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Abstract: Wildfires have a significant influence on ecosystems globally, shaping vegetation, biodi-
versity, landscapes, soil properties, and other ecosystem processes. Despite extensive research on
different aspects of wildfires, the edges of burned areas remain understudied, even though they
involve complex dynamics. In this study, we analyzed the post-fire vegetation recovery across the
edges of a large wildfire in a Mediterranean area. The investigations were focused on patches of
woodlands that, in a previous study, showed a normalized burn ratio (NBR) decline one year after the
fire. Field vegetation surveys were carried out in areas characterized by different NBR recovery rates
and in areas outside the burned area as controls. Five hypotheses were tested, identifying delayed tree
mortality as a key factor linked to NBR decline, particularly in low-severity fire zones in proximity to
the fire edges. Delayed mortality, observed predominantly near the edges, may also affect unburned
or less severely burned patches within the main fire perimeter, highlighting the need for ongoing
monitoring. As these areas play a crucial role in the post-fire succession and vegetation dynamics,
understanding the second-order effects of a fire is imperative for effective ecosystem management.
This study underscores the importance of the long-term assessment of fire impacts, emphasizing the
necessity of field surveys alongside remote sensing. Continued observation is essential to elucidate
the enduring impacts of wildfires and to facilitate informed restoration strategies.
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1. Introduction

Wildfires are among the most important disturbance factors affecting ecosystems
and landscapes in many areas of the world [1–4]. Wildfires can exert both positive and
negative effects on the vegetation structure and composition, biodiversity, carbon stocks,
soil properties, hydrological processes, and ecosystem services [5,6].

In fire-prone regions, such as the Mediterranean Basin, vegetation has evolved for
millennia under the pressure of recurrent fires, often set by humans in order to clear
land for agriculture and farming [7–9]. Consequently, vegetation has developed effective
strategies to cope with fires, such as basal resprouting from surviving below-ground
organs, epicormic resprouting, and the germination of fire-resistant seeds [10–15]. Many
Mediterranean landscapes are the result of a very long history of human-induced periodical
fires, as well as selective deforestation and grazing activities, resulting in complex mosaics
of agro-sylvo-pastoral ecosystems that are also recognized for their natural value [7–9,16].

In the last few decades, wildfire events have increased in frequency and severity
because of global warming and land abandonment [15,17,18]. As a consequence, large
wildfires are becoming more frequent also in the Mediterranean Basin [17–21].

Through the years, many efforts have been dedicated to investigating different as-
pects of wildfires. Concurrently with the progress of remote sensing techniques and the
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availability of satellite imagery, noteworthy interest has been seen in the development and
application of spectral indices to define, among other aspects, burned areas, fire severity,
and post-fire vegetation recovery, e.g., [22–25]. However, most of the studies are focused
on the inner parts of burned areas, while the edges are generally neglected. In fact, it is
especially at the edges of the burned area that a number of complications and dynamics
group together.

First of all, defining the edge of the burned area is difficult because of technical re-
strictions. Especially in large wildfires, remote sensing techniques are indispensable to
quickly map the perimeters of burned areas and define the heterogeneity in the fire severity
levels and post-fire vegetation recovery. However, these techniques have some drawbacks
linked to the image resolution, the limitations of the spectral indices, and possible errors
in multispectral sensors; low-resolution images lead to the less reliable estimation of the
fire perimeter and the area burned [22,23]. Spectral analyses can be affected, among other
factors, by the angles of illumination, shadowing, and the vegetation phenology [26–28],
although many errors are amenable to mitigation or elimination. Generally, in proximity
to burned areas’ edges, the fire severity is low or moderate [29–31]. Therefore, the lower
severity of the fire along the edges makes it more challenging to correctly define the perime-
ter of the burned area, because the spectral differences with the surrounding unburned
vegetation are less manifest [28]. The same applies to the boundaries between moderate
and high severity levels, because moderate severity is often circumscribed in narrow belts
surrounding high-severity areas, making it more difficult to correctly define the limits of
the belts affected by a moderate severity, especially when using low-resolution images [22].
Machine learning techniques, such as random forest methods, using a combination of
medium-spatial-resolution (e.g., Sentinel-2) and high-spatial-resolution imagery (e.g., GF
series, WorldView-2), can substantially enhance the classification accuracy for low- and
moderate-severity fires [32]; however, it is not always possible to obtain high-resolution
imagery, especially due to the associated costs and in cases of low-funded research. Low
severity is often associated with sub-canopy burns, i.e., a fire that burns only the phytomass
underneath the tree canopy. In the case of sub-canopy burns, multispectral sensors on satel-
lites or aerial vehicles cannot detect spectral changes under a dense canopy layer; therefore,
this eventuality, which can occur at the edges of a fire, can lead to the misinterpretation of
the fire perimeter and fire severity [28]. Low and moderate severity have the lowest values
of accuracy when estimated by remote sensing techniques [23]. Moreover, spectral indices
can be misled by differences in moisture content in vegetation between pre-fire and post-
fire scenes, thus under- or overestimating the burned area and fire severity [33]. In order
to reduce these types of errors, combining remote sensing with field surveys is strongly
recommended [26,33]. However, it is not always easy to obtain a representative number of
sampling sites and walk through uneven, steep, and often dangerous areas to reach the
locations of interest. This is especially true for large fires and mountainous regions.

Secondly, the edges of wildfires host a complex of mechanisms that involve species,
communities, the ecosystem structure, and processes and also affect the landscape ecol-
ogy level. Edges and their ecotones are important elements of contact among different
ecosystems, and they can be generated by natural boundaries or disturbance factors, such
as forest clearing and fires. After a fire, the edge of the burned area creates a new boundary
between burned and unburned vegetation, which affects plant species and the communities
and vegetation dynamics both on the burned and unburned sides through regeneration
and mortality processes, competition, changes in species composition, resource availabil-
ity, microclimatic effects, changes in soil physicochemical properties, and duff and seed
bank removal due to smoldering [6,29,30,34]. Low- and moderate-severity fires are often
accompanied by delayed tree mortality in injured trees. This type of vegetation dynamic,
triggered by fires, can lead to the loss of large portions of phytomass, even for several years
following fire extinction. As the fire severity near the edges of a wildfire is generally lower,
delayed mortality can often occur across the fire perimeters [35]. The unburned sides of
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fire edges are also important as refugia for flora and fauna; thus, they play an important
role during the wildlife reestablishment process in burned areas [30,36].

