburned and high-severity fire, an overlap
in the detected values could have occurred, making it difficult to appreciate differences.
To ensure greater clarity in the results, it was therefore decided not to place the probe in
this plot. As currently used in ecology and evolution studies [68], soil temperature was
recorded at 120-min intervals by a Pendant sensor (HOBO Onset, Bourne, MA, USA) placed
in the soil at a depth of 5-8 cm. The accuracy of T sensors is £ 0.5°C.

2.3. Data Analysis

Soil temperature data were regularly downloaded using the shuttle (U-DTW-1—HOBO
Waterproof Shuttle Data Transporter) and analyzed with HOBOware Software version 3.7.28.
Then, consistent with what has been conducted in similar studies on forest habitat [69-71],
the mean daily, monthly, and seasonal temperatures were calculated. In addition, using the
minimum and maximum daily temperatures, the temperature range between these values
(AT) was calculated. The daily soil AT values obtained were then analyzed at monthly and
seasonal levels.

Before proceeding with the analysis, all plant species found in the plots were catego-
rized into two groups:

(1) Structural plants, including all characteristic or differential species of the associa-
tion (Saniculo europaeae-Quercetum ilicis), alliance (Fraxino orni-Quercion ilicis), and
vegetation class (Quercetea ilicis);

(2) Other species not included in the above-mentioned syntaxa.

In plots where the vegetation was composed of more than one layer and therefore the
total cover of species exceeded 100% due to the overlap of different layers, the plant species
covers were standardized before the analysis.

After assessing the homogeneity of variance using Levene’s test, nonparametric
Kruskal-Wallis tests, and Dunn’s post hoc comparisons were performed to analyze vegeta-
tion recovery. Specifically, the number, cover, and height of species were compared across
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the three different plots (unburned, high-severity fire, and low-severity fire) for each year
investigated. These analyses were performed first considering the total species present in
the plots and, secondly, considering separately the structural species and the non-structural
species (other species) present within the plots. Moreover, we repeated the same analyses
to study vegetation recovery by comparing the cover and height of species, distinguishing
between tree, shrub, and herbaceous layers, across the three different plots (unburned,
high-severity fire, and low-severity fire) for each year investigated.

To compare average soil temperature and soil AT (both monthly and seasonally across
all years) between the control and burned plots, the nonparametric Kruskal-Wallis tests
and Dunn’s post hoc comparisons were performed.

Bonferroni correction was applied in all the above-mentioned nonparametric statistical
tests to the post hoc comparisons to obtain more conservative p values. In the results section,
we discuss in detail only the statistically significant differences that occurred after the post
hoc, to make the writing clearer and facilitate data interpretation. The analyses were
performed in JASP version 0.19.1 [72].

The multiple linear regression test was used to assess the relationship between the
vegetation recovery, especially using the variables number, cover, and height of total species,
and the soil temperature and soil AT. The monthly averages of soil temperatures and soil
AT were considered in this model, considering both the values measured in the control
plots and the values present in the burned plots (high-severity fire plots). The standardized
partial regression coefficient BETA was used to determine the significance of each principal
component with respect to vegetation recovery. These analyses were performed using
Statistica software version 8.0 (StatSoft Inc., Tulsa, OK, USA, [73]).

The level of statistical significance for all the analyses was set at p < 0.05.

3. Results
3.1. Vegetation Recovery Dynamics Following Different Levels of Fire Severity

No statistically significant differences (p > 0.05) in the total number of species (struc-
tural and other plant species) among the three plots (unburned, low-severity fire, and
high-severity fire) in all years investigated were observed (Figure 2A; Table S1). The
Kruskal-Wallis test revealed statistically significant differences (p < 0.05) considering the
total cover of species (structural and other plant species) among the three plots only in the
year 2021 (Figure 2B). Dunn’s post hoc comparisons showed statistically significant differ-
ences (p < 0.05) between unburned and low-severity fire plots (Table S1). The unburned
plot showed a significantly higher average cover (99.27%) than the low-severity fire plot
(44.55%), while in the high-severity fire plot, the average cover was 47.65% (Figure 2B).
Considering the total height of species (structural and other plant species), the Kruskal-
Wallis test revealed statistically significant differences (p < 0.05) among the three plots
across all considered years (Figure 2C). Dunn’s post hoc comparisons showed statistically
significant differences (p < 0.05) between unburned and high-severity fire plots across
all four years considered (Table S1), with the unburned plot exhibiting a significantly
higher average height of total species than the high-severity fire plot (2021: 8.75 un-
burned vs. 0.10 high-severity fire; 2022: 8.75 unburned vs. 0.50 high-severity fire; 2023:
8.75 unburned vs. 0.80 high-severity fire; and 2024: 8.75 unburned vs. 0.95 high-severity
fire) (Figure 2C).
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Figure 2. Boxplots of (A) total number of species, (B) total cover of species, and (C) total height of
species in unburned (U), low-severity fire (LS), and high-severity fire (HS) plots during the years
2021, 2022, 2023, and 2024. The boxes show the interquartile range, the horizontal bars show median
values, and the vertical bars show the top and bottom 25% quartiles. Statistically significant values
are represented by asterisks: * = p < 0.05; ** = p < 0.01.

