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Abstract

Mediterranean ecosystems are adapted to periodic fire, but the pace of post-fire vegetation recovery
varies widely depending on fire severity, pre-fire community composition, and post-fire rainfall. This
research tracked vegetation recovery within a 4,820-hectare burn scar produced by the August 2017
wildfire near Bolbaite in the Valencia region of eastern Spain, using a Sentinel-2 time series spanning
60 months post-fire. The normalized difference vegetation index (NDVI) was computed at roughly
monthly intervals and used to construct recovery trajectories for three pre-fire vegetation types: Aleppo
pine (Pinus halepensis) forest, Mediterranean shrubland (matorral), and mixed pine—oak woodland.
Mean NDVI dropped from a pre-fire baseline of 0.68 to 0.12 immediately after the fire. Mediterranean
shrubland recovered fastest, reaching 94.1% of its pre-fire NDVI by month 60, while pine forest
reached only 89.7%. A breakpoint analysis identified two distinct recovery phases: an initial rapid
greening phase (0-18 months) driven by herbaceous and resprouting shrub cover, and a slower
structural recovery phase (18-60 months) associated with canopy closure. Fire severity, indexed by the
differenced normalized burn ratio (ANBR), was the strongest predictor of 60-month NDVI recovery (3
=—0.47, p<0.001). These findings support the use of Sentinel-2 time series as a cost-effective tool for
post-fire monitoring and can inform decisions about whether and where to invest in active reforestation
versus natural regeneration.
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Introduction

Every summer, fire sweeps across the Mediterranean Basin—over 450,000 hectares burn in
an average year across southern Europe, with Spain consistently accounting for the largest
share ™. The ecological role of fire in these landscapes is well established: many
Mediterranean plant species possess adaptive traits such as serotinous cones, lignotubers, and
fire-stimulated germination that allow rapid post-fire recovery [?. But 'rapid' is a relative
term. Full canopy recovery in pine-dominated stands can take 15-30 years, and during the
intervening window the landscape is vulnerable to erosion, invasive species colonization,
and repeat fire 1,

Remote sensing offers a practical way to monitor recovery across large burn scars at regular
intervals without costly field campaigns. The NDVI, calculated from red and near-infrared
reflectance bands, is the most widely used spectral index for tracking vegetation greenness
and has been shown to correlate well with above-ground biomass and leaf-area index in
Mediterranean shrublands and forests 4. The launch of the Sentinel-2 constellation in 2015,
providing 10 m resolution imagery every five days, represented a step change in the spatial
and temporal detail available for fire-ecology research I,

Previous post-fire recovery assessments in Spain have used Landsat at 30 m resolution, but
the coarser pixel size limits the ability to distinguish fine-scale spatial patterns driven by
slope aspect, soil depth, and micro-topographic moisture availability . Sentinel-2's 10 m
bands can resolve these drivers at the hillslope scale, and its free, open-data policy makes
long-term monitoring operationally feasible.

This research aimed to (1) construct NDVI recovery trajectories for three vegetation types
within the 2017 Bolbaite burn scar, (2) identify temporal breakpoints separating recovery
phases, and (3) test whether fire severity and topographic variables predict the degree of
recovery at 60 months post-fire. Analysis was performed at the Piura National University of
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Spatial Data Processing

A total of 58 cloud-free Sentinel-2 Level-2A scenes
covering the Bolbaite burn scar (tiles 30SYJ and 30SXJ)
were downloaded from the Copernicus Open Access Hub
for the period August 2017 through August 2022. Scenes
with cloud cover exceeding 20% over the burn perimeter
were discarded. Atmospheric correction was already applied
in the Level-2A product (Sen2Cor processor). NDVI was
computed from Band 4 (red, 10 m) and Band 8 (NIR, 10 m)
as NDVI = (B8 — B4) / (B8 + B4). The differenced
normalized burn ratio (ANBR) was calculated from pre-fire
(July 2017) and immediate post-fire (September 2017)
scenes using Bands 8A and 12 at 20 m resolution, resampled
to 10 m. The burn perimeter was delineated by thresholding
dNBR > 0.1, producing a scar of 4,820 hectares (€1,

Classification and Validation: Pre-fire vegetation types
were classified from the July 2017 Sentinel-2 scene using a
random-forest classifier (300 trees) trained on 480 reference
points derived from the Spanish National Forest Inventory
(IFN4) plot database and photo-interpreted from PNOA
orthophotography. Three classes were mapped: Aleppo pine
forest, Mediterranean shrubland (matorral), and mixed pine—
oak woodland. Overall classification accuracy was 86.4%
(kappa = 0.79), with producer's accuracies of 88.1% for
pine, 84.3% for shrub, and 87.2% for mixed woodland. Fire-
severity classes (low, moderate, high) were delineated from
dNBR thresholds following Key and Benson I low (0.1-
0.27), moderate (0.27-0.66), high (> 0.66).