The abovementioned aspects pertain also to the unburned islands within the fire
perimeter, which are important as fire refugia, seed sources, recolonization areas, and habi-
tat patches and contribute to the ecological complexity of the post-fire landscape [37–39].

For all of these reasons, it is important to analyze the dynamics at the edges generated
by wildfires as well. Studies devoted to fire edges that are considered as references for
this research are as follows: Harper and collaborators [30], who studied how the forest
and landscape structure and composition are affected by fire edges in a black spruce
boreal forest; Greene and collaborators [29], who studied how the distance from the fire
edges affects seedbeds in boreal mixed woods; Diffendorfer and collaborators [36], who
analyzed the role of the distance from the fire perimeter on the recovery of small mammals
in chaparral; and, finally, several authors [28,35,37,39] who have studied the patterns
and factors pertaining to the small unburned islands within the fire perimeter. To our
knowledge, there are no or very few studies devoted to post-fire vegetation recovery at the
edges of wildfires.

In our previous study [16], vegetation recovery one year after a fire event was analyzed
using remote sensing techniques and field vegetation surveys in a Mediterranean area
struck by a large wildfire in 2021. Spectral recovery was assessed by using the differenced
normalized burn ratio (dNBR), applied to imagery from the Copernicus Sentinel-2 satellite
mission, and comparing the post-fire scene with the scene one year after the fire. Our
results indicated that the vegetation recovery was generally good, but the dNBR index
highlighted areas showing low NBR recovery that also included patches of NBR decline.
These areas appeared to be more related to woodlands and low- and moderate-severity
fires and were mainly located near the edges of the burned area, also including the edges
of unburned islands within the main fire perimeter.

As a consequence, in this study, we sought to investigate these areas, in order to
understand the dynamics that generated them. Five hypotheses were tested to determine
the causes of the identified areas: (i) delayed mortality, (ii) vegetation recovery failure,
(iii) remote sensing errors, (iv) post-fire erosion phenomena, and (v) post-fire cleanup oper-
ations. Field surveys were carried out in woodlands at a significant number of sampling
plots following the gradients of NBR recovery across the edges of the burned area in order
to collect data to test the hypotheses.

2. Materials and Methods
2.1. Study Area

The study area (40◦17′/40◦6′ N-8◦28′/8◦42′ E) was located in Sardinia (Italy), within
the historical region of Montiferru (Figure 1). In 2021, between the 23rd and 28th of July,
the area was struck by a large wildfire that affected an area of 12,235.5 ha [16]. It was the
largest wildfire in Italy in 2021 and one of the largest in the Mediterranean Basin in the
same year. According to Linley and collaborators [40], such an event should be defined
as a “megafire”; however, the use of this definition has recently been challenged as an
ambiguous and emotive term that exaggerates the language used to describe fires [41] and
was, therefore, not adopted in this study.

Geologically, the area is characterized by a massif of volcanic origin dating back to the
Plio-Pleistocene, surrounded by a large coeval volcanic plateau. The rocks are composed
of rhyolites and phonolites with trachybasalt dykes, alkaline and hawaiite basalts, and
lava flows of alkaline and transitional basalts [42]. The altitude of the study area ranges
from 10 m above sea level to 1050 m at the highest peak of the Montiferru massif. The
mean annual temperatures range from 8.8 ◦C in January to 24.6 ◦C in August, and the
mean annual rainfall amounts to 739.3 mm. The bioclimate is Mediterranean pluviseasonal
oceanic, with upper thermo-Mediterranean to upper meso-Mediterranean belts, and upper
dry to lower humid, according to the Rivas-Martinez classification system [43].



Fire 2024, 7, 250 4 of 21

The landscape consists of an agro-sylvo-pastoral system characterized by a complex
mosaic of land uses and vegetation types. Semi-natural grasslands, mainly consisting of
semi-natural plant communities, and fodder crops cover almost half of the area. These
land uses represent the main matrix of the landscape and are related to extensive livestock
farming. Before the wildfire, woodlands dominated by Quercus ilex L. and Q. suber L. and,
secondarily, by deciduous oaks, covered 20% of the study area. Mediterranean shrublands
were also widespread, covering 16% of the area. Cultivation, reforestation, urban areas,
infrastructure, and other anthropized areas occupied 15% of the study area [44].
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Figure 1. Map of the study area. (a) Location of Sardinia (Italy). (b) Map of Sardinia with the location
of the area struck by the wildfire in 2021. (c) Map of the spectral recovery levels (based on dNBR)
one year after the fire. The areas colored in red, i.e., the patches with very low NBR recovery or NBR
decline, are the areas of interest in this study. The reference system is WGS84–UTM.

2.2. Preliminary Analyses and Background

We observed that the areas of interest were mainly related to woodlands and ap-
peared to be mostly located close to the edges of the burned area, where the fire struck
with very low to moderate severity. Hence, prior to undertaking the investigations to
explain these low-recovery areas, preliminary analyses were carried out to verify the
above-mentioned observations.

The raster map of spectral recovery one year after the fire [16] was used to extract the
burned areas that showed very low NBR recovery and NBR decline. The raster map, with
a spatial resolution of 10 m, was elaborated from the Copernicus Sentinel-2 multispectral
data by using the normalized burn ratio (NBR) and differenced normalized burn ratio
(dNBR) as spectral indices. These indices use the reflectance in the near-infrared (NIR) and
short-wave infrared (SWIR) bands. By using these bands, the NBR and dNBR indices were
calculated as follows:

NBR = (NIR − SWIR)/(NIR + SWIR), (1)

dNBRpost-1yr = NBRpost-fire − NBR1yr, (2)

where NBRpost-fire is the NBR calculated on the satellite image acquired after the fire’s
extinction, and NBR1yr is the NBR calculated on the images acquired one year after the
fire extinction date. dNBRpost-1yr gives an estimation of the vegetation recovery one year
after the fire. Since healthy vegetation reflects more in the NIR region and less in the SWIR
region [23], vegetation recovery leads to higher values of NBR1yr. Therefore, negative
values of dNBRpost-1yr are evidence of vegetation regrowth. Conversely, positive values
may indicate vegetation regrowth failure or possible phytomass loss (Table 1). Cloudless
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Sentinel-2 images [45] with sensing dates of 30 July 2021 and 1 August 2022 were utilized
to compute dNBRpost-1yr.