The Kruskal-Wallis test revealed statistically significant differences (p < 0.05) in the
number of structural species among the three plots (unburned, low-severity fire, and high-
severity fire) across all considered years (Figure 3A). Specifically, Dunn’s post hoc compar-
isons showed statistically significant differences (p < 0.05) between unburned and high-
severity fire plots (Table 52) across all the years (2021: 12.50 unburned vs. 4.75 high-severity
fire; 2022: 15.00 unburned vs. 6.00 high-severity fire; 2023: 15.00 unburned vs. 6.75 high-
severity fire; and 2024: 15.25 unburned vs. 7.00 high-severity fire). Considering the cover
of structural species, the Kruskal-Wallis test revealed statistically significant differences
(p < 0.05) among the three plots in 2021, 2022, 2023, and 2024 (Figure 3B; Table S2). Particu-
larly, Dunn’s post hoc comparisons showed statistically significant differences (p < 0.05)
between unburned and high-severity fire plots (Table S2) only in the years 2021 (89.78%
unburned vs. 4.87% high-severity fire) and 2022 (90.80% unburned vs. 16.97% high-severity
fire). In addition, Dunn’s post hoc comparisons showed statistically significant differ-
ences (p < 0.05) between unburned and low-severity fire plots (Table S2) in the years 2023
(90.79% unburned vs. 23.05% low-severity fire) and 2024 (91.52% unburned vs. 28.32%
low-severity fire). Regarding the number of other species, the Kruskal-Wallis test revealed
statistically significant differences (p < 0.05) among the three plots in 2022, 2023, and 2024
(Figure 3C). Specifically, Dunn’s post hoc comparisons showed statistically significant differ-
ences (p < 0.05) between unburned and high-severity fire plots (Table S2) in the years 2022
(4.75 unburned vs. 18.25 high-severity fire), 2023 (5.00 unburned vs. 19.25 high-severity fire),
and 2024 (5.25 unburned vs. 20.75 high-severity fire). No statistically significant differences
(p > 0.05) in the cover of other species among the three plots across all investigated years
were found (Figure 3D; Table S2).
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Figure 3. Boxplots of (A) number of structural species, (B) cover of structural species, (C) number of
other species, and (D) cover of other species in unburned (U), low-severity fire (LS), and high-severity
fire (HS) plots during the years 2021, 2022, 2023, and 2024. The boxes show the interquartile range,
the horizontal bars show median values, and the vertical bars show the top and bottom 25% quartiles.
Statistically significant values are represented by asterisks: * = p < 0.05; ** = p < 0.01.

