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Abstract: The assessment of fire effects in Aleppo pine forests is crucial for guiding the recovery of
burned areas. This study presents a methodology using UAV-LiDAR data to quantify malleability
in three burned areas (1970, 1995, 2008) through statistical analysis of tree height and Profile Area
Change (PAC) metrics. Significant differences in vegetation height (99 percentile) among the three
fires, with specific maximum absolute differences (D) depending on the fire year, have been identi-
fied. Positive PAC values in 2008 indicate deeper LiDAR penetration, resulting in lower regenera-
tion, while values close to 0 in 1970 suggest more uniform regeneration. The use of LIDAR metrics
and uni-temporal sampling between burned sectors and controls aids in understanding community
resilience and identifying recovery stages in P. halepensis forests.

Keywords: forest fire; malleability; recovery; vegetation structure; drone; Aleppo pine forests

1. Introduction

The assessment of fire effects and recovery capacity becomes a key element in guid-
ing the strategic orientation of burned areas, encompassing comprehensive management,
adaptation, mitigation, etc. Reproductive strategies of most plant species in Mediterra-
nean ecosystems exhibit efficient mechanisms of germination and/or resprouting, ensur-
ing the development of formations similar to those affected by fire based on models of
ecological plant succession and auto-succession [1].

The tree formations of Aleppo pine forest (Pinus halpensis Mill.) with kermes oak
(Quercus coccifera L.) are a good example of plant self-succession due to the mechanisms
of thermodiscence and serotinity that allow a massive release of seeds after a fire in the
case of P. halepensis [2], and the regrowth from dormant buds in its trunk and/or roots in
the case of Q. coccifera [3].

Malleability is a quantifiable property of resilience that describes the similarity be-
tween two steady states separated by a disturbance [4], enabling the assessment of the
degree of recovery of affected plant formations. The analysis of vegetation structure (i.e.,
the variability in vegetation height) is one of the key pieces of information for its evalua-
tion.

Active remote sensing technology, particularly LIDAR (Light Detection and Ranging)
data, is one of the most suitable methods for analyzing the vertical distribution of vegeta-
tion strata, due to its ability to penetrate the tree canopy [5,6]. Indeed, in recent decades,
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LiDAR sensor data, mounted on aircraft, have been used as a primary resource for con-
ducting forest inventories [7], determining fuel characteristics [8], or more directly related
to the effects of fire, analyzing the diversity of forest structure [9,10].

In this context, this study aims to evaluate post-fire vegetation recovery by compar-
ing burned and control sectors using LiDAR metrics related to vegetation structure (can-
opy height and physiognomic complexity). The study focuses on Aleppo pine with ker-
mes oak formations (Ph-Qcc) affected by three forest wildfires that occurred in three dif-
ferent years over the last approximately 50 years.

2. Materials and Methods
2.1. Study Area

The study focuses on three wildfires occurred in 1970, 1995, and 2008 that affected
Aleppo pine (P. halepensis) stands with Q. coccifera. in the Montes de Zuera region (Zara-
goza, Spain). Fire perimeters are closely situated to ensure the environmental homogene-
ity of their characteristics. Additionally, the burned areas are spatially connected to un-
burned areas that can serve as controls (i.e., areas with the same characteristics prior to
the disturbance). Study area is located approximately 35 km north-east of Zaragoza, Spain,
in a structural platform developed on Miocene carbonate and marl sediments, arranged
on horizontal strata. The climate is Mediterranean continental, with a mean annual rainfall
of about 400 mm and frequent droughts.

2.2. Methods

The analysis must adhere to the unitemporal nature of the measurements, which,
from a linear matrix approach, implies the absence of corresponding elements (pixels)
since the images are from the same date. To address this circumstance, comparisons are
made between burned (5Q) and control sectors (SC) selected for each wildfire with regard
to vegetation structures (Figure 1).
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Figure 1. Study area localization, flight footprints corresponding to the fires (1970, 1995, and 2008),
and experimental scheme with quadrangular sectors corresponding to the burned and control sec-
tors (EPSG:25830). European Union and Esri.

The methodology involves the following phases of work: (1) In the spring of 2023,
three flights were conducted using an unmanned aerial vehicle (DJI Matrice 300 RTK)
equipped with the DJI Zenmuse-L1 LiDAR sensor. These flights simultaneously covered
both burned and unburned areas, and field-based floristic and physiognomic inventories
were conducted concurrently with the flights, utilizing sampling units of 20m? (10x2m).
(2) Within the flight footprints, smaller homogeneous areas (8000 m?) in square shape
were selected for the extraction of LiDAR metrics using DJI Terra v.3.6.7 and FUSION-
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LDV v.4.21 software: (a) canopy height (99t percentile), and (b) Profile Area Change
(PAC), a multitemporal LiDAR metric introduced by Hu et al., (2019) [11]. Profile Area
(PA) assesses biomass at different height strata by means of the vertical distribution of
LiDAR returns. PA uses the area delineated by the height percentile curves (Eq 1), and to
describe changes between burned and control sectors (PAC) a simple subtraction is ap-
plied (Eq 2).