Table 1. Meaning of dNBRpost-1yr values (scaled by 1000) as recovery levels. The recovery level
thresholds for low, moderate, high, and very high are based on the severity classification proposed by
the European Forest Fire Information Service [46]. For the unrecovered/very low and decline levels,
the thresholds are based on Key and Benson (2006) [33].

dNBRpost-1yr Values Recovery Level Meaning

dNBR ≥ +100 Decline Phytomass loss

+99 ≥ dNBR ≥ −100 Unrecovered/Very low Little or no change

−101 ≥ dNBR ≥ −255 Low

Vegetation regrowth−256 ≥ dNBR ≥ −419 Moderate
−420 ≥ dNBR ≥ −660 High

dNBR < −660 Very high

Consequently, the zones showing very low recovery and a decline one year after the
fire were extracted by selecting all pixels with dNBRpost-1yr values between −100 and the
maximum positive value (+572 in our case study). The extracted zones were classified into
woodlands, shrublands, and semi-natural grasslands on the basis of the regional land use
map [44] and updated through field inspections and the observation of recent orthophotos;
then, their areas were calculated and expressed as a percentage of the total burned area of
each type of vegetation.

In order to assess whether the zones showing very low recovery and declines were
mainly related to woodlands, the pixel values of dNBRpost-1yr were sampled at points
randomly projected with a density of 25 points per ha and a 15 m minimum distance among
points to avoid using more than one point per pixel. A total of 6763 points were projected
(4769 for woodlands, 1276 for shrublands, and 718 for grasslands). The homogeneity of
variance was assessed using Levene’s test; then, the nonparametric Kruskal–Wallis test and
Dunn’s post hoc comparisons were performed to test for statistical differences.

To assess whether the zones showing very low recovery and declines were mostly
located close to the edges of the burned area, the pixel values of dNBRpost-1yr were sampled
at points randomly projected inside the whole burned area, at distances of between 0 and
100 m from the fire perimeter. The points were projected with a density of 1 point per ha
and a 50 m minimum distance among points. A total of 5420 points were projected (820 for
woodlands, 976 for shrublands, and 3624 for grasslands). The nonparametric Spearman’s
rank correlation coefficient (rho) between the values of dNBRpost-1yr and the distance from
the fire perimeter was used to test the null hypothesis. The test was performed overall and
for woodlands, shrublands, and grasslands separately.

All cartography computations were performed in QGIS, version 3.28 [47]. Statistical
tests were conducted in JASP, version 0.18.1 [48].

2.3. Experimental Design

To explain the lack of NBR recovery one year after the fire, five hypotheses were formulated.

1. Delayed mortality: areas showing very low NBR recovery and NBR decline may have
been affected by delayed mortality, i.e., tree or shrub mortality that started with the
fire but occurred at a later time. It mainly affects older trees and fire-resistant species
such as Quercus species [3]. Delayed mortality leads to phytomass loss; therefore, it
could explain the NBR decline (i.e., positive values of dNBRpost-1yr).

2. Vegetation recovery failure: The vegetation regrowth process may have failed in the
areas that showed very low NBR recovery and NBR decline.

3. Remote sensing errors: The satellite sensor may not have detected some areas that
were actually affected by the fire. This can occur, for example, in the case of sub-
canopy burn, i.e., when a fire burns only the phytomass underneath dense tree canopy
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cover [28]. In this case, the satellite sensor cannot detect spectral changes under the
tree canopy; therefore, the calculation of the burn severity and NBR recovery could
have been affected by these errors.

4. Post-fire erosion: Soil runoff or landslide events that may have occurred after the fire
could have led to the loss of vegetation cover or plant death, thus affecting the signal
of NBR recovery.

5. Post-fire cleanup operations: Forest fire cleanup operations after fire extinction, such
as the removal of hazardous trees or flammable vegetation near the perimeter of the
burned area to avoid reignition, could have led to phytomass loss; therefore, they may
have affected the signal of NBR recovery.

In order to test these hypotheses, vegetation surveys were conducted in the field in
woodlands under four different conditions: burned woodlands that showed very low NBR
recovery or NBR decline, collectively called no-recovery areas (NR); burned woodlands
that showed high or very high NBR recovery (HR); woodlands outside the burned area
but very close to the edges of NR areas (EDG); and unburned woodlands (UNB). EDG and
UNB sites were included in the experiment as controls.

The study sites were located using the QGIS software, version 3.28 [47]. NR woodland
sites were identified as described in the previous paragraph. HR sites were identified in
areas showing high and very high NBR recovery levels within a 100 m buffer zone around
NR sites, in order to minimize the differences due to the spatial distance. EDG sites were
located no more than 20 m outside the perimeter of the burned area, but within 50 m from
NR sites. UNB sites were located in unburned woodlands at least 100 m away but not more
than 200 m from the perimeter of the fire, also in this case to minimize the differences due
to the spatial distance.

This experimental design allowed us to cross the gradients at the edges of the burned
area, starting from high NBR recovery areas, passing through areas showing low NBR
recovery and NBR decline next to the edges of the burned area, and then moving on to
areas directly outside the burned area and finally to areas not affected by the fire.

Random points were projected with a density of 1 point per ha and a 50 m minimum
distance among points inside the identified areas in order to locate the sampling plots in
the field (Figure S1).

2.4. Field Surveys

The mapped points were reached in the field using a GPS and Galileo receiver, the
Garmin® Montana® 750i. At each point, a rectangular plot of approximately 200 m2 was
identified as the sampling area. The size of the sampling area was chosen to ensure that it
was large enough to comprehensively consider the structural and compositional aspects of
the forest vegetation under investigation. The shape of the sampling area was chosen to be
rectangular (approximately 10 m × 20 m) to avoid possible overlaps with adjacent areas
having different NBR recovery levels. A 200 m² sampling area approximately corresponded
to 2 pixels on the NBR recovery map.