The Kruskal-Wallis test revealed statistically significant differences (p < 0.01) in the
tree layer cover among the three plots (unburned, low-severity fire, and high-severity fire)
across all considered years (Figure 4A). Dunn’s post hoc comparisons showed statistically
significant differences between unburned and low-severity fire plots and unburned and
high-severity fire plots across all the years (2021: 100% unburned, 0% low-severity fire,
and 0% high-severity fire; 2022: 100% unburned, 0% low-severity fire, and 0% high-
severity fire; 2023: 100% unburned, 0% low-severity fire, and 0% high-severity fire; and
2024: 100% unburned, 1.25% low-severity fire, and 0% high-severity fire) (Figure 4A;
Table S3). Considering the shrub layer cover, the Kruskal-Wallis test revealed statistically
significant differences (p < 0.05) among the three plots during 2021 (Figure 4B; Table S3).
Particularly, Dunn’s post hoc comparisons showed statistically significant differences
between unburned (41.25%) and high-severity fire (0.25%) plots. Finally, the Kruskal-
Wallis test revealed statistically significant differences (p < 0.05) in the herbaceous layer
cover among the three plots in 2023 and 2024 (Figure 4C). Specifically, Dunn’s post hoc
comparisons showed statistically significant differences only in 2024 between unburned
(12.50%) and low-severity fire (55.00%) plots (Figure 4C; Table S3).
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Figure 4. Boxplots of (A) tree layer cover, (B) shrub layer cover, and (C) herbaceous layer cover in
unburned (U), low-severity fire (LS), and high-severity fire (HS) plots during the years 2021, 2022,
2023, and 2024. The boxes show the interquartile range, the horizontal bars show median values,
and the vertical bars show the top and bottom 25% quartiles. Statistically significant values are
represented by asterisks: * = p < 0.05.

The Kruskal-Wallis test revealed statistically significant differences (p < 0.01) in tree
layer height among the three plots (unburned, low-severity fire, and high-severity fire)
across all considered years (Figure 5A). Specifically, Dunn’s post hoc comparisons showed
statistically significant differences between the unburned and low-severity fire plots and
the unburned and high-severity fire plots across all the years (2021: 8.75 m unburned, 0
m low-severity fire, and 0 m high-severity fire; 2022: 8.75 m unburned, 0 m low-severity
fire, and 0 m high-severity fire; 2023: 8.75 m unburned, 0 m low-severity fire, and 0 m
high-severity fire; and 2024: 8.75 m unburned, 1.25 m low-severity fire, and 0 m high-
severity fire) (Figure 5A; Table S4). For shrub layer height, the Kruskal-Wallis test revealed
statistically significant differences (p < 0.05) among the three plots across all considered
years (Figure 5B). Dunn’s post hoc comparisons (Table S4) showed statistically significant
differences between the unburned and high-severity fire plots across all the years (2021:
2.75 m unburned vs. 0 m high-severity fire; 2022: 2.75 m unburned vs. 0 m high-severity
fire; 2023: 2.75 m unburned vs. 0.67 m high-severity fire; and 2024: 2.75 m unburned vs.
0.95 m high-severity fire). Regarding the herbaceous layer height, the Kruskal-Wallis test
revealed statistically significant differences (p < 0.01) among the three different plots only in
2021. Specifically, Dunn’s post hoc comparisons showed statistically significant differences
between the unburned (0.75 m) and high-severity fire (0.10 m) plots (Figure 5C; Table 54).

3.2. Soil Temperature Regimes Following a Megafire and Relationships with Post-Fire Vegetation
Recovery Patterns

Soil temperature measurements, assessed from January 2022 to July 2024, show that the
burned areas generally have higher soil temperatures than control areas, except in autumn
and winter. In particular, control areas showed higher temperatures in January, February,
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October, November, and December 2022; in January, February, October, November, and
December 2023; and in January 2024 (Figure 6A). The average daily soil temperature curve
recorded for the burned and control areas has an average difference of 1.139 £ 0.066 °C. The
greatest difference between the two curves occurred on 14 July 2024, with a difference of
12.350 °C, while the smallest difference between the two curves was on 7 January 2024, with
a difference of —3.384 °C (Figure 6B). The day with the highest average soil temperature
recorded in the burned areas was 14 July 2024 (29.269 °C), while the lowest was 20 January
2023 (1.810 °C; Figure 6B). The day with the highest average soil temperature recorded in
the control areas was 18 August 2022 (19.419 °C), while the lowest was 28 January 2023
(2.323 °C; Figure 6B).
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Figure 5. Boxplots of (A) tree layer height, (B) shrub layer height, and (C) herbaceous layer height in
unburned (U), low-severity fire (LS), and high-severity fire (HS) plots during the years 2021, 2022,
2023, and 2024. The boxes show the interquartile range, the horizontal bars show median values,
and the vertical bars show the top and bottom 25% quartiles. Statistically significant values are
represented by asterisks: * = p < 0.05; * = p < 0.01.