Materials and Methods
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Materials

The research focused on the burn scar produced by the
wildfire that ignited on 6 August 2017 near the town of
Bolbaite in Valencia Province (39.01°N, 0.69°W). The fire
burned for five days across mountainous terrain at
elevations of 180-820 m, consuming primarily Aleppo pine
forest and matorral on limestone substrate. Annual rainfall
in the area averages 480 mm, concentrated between October
and April. Post-fire field validation data were collected
during two site visits (October 2019 and May 2022) at 60
ground-truth plots, recording canopy cover, dominant
species, and regeneration mode (resprouting vs. seeding). A
5 m digital elevation model from the Spanish National
Geographic Institute provided slope and aspect layers.
Analysis was conducted at the Department of
Hydrogeology, Piura National University of Earth Sciences,
Peru 201,

Methods

For each vegetation type and fire-severity class, mean NDVI
was extracted at each time step and plotted against months
since fire. Recovery ratio was defined as NDVI_t /
NDVI_pre, where NDVI_pre is the mean pre-fire value for
that class. A BFAST (Breaks for Additive Season and
Trend) analysis was applied to the pixel-level NDVI time
series to identify structural breakpoints marking the
transition from herbaceous to woody recovery 1, A
multiple regression model was fitted with 60-month
recovery ratio as the dependent variable and four predictors:
dNBR, slope (°), cosine of aspect (northness), and elevation.
All analyses used R 4.3.0. Significance was set at o = 0.05.

Results

Table 1: NDVI Recovery Metrics by Vegetation Type and Fire Severity (60 months post-fire)

Veg. Type Severity Pre-fire NDVI 60-mo NDVI Recovery % Breakpoint (mo) n pixels
Pine Low 0.71 0.67 94.4 14 8,412
Pine High 0.69 0.56 81.2 21 6,831

Shrub Low 0.64 0.63 98.4 11 11,247
Shrub High 0.66 0.58 87.9 16 7,684
Mixed Low 0.72 0.68 94.4 13 5,621
Mixed High 0.70 0.58 82.9 19 4,318

Low-severity shrubland achieved near-complete recovery
(98.4%) within 60 months, while high-severity pine forest

reached only 81.2%.

Breakpoints occurred earlier in

shrubland (11-16 months) than in pine or mixed woodland

(14-21 months), reflecting the faster resprouting capacity of
Mediterranean shrubs compared with the obligate-seeder

Aleppo pine.

Mean NDVI
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Fig 1: Post-fire NDVI recovery trajectories for three vegetation types (all severity classes combined).
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All three types show the two-phase pattern: rapid initial
greening (0-18 months) as herbaceous annuals and
resprouting shrubs colonize the bare ground, followed by a
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slower asymptotic approach toward pre-fire values as
woody canopy develops.

Recovering
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Fig 2: Land-cover composition within the burn scar

Recovering shrub dominates (31.4%), followed by sparse
regrowth zones (24.7%) that still exhibit NDVI below 0.40.
Bare soil persists on 18.3% of the scar, concentrated on
steep south-facing slopes where erosion has removed the
organic soil horizon.

Discussion

The finding that Mediterranean shrubland recovers faster
than pine forest aligns with the functional-trait literature:
most matorral species (e.g., Quercus coccifera, Pistacia
lentiscus) resprout vigorously from underground organs
within weeks of fire, while Pinus halepensis must
regenerate from seed released by serotinous cones, a process
that takes 12-24 months to produce measurable canopy
cover A, The difference has management implications:
where the goal is rapid erosion control, leaving shrubland to
recover naturally may be more effective and cheaper than
planting pine seedlings.

Fire severity was the strongest predictor of 60-month
recovery ratio (B = —0.47), consistent with findings from
California chaparral 2 and Greek pine forests [*3l. High-
severity fire destroys the soil seed bank and the organic
horizon, removing both the regeneration source and the
nutrient capital needed for early growth. In the Bolbaite
scar, the 18.3% of area still classified as bare soil at 60
months coincides almost entirely with the high-severity
zone on steep south-facing slopes—sites where active
restoration through terracing and seeding may be the only
viable path to recovery 4,

The BFAST breakpoint analysis provided a novel way to
operationalize the transition from herbaceous to woody
recovery. Managers could use the breakpoint timing as a
decision trigger: sites that have not reached their breakpoint
within 24 months may be candidates for intervention, while
those that have can be left to natural succession [*°1. One

at 60 months post-fire, classified from Sentinel-2 imagery.

limitation is that NDVI saturates at high biomass levels,
potentially underestimating recovery in dense matorral
where leaf-area index exceeds 3.0. Supplementing NDVI
with the enhanced vegetation index (EVI) or Sentinel-1
radar backscatter could improve sensitivity in these later-
stage stands [,

Conclusion

Five years of Sentinel-2 monitoring revealed that post-fire
vegetation recovery in Mediterranean Spain follows a two-
phase trajectory with a breakpoint between 11 and 21
months, depending on vegetation type and fire severity.
Mediterranean shrubland recovered to 94.1% of pre-fire
greenness by month 60, outperforming Aleppo pine forest
(89.7%) due to its resprouting advantage. Fire severity was
the dominant predictor of recovery at 60 months, with high-
severity zones on south-facing slopes showing persistent
bare soil.

These results argue for a differentiated post-fire
management strategy: natural regeneration is sufficient for
low-severity shrubland, but active restoration should target
high-severity pine sites on steep slopes where erosion risk is
greatest. The Sentinel-2 time series, freely available and
updated every five days, offers a practical monitoring
platform for implementing this approach across the
Mediterranean Basin.
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