At each sampling area, the following information was collected: the cover per-
centage and height of new sprouts related to basal resprouting and seed germination
(Coversprouts and Heightsprouts); the cover percentage and height of plants that survived the
fire (Coversurvived and Heightsurvived); the percentage of living plants unaffected by the fire,
separately for the tree and shrub layers (Living unburnedtrees and Living unburnedshrubs);
the percentage of living trees and shrubs affected by the fire, separately for the tree and
shrub layers (Living burnedtrees and Living burnedshrubs); the percentage of dead plants
affected by the fire, separately for the tree and shrub layers (Dead burnedtrees and Dead
burnedshrubs); the percentage of plants that survived the fire or were apparently unaf-
fected by the fire but died at a later time, separately for the tree and shrub layers (Delayed
mortalitytrees and Delayed mortalityshrubs); the presence or absence of clear evidence of
post-fire erosion phenomena; and the presence or absence of post-fire cleanup operations,
such as the human-mediated cutting of trees or removal of strips of vegetation.
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In order to distinguish between plants immediately killed by the fire and those affected
by delayed mortality, the general state of the plants was evaluated. Plants totally charred
and bare were considered immediately killed by the fire, while plants with no blackened
stems and branches, or those slightly affected by the fire but showing recently dead leaves,
were considered plants affected by delayed mortality. Moreover, it is important to state that
only the above-ground parts of the plants were considered to measure the parameters listed
above; therefore, the percentages related to dead plants must be considered as measures of
top killing (i.e., when the fire kills the above-ground portion of a plant).

Given the operational difficulties in the field, each survey was conducted by at least
three surveyors and the values reported are the averages of the evaluations of the three
surveyors. Overall, 176 plots were surveyed (44 plots for each condition). Surveys were
carried out in late spring 2023, once deciduous plants had already developed their leaves,
in order to ensure that the vegetation was at the maximum development stage.

2.5. Hypothesis Testing and Data Analysis

To test hypothesis 1 (delayed mortality), the percentages of trees and shrubs that died
at a later time after the fire were used as variables (Delayed mortalitytrees and Delayed
mortalityshrubs). If NR plots were linked to delayed mortality, then the median value should
be significantly higher than in HR plots.

The cover and height of the surviving aerial parts of vegetation (Coversurvived and
Heightsurvived) and the cover and height of new sprouts by basal resprouting and seed
germination (Coversprouts and Heightsprouts) were used as variables to test hypothesis 2
(vegetation recovery failure). If NR plots were linked to vegetation recovery failure, then
the median values should be significantly lower than in HR plots.

To test hypothesis 3 (remote sensing errors), six variables were considered: the percent-
ages of living unburned trees and shrubs (Living unburnedtrees and Living unburnedshrubs),
the percentages of living burned trees and shrubs (Living burnedtrees and Living burnedshrubs),
and the percentages of dead burned trees and shrubs (Dead burnedtrees and Dead burnedshrubs).
If NR plots were linked to remote sensing errors, then the median values should be signifi-
cantly different from those in HR plots. Moreover, in the case of sub-canopy burns, only
the shrub layer should manifest burned plants.

Hypotheses 4 and 5 were tested by comparing the number of NR and HR plots where
erosion phenomena or signs of post-fire cleanup operations were observed in order to
determine if a relationship existed with NR plots.

After testing the homogeneity of variance using Levene’s test, the nonparametric
Kruskal–Wallis test and Dunn’s post hoc comparisons were performed to test hypotheses 1,
2, and 3. Bonferroni correction was applied to the post hoc comparisons to obtain more
conservative p values. For hypothesis 3, to verify the incidence of sub-canopy burns in the
plots next to the edges of the burned area (i.e., NR and EDG plots), a logistic regression
model was applied in order to ascertain whether the tree canopy and shrub layer affected
by the fire were associated or not. The chi-square (χ2) test for independence was used to
test hypotheses 4 and 5 and to determine whether the plots affected by the fire (NR and
HR plots) were associated with post-fire erosion events. Analyses were performed in JASP
version 0.18.1 [48].

3. Results

One year after the wildfire, areas showing very low NBR recovery and NBR decline
amounted to 384.4 ha, which corresponded to 3.14% of the total burned area (12,235.5 ha).

In burned woodlands, 195.9 ha out of 1958.6 ha (i.e., 10%) showed very low NBR
recovery and NBR decline one year after the fire. As regards other types of seminatural
vegetation, 56.8 ha out of 2394.0 ha (i.e., 2.37%) of burned shrublands and 37.4 ha out
of 6009.0 ha of burned grasslands (0.6%) were unrecovered one year after the fire. The
remaining spectrally unrecovered areas were related to reforested, cultivated, anthropized,
and sparsely vegetated areas.
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Comparing the dNBRpost-1yr values of unrecovered areas, the non-parametric Kruskal–
Wallis test and Dunn’s post hoc comparisons showed highly significant differences (p < 0.001)
among woodlands, shrublands, and grasslands. The spectrally unrecovered woodlands
showed higher dNBRpost-1yr values than in shrublands and grasslands (Figure 2).
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Figure 2. Boxplots and violin plots of dNBRpost-1yr values in the areas showing very low NBR
recovery and NBR decline one year after the fire in grasslands, shrublands, and woodlands. The
boxes show the interquartile range, the horizontal bars show median values, and the vertical bars
show the top and bottom 25% quartiles. The violin plots display the distribution curves of the
dNBRpost-1yr values. Median values with different lowercase letters significantly differ at p < 0.05.

As shown by the Spearman’s rank correlation coefficients, the values of dNBRpost-1yr
were inversely correlated with the distance from the edges of the burned area (Table 2).
The correlation was stronger for woodlands. All Spearman’s rank correlation coefficients
were highly significant (p < 0.001). Woodlands, compared to shrublands and grasslands,
exhibited more positive dNBRpost-1yr values at a shorter distance from the edges of the
burned area (Figure 3).
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Table 2. Spearman’s rank correlation coefficients (rho).

dNBRpost-1yr–Distance Correlation Spearman’s rho

Overall −0.477 ***
Woodlands −0.590 ***
Shrublands −0.504 ***
Grasslands −0.474 ***

*** p < 0.001.

3.1. Test of Hypothesis 1: Delayed Mortality

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions in terms of delayed mortality in the tree layer. The Dunn’s post hoc comparisons
showed highly significant differences (p < 0.001) between NR and HR plots, NR and EDG
plots, and NR and UNB plots. Conversely, no significant differences were found among
other comparisons (p > 0.05; see Table S1—Supplementary Materials, for the p values of all
comparisons). The median percentage of dead unburned trees in NR (20%) was significantly
higher than in other conditions, where the median percentage was 0% (Figure 4a).

Figure 4. Boxplots of (a) percentage of trees and (b) percentage of shrubs affected by delayed mortality
in high NBR recovery plots (HR), no NBR recovery plots (NR), edge plots (EDG), and unburned
(UNB) plots. The boxes show the interquartile range, the horizontal bars show median values, and
the vertical bars show the top and bottom 25% quartiles. Median values with different lowercase
letters significantly differ at p < 0.05.