In the burned areas, the daily AT values of soil temperatures range from a minimum
of 5.127 °C to a maximum of 21.491 °C, with an average of 12.632 = 1.714 °C. In the control
areas, however, the values range between 5.731 °C and 17.824 °C, with an average of
11.509 £ 1.291 °C. The daily mean soil AT curves recorded for the burned and control
areas have an average distance of 1.841 &+ 0.048 °C. The day with the largest difference
between the two curves was 13 July 2024, with a difference of 10.159 °C, while the day with
the smallest difference between the two curves was 14 October 2023, with a difference of
—2.143 °C (Figure 6C).

Monthly (Figure S1A) and seasonal (Figure 7A) mean soil temperatures show that the
burned areas almost always have higher soil temperatures than the control areas. Higher
soil temperature values in the control areas compared to the burned ones are visible during
the winter and autumn seasons (Figure 7A), but these results are not statistically significant
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(p > 0.05) according to the Kruskal-Wallis test. On the contrary, the Kruskal-Wallis test
revealed statistically significant differences (p < 0.05), considering the seasonal average soil
temperature, between the control and burned areas in the spring and summer 2022 and
spring 2023 seasons (Figure 7A). The average seasonal soil temperature in the burned areas
was 12.632 + 1.714 °C, while in the control areas it was 11.509 & 1.291 °C. The season with
the highest average soil temperature recorded in the burned areas was summer 2023 at
21.491 °C, while the season with the lowest average soil temperature was winter 2022 at
5.127 °C (Figure 7A). The season with the highest average soil temperature recorded in the

control areas was summer 2023 (17.824 °C), while the lowest average soil temperature was
recorded in winter 2022 (5.731 °C; Figure 7A).

Soil temperature (°C)
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Atemperature (°C)
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Figure 6. (A) Daily values of soil temperature, divided into months of the years 2022, 2023, and 2024,
in burned and control areas; (B) mean daily values of soil temperature, divided into months of the
years 2022, 2023, and 2024, in burned and control areas; and (C) daily soil AT values, divided into
months of the years 2022, 2023, and 2024, in burned and control areas.



Fire 2025, 8,91

13 of 22

Soil temperature (°C)

A temperature (°C)

25

N
o

o

o

o

Winter 2022

25

20

o

| II
0

Winter 2022

Spring 2022

*

Spring 2022

*
*
f *
I
0 II I II II II II II II

Summer2022 Autumn 2022 Winter 2023 Spring 2023 Summer2023 Autumn 2023 Winter 2024 Spring 2024 Summer 2024

m Seasonal mean Burned m Seasonal mean Control

*
[
*

Summer 2022 Autumn 2022 Winter 2023 Spring 2023 Summer 2023 Autumn 2023 Winter 2024 Spring 2024 Summer 2024

m Seasonal ATBurned  m Seasonal AT Control

Figure 7. (A) Mean seasonal values of soil temperature for the years 2022, 2023, and 2024 in burned
and control areas, and (B) seasonal soil AT values for the years 2022, 2023, and 2024 in burned and
control areas. Statistically significant values are represented by asterisks: * = p < 0.05.

Taking into account the monthly mean soil temperature, the Kruskal-Wallis test
revealed statistically significant differences (p < 0.05) between the control and burned areas
in the months of April, May, June, July, August, September, and December 2022 and in
the months of April and May 2023 (Figure S1A). In December 2022, soil temperature was
significantly higher in the control areas compared to the burned areas, while for all other
months, the opposite pattern was observed, with higher temperatures in the burned areas.
The average monthly soil temperature in the burned areas was 12.512 &= 1.081 °C, while
in the control areas it was 11.404 £ 0.833 °C. The month with the highest average soil
temperature recorded in the burned areas was July 2023 at 22.708 °C, while the month
with the lowest average soil temperature was February 2023 at 4.258 °C (Figure S1A). The
month with the highest average soil temperature recorded in the control areas was August
2022 (18.394 °C), while the lowest average soil temperature was recorded in February 2023
(5.091 °C; Figure S1A).

The Kruskal-Wallis test revealed statistically significant differences (p < 0.05) in the
seasonal mean soil AT between the control and burned areas in the spring, summer,
and autumn 2022 seasons (Figure 7B). The mean seasonal soil AT in burned areas was
14.077 £ 1.165 °C, while in the control areas it was 9.246 4 1.322 °C. The season with the
highest soil AT recorded in the burned areas was spring 2022 (21.028 °C), while the lowest
value was winter 2022 (7.734 °C; Figure 7B). The season with the highest soil AT recorded
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in control areas was autumn 2023 (16.053 °C), while the lowest value was summer 2024
(2.862 °C; Figure 7B).