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions for the shrub layer as well. The Dunn’s post hoc comparisons showed significant
differences (p < 0.05) among the conditions, except between HR and NR plots and EDG
and UNB plots (p > 0.05; Table S1—Supplementary Materials). The median percentage of
dead unburned shrubs in HR (0%) was significantly different from that in NR (5%) and
EDG plots (10%); HR significantly differed from UNB plots (17%), while EDG and UNB
plots were not significantly different from each other (Figure 4b).

3.2. Test of Hypothesis 2: Vegetation Recovery Failure

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among
the conditions for the cover of sprouts. The Dunn’s post hoc comparisons showed signifi-
cant differences (p ≤ 0.001) among the conditions, except between HR and NR (p > 0.05;
Table S2—Supplementary Materials). The median cover of sprouts in NR (15%) and in HR
(20%) was significantly higher than in EDG and UNB plots (Figure 5a). EDG plots showed
low median cover of sprouts (5%), but it was significantly higher than in UNB plots, where
sprouts were absent (Figure 5a).
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of surviving plants (80%), but it was significantly lower than in UNB plots (95%; Figure 
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conditions, except between HR and NR plots and between EDG and UNB plots (p > 0.05; 
Table S3—Supplementary Materials). The median height of surviving plants in NR (150 
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Figure 5. Boxplots of (a) cover and (b) height of sprouts in high NBR recovery plots (HR), no NBR
recovery plots (NR), edge plots (EDG), and unburned plots (UNB). The boxes show the interquartile
range, the horizontal bars show median values, and the vertical bars show the top and bottom 25%
quartiles. Median values with different lowercase letters significantly differ at p < 0.05.

Likewise, the height of sprouts, according to the Kruskal–Wallis test, showed highly
significant differences (p < 0.001) among the conditions. The Dunn’s post hoc comparisons
showed highly significant differences (p < 0.001) among the conditions, except between
HR and NR (p > 0.05; Table S2—Supplementary Materials). The median height of sprouts
in NR (50 cm) and HR (55 cm) significantly differed from those in EDG and UNB plots
(Figure 5b). EDG plots showed a median sprout height of 20 cm, which was significantly
higher than in UNB plots, where sprouts were absent (Figure 5b).

In terms of the cover of surviving plants, the Kruskal–Wallis test indicated highly
significant differences (p < 0.001) among the conditions. The Dunn’s post hoc comparisons
showed significant differences (p ≤ 0.001) among the conditions, except between HR and
NR (p > 0.05; Table S3—Supplementary Materials). The median cover of surviving plants
in NR (25%) was lower than in HR (50%), but this difference was not significant (Figure 6a).
On the other hand, the median cover of surviving plants in HR and NR was significantly
lower than in EDG and UNB plots. EDG plots showed the high median cover of surviving
plants (80%), but it was significantly lower than in UNB plots (95%; Figure 6a).
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Figure 6. Boxplots of (a) cover and (b) height of surviving plants in high NBR recovery plots (HR),
no NBR recovery plots (NR), edge plots (EDG), and unburned plots (UNB). The boxes show the
interquartile range, the horizontal bars show median values, and the vertical bars show the top and
bottom 25% quartiles. Median values with different lowercase letters significantly differ at p < 0.05.



Fire 2024, 7, 250 11 of 21

Likewise, the height of surviving plants showed, according to the Kruskal–Wallis
test, highly significant differences (p < 0.001) among the conditions. Accordingly, the
Dunn’s post hoc comparisons showed highly significant differences (p < 0.001) among the
conditions, except between HR and NR plots and between EDG and UNB plots (p > 0.05;
Table S3—Supplementary Materials). The median height of surviving plants in NR (150 cm)
and HR (135 cm) significantly differed from those in EDG (400 cm) and UNB plots (500 cm;
Figure 6b).

3.3. Test of Hypothesis 3: Remote Sensing Errors

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions for the percentage of living unburned trees. The Dunn’s post hoc comparisons
showed significant differences (p < 0.01) among the conditions, except between HR and NR
(p > 0.05; Table S4—Supplementary Materials). The median percentages of living unburned
trees in NR and HR (0%) were significantly lower than in EDG and UNB plots (82.5%
and 100%, respectively; Figure 7a); the difference between EDG and UNB plots was also
significant (Figure 7a).
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Figure 7. Boxplots of (a) percentage of living unburned trees and (b) percentage of living unburned
shrubs in high NBR recovery plots (HR), no NBR recovery plots (NR), edge plots (EDG), and unburned
plots (UNB). The boxes show the interquartile range, the horizontal bars show median values, and
the vertical bars show the top and bottom 25% quartiles. Median values with different lowercase
letters significantly differ at p < 0.05.

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions for the percentage of living unburned shrubs. The Dunn’s post hoc comparisons
showed significant differences (p < 0.05) among the conditions, except between HR and
NR and between EDG and UNB plots (p > 0.05; Table S4—Supplementary Materials). The
median percentages of living unburned shrubs in NR (50%) and HR (40%) were significantly
lower than in EDG and UNB plots (82.25% and 82.5%, respectively; Figure 7b).

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions in the percentage of living burned trees. The Dunn’s post hoc comparisons
showed significant differences (p < 0.01) among the conditions, except between HR and NR
(p > 0.05; Table S5—Supplementary Materials). The median percentages of living burned
trees in NR (20%) and HR (40%) were significantly higher than in EDG and UNB plots; the
difference between EDG and UNB plots was also significant (Figure 8a).
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The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the 
conditions for the percentage of dead burned trees. The Dunn’s post hoc comparisons 
showed highly significant differences (p < 0.001) among the conditions, except between 
HR and NR (p > 0.05; Table S6—Supplementary Materials). The median percentages of 
dead burned trees in NR (50%) and HR (50%) were significantly higher than in EDG (2.5%) 
and UNB plots (0%); the difference between EDG and UNB plots was also significant 
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The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the 
conditions for the percentage of dead burned shrubs. The Dunn’s post hoc comparisons 
did not show significant differences between HR and NR or between EDG and UNB plots 
(p > 0.05; Table S6—Supplementary Materials). The median percentages of dead burned 
shrubs in NR (26.25%) and HR (29%) were significantly higher than in EDG and UNB 
plots (0%; Figure 9b). 

Figure 8. Boxplots of (a) percentage of living burned trees and (b) percentage of living burned shrubs
in high NBR recovery plots (HR), no NBR recovery plots (NR), edge plots (EDG), and unburned plots
(UNB). The boxes show the interquartile range, the horizontal bars show median values, and the
vertical bars show the top and bottom 25% quartiles. Median values with different lowercase letters
significantly differ at p < 0.05.

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions for the percentage of living burned shrubs. The Dunn’s post hoc comparisons
showed highly significant differences (p < 0.001) among the conditions, except between
HR and NR plots and EDG and UNB plots (p > 0.05; Table S5—Supplementary Materials).
The median percentages of living burned shrubs in NR (15.83%) and HR (14%) were
significantly higher than in EDG and UNB plots (Figure 8b).

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions for the percentage of dead burned trees. The Dunn’s post hoc comparisons
showed highly significant differences (p < 0.001) among the conditions, except between
HR and NR (p > 0.05; Table S6—Supplementary Materials). The median percentages of
dead burned trees in NR (50%) and HR (50%) were significantly higher than in EDG (2.5%)
and UNB plots (0%); the difference between EDG and UNB plots was also significant
(Figure 9a).
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significant association was found with cleanup operations (Table 4). 
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Figure 9. Boxplots of (a) percentage of dead burned trees and (b) percentage of dead burned shrubs
in high NBR recovery plots (HR), no NBR recovery plots (NR), edge plots (EDG), and unburned plots
(UNB). The boxes show the interquartile range, the horizontal bars show median values, and the
vertical bars show the top and bottom 25% quartiles. Median values with different lowercase letters
significantly differ at p < 0.05.

The Kruskal–Wallis test indicated highly significant differences (p < 0.001) among the
conditions for the percentage of dead burned shrubs. The Dunn’s post hoc comparisons
did not show significant differences between HR and NR or between EDG and UNB plots
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(p > 0.05; Table S6—Supplementary Materials). The median percentages of dead burned
shrubs in NR (26.25%) and HR (29%) were significantly higher than in EDG and UNB plots
(0%; Figure 9b).

The logistic regression model, performed for NR and EDG plots (88 plots overall) to
verify the incidence of sub-canopy burns next to the edges of the burned area, showed that
a fire in the shrub layer was significantly associated with a fire in the tree layer (χ2 = 15.214,
p < 0.001), with an odds ratio of 12.0. Therefore, there was no significant incidence of
sub-canopy burns. The model correctly classified 65.9% of cases.

3.4. Test of Hypotheses 4 and 5: Post-Fire Erosion and Post-Fire Cleanup Operations

Among the 88 plots considered to test these hypotheses (44 for NR and 44 for HR),
only 13 presented signs of post-fire erosion (six in HR and seven in NR plots), while nine
plots presented signs of post-fire cleanup operations (five in HR and four in NR plots).

The chi-squared test on contingency tables 2 × 2 did not show any significant associa-
tion between the presence or absence of signs of erosion events or cleanup operations and
HR–NR plots (Table 3).

Table 3. Chi-squared tests for NR plots vs. HR plots.

Value df p

χ²erosion events 0.090 1 0.764
χ²cleanup operations 0.124 1 0.725

N 88

When comparing all plots affected by the fire (i.e., NR and HR plots) with all plots
outside the burned area (i.e., EDG and UNB plots), a highly significant association was
found between plots affected by the fire and erosion events. On the other hand, no
significant association was found with cleanup operations (Table 4).

Table 4. Chi-squared tests for NR and HR plots vs. EDG and UNB plots.

Value df p

χ²erosion events 14.037 1 <0.001
χ²cleanup operations 3.220 1 0.073

N 176

4. Discussion

In our study area, the incidence of the patches showing no NBR recovery was low if
compared with the total burned area. However, considering the size of the burned surface,
the total area showing no NBR recovery was relevant in absolute terms.

The comparisons among the vegetation types confirmed the prevalence of spectrally
unrecovered areas in woodlands, both in terms of the area and dNBRpost-1yr values. This
was mostly due to the differences in the resilience of the three vegetation types consid-
ered, as the importance of the factors shaping the vegetation recovery dynamics in the
short term after a fire is largely plant-community-dependent [49]. Grasslands are mostly
composed of annual herbs, geophytes, and hemicryptophytes, which are usually fast-
growing and have higher efficiency in their use of soil moisture, nutrient uptake, and
carbon assimilation [50–54]. For these reasons, grasslands need less time to regain their
original conditions with respect to other types of vegetation. Moreover, grasslands typically
experience lower levels of fire severity [55,56]. Essentially, burned grasslands represented
only 0.6% of the spectrally unrecovered areas. However, it has to be considered that, in
the study area, grasslands were generally related to livestock farming; therefore, the NBR
recovery one year after the fire could have been affected by grazing activities or other forms
of land management. Consequently, the presence of areas showing no NBR recovery one
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year after a fire in grasslands has to be mainly considered due to management activities and
is not necessarily linked to the failure of vegetation recovery. In our study area, shrublands
represented an intermediate stage of the vegetation dynamics, and they were characterized
by high complexity in terms of their structure and floristic composition, which were devel-
oping towards the woodland type. For this reason, in terms of NBR recovery, shrublands
showed an intermediate pattern between grasslands and woodlands.

The correlation between the dNBRpost-1yr values and the distance from the fire perime-
ter confirmed that the areas showing no NBR recovery were mostly located close to the
edges of the burned area. This correlation was stronger for woodlands, which also exhibited
more positive dNBRpost-1yr values. The possible reasons for these findings are various and
will be discussed thoroughly in the following sections regarding the hypotheses tested in
this study.

4.1. Delayed Mortality (Hypothesis 1)

The testing of hypothesis 1 showed strong evidence that NR plots were related to
delayed mortality, especially in the tree layer. The percentage of trees that survived the fire
but died afterward was significantly higher than in HR plots, which were similar to EDG
and UNB plots instead. Mortality after the fire’s extinction also affected the shrub layer. In
fact, in NR plots, the percentage of shrubs that died later, after the fire, was significantly
higher than in HR plots. The shrub layer in EDG plots showed higher delayed mortality
than in NR plots, but this difference was not significant. UNB plots showed the highest
delayed mortality in the shrub layer. However, the mortality of shrubs in UNB plots should
not be attributed to the fire but to other types of stressors, such as competition, pests and
pathogen activity, and drought [5,57]. These stressors can also be important in low- and
mixed-severity fire regimes [5]; therefore, the observed delayed mortality of shrubs in NR
and EDG plots could be related both to stress caused by the fire and other types of stressors.
The strong competition from new shoots related to basal resprouting and seed germination
may have led to the delayed mortality of shrubs already weakened by the fire.