The graph of the mean monthly soil AT (Figure S1B) shows that the areas affected
by the fire have a higher soil AT than the control areas in almost all months, with some
exceptions. Higher soil AT values are visible in the control areas compared to the burned
ones in October and November 2023 (Figure S1B), but these results are not statistically
significant (p > 0.05) according to the Kruskal-Wallis test. On the contrary, the Kruskal-
Wallis test revealed statistically significant differences (p < 0.05), considering the monthly
mean soil AT, between the control and burned areas in the months of March, April, May,
June, July, August, September, and October 2022, and in the months of February, March,
and April 2023 (Figure S1B). During these months, the mean soil temperature was higher
in the burned areas than in the control areas. The mean monthly soil AT in burned areas
was 9.137 + 0.380 °C, while in the control areas it was 5.884 & 0.373 °C. The month with
the highest soil AT recorded in the burned areas was April 2022 (13.169 °C), while the
lowest value was February 2024 (5.289 °C; Figure S1B). The month with the highest soil AT
recorded in the control areas was November 2023 (10.738 °C), while the lowest soil AT was
July 2024 (2.384 °C; Figure S1B).

Multiple linear regression tests were performed to evaluate the effect of the number
of total species, the cover of total species, and the height of total species on soil tempera-
ture and soil AT. Considering the soil temperature, the overall model was not significant
(F3,156) = 0.746, p > 0.05), explaining only a small part of the variance in soil temperature
(R? = 0.014; adjusted R? = 0.004). Neither the number of total species, nor the cover of
total species, nor the height of total species showed a significant effect on soil temperature
(p > 0.05). On the contrary, taking into consideration the soil AT, the overall model was
significant (F3 156) = 23.99, p < 0.05), explaining 31.6% of the variability (R% =0.316; adjusted
R? = 0.302). Among these factors, only the height of the total species showed a significant
effect on soil AT (f = —0.6, p < 0.05).

4. Discussion

This study focuses on the short-term response of a typical Mediterranean forest to a
severe megafire and investigates how the early stages of vegetation recovery (i.e., vegetation
cover and type) can affect soil temperature by comparing three different plots: unburned
plots, which were not affected by the fire; low-severity fire plots, which were affected by an
intermediate level of fire severity; and high-severity fire plots, which were affected by a
very high level of fire severity.

4.1. Vegetation Recovery Dynamics Following Different Levels of Fire Severity

Based on the findings presented in this article, it is evident that Mediterranean vegeta-
tion in our study area demonstrates a rapid recovery after a wildfire. This is consistent with
what was reported in our previous study [52], where considerable phytomass regeneration
was found in a short time. In fact, due to fire frequency, Mediterranean plant species
have evolved adaptations that allow for post-fire regeneration [52]. A similar finding was
reported by Nole et al. [33], who analyzed wildfires in European forests and observed
short vegetation recovery times within 2.5 years from fire disturbance. Their study noted a
reduction in tree canopy in most cases, followed by a rapid colonization by grass species
and understory shrub shoots [33]. However, despite the vegetation’s rapid recovery in
terms of species number, differences in floristic composition (number of structural and
non-structural species), cover, and height can be observed across plots.

Our results show that immediately after the fire, the numbers of total species present
in the unburned, low-severity fire, and high-severity fire plots were very similar. This
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was primarily caused by changes in floristic composition, especially the loss of structural
species and the proliferation of non-structural pioneer, often herbaceous, plant species
in the low-severity fire plots and, above all, in the high-severity fire plots. This aligns
with our initial hypothesis that non-structural species would recover more rapidly than
structural species, particularly in areas affected by high-severity fire. For this reason, the
statistical analyses did not reveal any statistically significant difference in the number of
total species between the plots in all the considered years. This finding is consistent with
previous research that has shown that herbaceous species colonize burned areas more
easily than other growth forms [74], utilizing the nutrients provided by ash thanks to their
superficial roots and rapid growth [75]. In the years following the fire, the total number
of species increased in the low-severity fire and, above all, high-severity fire plots. This
is linked to an increase in both structural and, especially, non-structural species in both
plots. This confirms our expectation that species richness would recover more rapidly than
other parameters, such as height and cover, due to the early establishment of fast-growing
herbaceous species. Several studies have also highlighted the effects of recurrent fires on
vegetation composition, often noting an increase in shrub and herbaceous species following
recurrent fires and a reduction in tree cover [76-79]. Bates et al. [80], analyzing the effects
of prescribed fires at the Northern Great Basin Experimental Range, Oregon, found that the
prescribed fires killed all juniper and sagebrush in the burn units and that total herbaceous
and perennial bunchgrass yields increased 2- to 2.5-fold in burn treatments compared with
unburned controls. Contrary to previous studies, Bashirzadeh et al. [81], considering both
unburned and burned shrublands in northeastern Iran, highlighted a significant variation
in plant diversity and functional traits of semi-arid shrubs. They observed significant
increases in taxonomic, functional, and phylogenetic diversity in all sites where fire had
been absent for 10 and 20 years and a decrease in taxonomic diversity in sites where one
and four years had passed since the last fire [81]. However, these results highlight how
Mediterranean vegetation is adapted to fire and is highly resilient, as almost all perennial
species can recover after a fire [82-86].

Conversely, significant differences in the average vegetation cover across the different
plots clearly emerge. In fact, in the months immediately following the fire, both low-
severity fire and high-severity fire plots showed a reduction in average vegetation cover.
However, statistical analyses indicate that this reduction was significant only between
low-severity fire and unburned plots. One possible explanation is that in plots with a
greater fire severity, the reduced competition allows non-structural herbaceous species
to rapidly colonize the unvegetated open areas, increasing their total vegetation cover.
Additionally, the reduction in average vegetation cover in both low-severity fire and high-
severity fire plots is also due to a decline in the cover of structural woody species in these
plots. However, as non-structural species are predominantly herbaceous, they tend to
occupy less surface area compared to structural species, explaining the decline in average
cover found. Statistical analyses further reveal that the decline in structural woody species
cover was statistically significant only between unburned and low-severity fire plots in
the early stages of vegetation recovery, while in subsequent years statistically significant
differences were observed between unburned and high-severity fire plots. This pattern can
be explained by the different dynamics of vegetation recovery in relation to fire severity. In
low-severity fire plots, some structural can trees survive, reducing space and resources for
other structural plants and resulting in a slower recovery in the initial years. The cover of
structural species in low-severity fire plots remains relatively constant throughout the years
under study. In contrast, high-severity fire plots show very low levels of structural species
in the first two years, but over time, recolonization becomes more pronounced, leading to a
gradual increase in structural species cover, eventually surpassing low-severity fire plots.
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These patterns are further confirmed by the analyses at the layer levels, which highlight a
progressive increase in shrub and herbaceous cover over time. In the years following the
fire, the cover of total species remains stable both in the low-severity fire and high-severity
fire plots, supporting the observation that burned communities tend towards a metastable
equilibrium like the one that existed without fire [87-89].

Taking the height of total plant species into account, our findings demonstrate a
considerable reduction of height in burned plots (both in low-severity fire and high-severity
fire plots). The difference between unburned and high-severity fire plots is statistically
significant in all years studied. These findings are consistent with reported changes in
the number of total species and cover of total species, as structural woody species, which
are greatly reduced in burned plots, contribute significantly to reaching higher heights
in unburned areas. While non-structural species, frequently herbaceous, which thrive
in burned plots, reach substantially lower heights, explaining the overall reduction in
vegetation height in burned plots. This pattern is further confirmed by the analyses at the
layer levels, which highlight a progressive decrease in tree and shrub height in low-severity
fire and high-severity fire plots over time.

Another interesting result concerns the fact that no alien plant species were found
in our study area following the fire. The lack of alien species in these areas could be
attributed to the presence of an environmental filter that prevents their establishment.
In particular, repeated high-severity fires could prevent alien species from establishing
themselves, providing a threat to their survival from the early stages of their life cycle. This
hypothesis is supported by the fact that these areas are subject to recurrent fires. However,
since this contrasts with what is reported in the existing literature [90-92], it is necessary to
further investigate this issue through targeted studies.

4.2. Soil Temperature Regimes Following a Megafire and Relationships with Post-Fire Vegetation
Recovery Patterns

The significant alterations in ground cover and soil characteristics in wildfire-burned
forests are widely recognized [21,28,93-96]. Despite that, to our knowledge, there are
no studies that have investigated in detail the relationship between post-fire vegetation
recovery and soil temperatures. In this study, we evaluate how soil temperatures vary
in burned and control areas, both daily, monthly, and seasonally, in relation to post-fire
vegetation recovery.