The incidence of delayed tree mortality in NR plots may explain the positive values of
dNBRpost-1yr, confirming that the positive values were likely related to the phytomass loss
that occurred at a later time after the fire’s extinction.

Supported by the statistical evidence of this study, hypothesis 1 can be accepted: NR
areas were significantly linked to the delayed mortality of trees.

4.2. Vegetation Regeneration Failure (Hypothesis 2)

No evidence of lower vegetation recovery was highlighted in NR plots compared to
HR ones. In terms of the cover and height of new sprouts by basal resprouting and seed
germination, HR and NR plots appeared to be similar, suggesting that vegetation regrowth,
in both conditions, proceeded at a similar pace. Likewise, no significant differences between
HR and NR plots were detected regarding the cover and height of the surviving above-
ground parts of plants, suggesting that the vegetation recovery did not differ in terms of
epicormic resprouting either. Although NR plots showed lower median values for the
cover of sprouts and the cover of surviving plants, these differences were not significant.
For these reasons, hypothesis 2 cannot be accepted: NR areas were not linked to vegetation
regeneration failure.

As expected, EDG and UNB plots, which were outside the burned area, had the lowest
values for the cover and height of sprouts and the highest values for the cover and height
of surviving plants. However, EDG plots showed values that were slightly but significantly
different from those of UNB plots, suggesting that EDG plots were affected by the fire to
some extent.

4.3. Remote Sensing Errors (Hypothesis 3)

Our results indicate that NR plots were not linked to errors in the computation of
the burn severity and NBR recovery. In fact, no significant differences were highlighted
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between NR and HR plots in terms of the percentages of living unburned, living burned,
and dead burned trees and shrubs. Both the tree and shrub layers were affected by the fire,
suggesting that there was no significant incidence of sub-canopy burns, leading to possible
errors in the satellite sensor in detecting spectral changes. Therefore, hypothesis 3 cannot
be accepted: NR areas were not linked to remote sensing errors.

The EDG and UNB plots were significantly different from the NR and HR ones. As
expected, the percentage of living unburned plants in the plots outside the burned area
was close to 100%. Conversely, the percentages of living burned and dead burned plants
were close to zero. Nevertheless, as already observed (see Section 4.2), the EDG plots were
found to be affected by the fire to some extent.

4.4. Post-Fire Erosion and Post-Fire Cleanup Operations (Hypothesis 4 and 5)

No evidence of associations between NR plots and post-fire erosion phenomena
or post-fire cleanup operations was found. These circumstances were almost equally
distributed between the NR and HR plots. Therefore, hypotheses 4 and 5 cannot be accepted:
NR areas were not linked to post-fire erosion phenomena or post-fire cleanup operations.

On the other hand, erosion was preferentially associated with plots affected by the
fire (NR and HR plots). Erosion phenomena were not at all found in EDG and UNB plots,
suggesting that, in some areas, the lack of vegetation cover exposed the soil to a higher
erosion risk. This evidence is consistent with a large body of literature, e.g., [6,58–60].

4.5. Vegetation Recovery Pattern across the Edges of the Wildfire

In this study, which focused mainly on Mediterranean woodlands, the correlation
analysis between the dNBRpost-1yr values and the distance from the fire perimeter revealed
a notable association between the absence of NBR recovery and the proximity to the fire
edges. This suggested that the vegetation recovery rates were lower in areas close to
the fire perimeter, with woodlands experiencing a more substantial NBR decline during
the first year post-fire. The delayed mortality hypothesis (Hypothesis 1), tested on field
data, supports this observation, indicating a significant association between delayed tree
mortality and spectrally declined areas. Delayed tree mortality detected in the field was
generally associated with NR plots, which were closer to the edges of the burned area and
were mostly affected by low-severity fires. On the other hand, delayed tree mortality was
not detected in HR plots, which were further from the edges and mostly affected by high
and very high severity.

The findings of this study need to be discussed in light of the effects that fires exert
on plants, communities, and ecosystems. These effects can be classified as direct or first-
order effects and indirect or second-order effects [2,5,61–63]. Direct effects are related to
heat injuries directly caused by the fire to plant tissues and can affect all plant organs.
Two main mechanisms are referred to as direct effects: cambium necrosis and hydraulic
dysfunction [2,63]. In the case of high-severity fires, direct heat injuries can immediately
kill the plant or, in the case of resprouting species, can kill only the above-ground portion of
the plant (top killing) [5]. On the other hand, especially in low- and mixed-severity fires, the
plant can survive the immediate effects of the fire. In this case, the plant has to face complex
internal and external mechanisms that concern the physiology and ecology spheres. These
mechanisms pertain to the indirect effects of a fire. The heat-induced impairments in the
cambium, phloem, and xylem can lead, in the short or long term, to carbon starvation and
hydraulic failure, which can make the plant more susceptible to drought, competition, and
pathogen or insect attacks, which may also lead to delayed plant mortality [2,5,64]. The
likelihood of a plant to survive a fire is also dependent on the pre-fire conditions, such as
inter- or intraspecific competition, drought stress, pests, or diseases [5,64,65].

Considering the scarcity of studies concerning the post-fire vegetation dynamics across
the edges of wildfires in the Mediterranean region, our outcomes can be compared with
other studies carried out in different ecoregions. Reilly and collaborators [35], in fires that
occurred in California, Washington, and Oregon, found that delayed tree mortality occurred
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across fire perimeters not affected by stand-replacing fires. In fact, in stand-replacing fires,
which are generally characterized by high severity, most of the above-ground phytomass is
directly killed by the fire; therefore, delayed mortality is basically missing and vegetation
recovery is based on basal resprouting and seed germination [5]. In proximity to the fire
edges, the fire severity is generally lower [29–31]; therefore, there is a higher probability
that a larger number of trees will survive the fire. However, the physiology of the surviving
trees can be compromised, exposing them to detrimental delayed effects that may also lead
to delayed death [2,66,67].