According to our hypothesis, the analysis of soil temperature data reveals that temper-
atures in burned areas are almost consistently higher than those in control areas. During
spring and especially summer, average soil temperatures in burned areas increase com-
pared to control areas within the forest. During the autumn and winter seasons, for all
the considered years, our results have shown higher soil temperatures in the control areas
compared to the burned areas. We hypothesize that these exceptions may occur because,
during these seasons, control areas tend to maintain greater soil temperatures, for exam-
ple, due to the presence of vegetation, which reduces the dispersion of accumulated heat
and retains more moisture, slowing soil cooling. In contrast, in the spring and summer,
burned areas may experience higher temperatures due to increased exposure to direct solar
radiation and lower soil moisture. These factors may result in a seasonal inversion in soil
temperatures between the two areas, with control plots warmer in the cold months and
burned plots warmer in the hotter months. These results align with our initial hypothesis
that soil temperature changes could be influenced by seasonal fluctuations and vegetation
dynamics. A similar result was reported by Uribe et al. [97], who, analyzing the effects of
fires on forests near Madrid, found higher soil temperatures in unburned sites compared to
burned sites during the winter months. They attributed this difference to vegetation cover,
which reduces heat loss from the soil.
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Furthermore, there is a marked spike in soil AT values, with higher values in the
burned areas compared to those found within the control areas. This can be explained by
the presence of woody species within unburned forests. These species, maintaining the
closed system, should be able to stabilize soil temperatures throughout the day. On the
contrary, in the burned areas, these species are absent or poorly represented and are replaced
by herbaceous species. This exposes the soil to more intense heating during the day and
more rapid cooling at night, increasing the temperature range. Consequently, soil AT values
are less stable, showing more pronounced peaks. Remarkably, in October and November
2023, a higher soil AT was observed in the control areas compared to the burned ones. This
could be due to more evident daily variations in minimum and maximum temperatures
within the forest during these months, attributable to the lower heat dissipation during the
day in the closed system of the forest. In any case, the anomalies observed in soil AT values
deserve further analysis to determine whether they represent an isolated phenomenon or if
additional factors contribute to this anomaly during these months.

In addition, the results of the multiple linear regression test show that the total height
of plant species has a significant effect on modifying the soil AT values. This confirms
our expectation that post-fire vegetation recovery could influence soil temperature over
time and mitigate the daily maximum-minimum oscillation. In particular, it seems that a
greater total height of plant species is correlated with a reduction in soil AT. This result
could be because higher vegetation creates more shading, reducing the amount of solar
radiation reaching the soil. This could lead to less soil heating during the hottest hours
and, consequently, decrease the amplitude of the temperature range. Another possible
justification could be linked to the fact that in areas with taller vegetation, a greater amount
of litter and organic material often accumulates on the soil. This layer, acting as an insulator,
could limit daytime heating and nighttime cooling, contributing to a reduction in soil AT.
This result is supported by the analyses of soil temperature and soil AT, which show that
starting from June 2023, no statistically significant differences have been observed between
the control and burned areas. This further highlights the regulatory role of vegetation,
particularly in terms of average height, in stabilizing soil temperature over time. However,
to better understand these results, it would be necessary to expand the analysis over a
longer period to analyze the long-term influence of vegetation on soil temperature.

5. Conclusions

This study represents the first attempt to analyze in detail the relationship between
soil temperature and post-fire vegetation recovery dynamics. Our findings reveal that
three years after a fire, the soil temperature in the burned areas remains quite different
from the control areas within the forest. This could be because, despite the short-term
recovery of vegetation, the presence of more non-structural species, particularly herbaceous
ones, is insufficient to restore the temperatures that existed prior to the fire. Moreover, our
work highlights the complexity of this relationship, as soil temperature is influenced by
multiple factors related to vegetation recovery, especially vegetation height, making the
phenomenon highly variable in time and space. Further long-term studies are needed to
better understand these dynamics and the mechanisms that regulate post-fire recovery.
Long-term monitoring of soil and vegetation temperatures is also required in this scenario
to better understand the occurrence as well as to develop conservation and management
measures for burned ecosystems.
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