Summarizing the results, our case study was focused on the gradients of fire severity
and NBR recovery across the edges of a burned area, starting from the areas showing high
NBR recovery (HR), passing through areas showing no NBR recovery next to the edges of
the burned area (NR), and then moving on to areas directly outside the mapped burned
area (EDG) and finally to areas not at all affected by the fire (UNB).

In HR areas, the fire struck with higher severity, essentially causing the immediate
death of a large portion of the above-ground parts of plants. Delayed tree mortality was
not detected during the field surveys on HR plots (Figure 10).
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Figure 10. A scheme summarizing the vegetation recovery patterns and delayed tree mortality across
the edge of the fire in the investigated woodlands. In areas affected by high-severity fires, most of
the plants were immediately top-killed, while, in areas affected by low-severity fires near the fire
edge, more plants survived the fire, albeit affected by heat injuries. During the first year after the
fire, vegetation recovery occurred through different strategies, such as epicormic resprouting, basal
resprouting, and seed germination. However, particularly near the edges of the burned area, delayed
mortality affected a percentage of the trees injured by the fire.

On the other hand, in NR areas, the fire struck with lower severity, initially allowing
many trees to survive. Afterward, the direct and indirect effects of the fire led to the delayed
mortality of a fraction of the surviving trees (Figure 10). This explains why positive values
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of NBRpost-1yr were detected one year after the fire in the NR areas of the woodlands. The
cover and percentage of surviving trees in the NR and HR plots were similar, indicating
that delayed tree mortality may cause the substantial loss of the above-ground phytomass,
which can match or even exceed the sudden effects of the fire. This is consistent with
Reilly and collaborators [35] regarding fires that occurred in the USA, as they found that
the total area initially classified as unburned or of very low severity declined by around
38% and often persisted in smaller, more fragmented patches because of delayed mortality.
Therefore, declines can also affect the small unburned islands within the fire perimeters.
These areas were not investigated in the field because their size did not permit the use
of control plots nearby in the unburned area; however, many NBR decline patches were
found at the edges of these unburned islands.

The reason that delayed tree mortality was not detected in HR plots, where the
injured trees were still alive during the field surveys, could be explained by the mechanism
of reduced competition. In fact, a fire reduces the tree density and competition from
neighboring trees, herbs, and shrubs, thus increasing the space and resource availability for
surviving trees; this may compensate for the immediate effects of the fire, giving injured
trees a greater opportunity to survive in the short and mid-term after the fire [2,5,68–70].
Conversely, in NR areas, immediately after the fire, the density of surviving trees was
higher; thus, the competition among neighboring plants was stronger than in HR areas,
fostering the delayed mortality of the most stressed trees. Another possible explanation
could be related to bark beetles’ attacks. After a fire, bark beetles may prefer trees with
intermediate levels of damage to the crown and cambium [5,71], thus accelerating death in
trees affected by low-severity fires.

Although delayed mortality was not detected in HR plots, it cannot be excluded that
trees classified as dead immediately after the fire were actually trees that died at a later
time. In NR areas, delayed mortality may have occurred even later, making it easier to
classify trees affected by delayed mortality.

In terms of resprouting and seed germination, no differences were found between HR
and NR plots, suggesting that, even though NBR recovery appeared lower in NR plots, the
vegetation regrowth measured in the field was similar to HR plots. Therefore, the lower
NBR recovery in NR areas was mainly due to delayed mortality, which counterbalanced
the phytomass regeneration based on resprouting and seed germination. In some places,
the phytomass loss due to delayed mortality exceeded the new phytomass regenerated by
resprouting and seed germination, leading to positive values of dNBRpost-1yr.

EDG plots, which were outside the burned area mapped immediately after the fire
extinction date, were actually affected by the fire to some extent, showing some cases of
delayed tree mortality as well. Nevertheless, EDG plots were mostly similar to UNB plots,
showing that the Sentinel-2-derived data were not significantly affected by errors due to
the image resolution, illumination angles, shadows, or other types of computation errors.

Figure 10 summarizes the observed patterns of vegetation recovery across the edges
of the wildfire in the investigated woodlands.

5. Conclusions

The edges of burned areas have been rarely studied so far, particularly in the Mediter-
ranean context, despite their ecological importance at the species, community, ecosystem,
and landscape levels. This is partly due to the difficulty in delineating fire edges, caused by
technical challenges in defining the fire perimeter. This is particularly true for large fires,
which often have extensive marginal areas and may contain unburned islands within them,
and in all cases where resorting to remote sensing techniques to map burned areas is an
obligatory choice. Therefore, the results of this study may have broad relevance across
various contexts.

This study focused on the post-fire vegetation recovery patterns along the edges of a
large wildfire in a typical Mediterranean agro-sylvo-pastoral landscape. Specifically, we
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analyzed areas experiencing NBR decline one year after the fire, which were typically small
and localized near the edges of the burned area.

The study began with the spectral analysis of the vegetation recovery, followed by
vegetation surveys conducted in the field to confirm the NBR decline within the areas of
interest. These areas were compared with regions showing high NBR recovery and control
areas located outside the burned area. It is important to consider that the large size of
the total burned area in our case study allowed for the comparison of a representative
number of sites with different NBR recovery rates, which might not have been feasible in
smaller fires.

Our findings indicate that delayed tree mortality is a significant factor contributing
to NBR decline in areas affected by low-severity fires near the edges of the burned area.
Even in Mediterranean woodlands, delayed tree mortality is a significant factor that could
exacerbate the damage caused by a fire to vegetation, even in areas classified as low severity
in the immediate post-fire scenario. This highlights the importance of assessing the long-
term effects of a fire [26,33] and underscores the necessity of guiding post-fire restoration
activities, such as managing ecological refugia identified in the vicinity of the burned
area and within small unburned patches within the fire perimeter. In fact, even if our
study primarily focused on a narrow band along the edges of the burned area, delayed
mortality events also occurred in unburned or less severely burned patches within the
main fire perimeter. Consequently, delayed mortality may become more pronounced in
the coming years, as this phenomenon often persists in the years following a fire [35].
Therefore, forests near the edges of burned areas should be treated differently in post-fire
management programs.

Given that unburned patches and vegetation around the edges can significantly in-
fluence succession processes and vegetation dynamics [28], further analysis is needed to
determine whether the observed pattern of vegetation recovery and delayed mortality is
consistent across different forest types and species compositions.
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sprouts related to basal resprouting and seed germination; Table S3: Dunn’s post hoc comparison
of the cover and height of the surviving above-ground parts of plants; Table S4: Dunn’s post hoc
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