100%
PA = f f(percentil) d(percentil) 1)
0

PAC = PApre — PApost (2)

where PA is the integrated area below the percentile profile curve.

(3) Random sampling (10% of pixels, 0.5 m in side length) is performed, which will
be used to analyze comparisons between burned and control sectors. This analysis in-
volves similarity testing using the Kolmogorov-Smirnov test, the generation of descriptive
statistics, and the construction of cumulative frequency distribution diagrams (cumula-
tive relative frequency plots).

3. Results

The analysis of UAV-LiDAR metrics (ElevP99 y Profile Area), has enabled the iden-
tification of significant differences, varying in magnitude, between post-fire regenerated
vegetation structures and their corresponding controls. Using the D values (MaximumAb-
solute Differences) derived from the application of K-S tests (Two-sample Kolmogorov—
Smirnov test), a ranking of these differences is identified based on the fire year (D =
0.26/0.14, 0.31/0.39, 0.76/0.51, for the fires of 1970, 1995 y 2008, respectively).

Table 1. Descriptive statistics, differencing by sectors and fire year, for the two metrics employed
(Elev99 y PA).

ElevP99 Control 1970 Burned 1970 Control 1995 Burned 1995 Control 2008 Burned 2008
Minimum 0,0562 0,0642 0,0650 0,0986 0,0588 0,0569
Maximum 9,2703 7,6976 13,9178 12,2990 10,1488 4,3553
1st Quart. 3,0122 1,9680 0,5315 3,8251 3,2532 0,1722

Median 5,7469 3,0165 4,8842 4,7910 7,1307 0,2851
3rd Quart. 7,0713 3,9005 8,3971 5,4869 8,1554 0,4791

Mean 4,9486 2,9278 4,8515 4,5965 5,8140 0,4258
Stand. dev 2,6476 1,5389 4,0406 1,8880 3,0945 0,4720
PA Control 1970 Burned 1970 Control 1995 Burned 1995 Control 2008 Burned 2008
Minimum 0,5000 0,5000 0,5000 1,2746 0,5000 0,5000
Maximum 99,0000 97,8572 99,0000 99,0000 99,0000 93,1167
1st Quart. 29,8299 32,1804 23,4218 61,8800 29,1407 9,0068

Median 66,6925 59,6434 49,7100 81,7845 60,4331 18,0050

3rd Quart. 85,3110 77,7740 74,3119 88,2870 83,6535 31,2728
Mean 58,2385 54,5450 49,0479 71,6360 56,1484 22,4017
Stand. dev 30,2969 26,3943 27,9808 23,4284 29,8251 17,4625

Table 1 presents descriptive statistics differentiated by sectors and fire year for the

two LiDAR metrics. Overall, the maximum canopy heights of SCs range between 9 and
14 m, with 25% of the sample exceeding 8 m. In the case of SQs, the values are much more
heterogeneous and significantly lower, ranging from 4 to 12 m. Notably, in the 2008 wild-
fire, only 25% of the sample exceeds 0.5 m. The PA variable exhibits greater differences
between SCs and SQs. While SCs are around 54 m?, SQs range from 22 to 70 m? and only
in the case of the 1970 wildfire, SQs and SCs show similar averages.

Derived from the KS test, the cumulative relative frequency plots for each wildfire
(Figure 2) illustrate the degree of disparity among the regenerated structures and their
respective controls.
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In this regard, for the ElevP99 variable (right column), the greatest differences are
observed in the most recent (15 years after the fire), which manifest a scarcity of pixels
with high heights (<5) and a high frequency of pixels with heights <1 m. The 1995 control
sample has a normal distribution, although with some accumulation of pixels with vege-
tation of short stature (<1 m). This contrasts with the logistic distribution exhibited by the
canopy of colonizing communities, where the dominant height ranges between 4 and 6 m.
Finally, in the case of the 1970 wildfire, the profiles of SCs and SQs describe much more
similar trajectories. However, a breakpoint is observed from 2 m in elevation, highlighting
the even greater height of the SC canopy, while the SQ exhibits a higher frequency of
pixels with heights around 2-4 m; in the SQ, the most represented values oscillate between
5and 8§ m.
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Figure 2. Distribution of cumulative relative frequencies (in blue Control Sectors; in red Burned
Sectors) by wildfire for ElevP99 (right) and PA (left). Top: 1970 wildfire; middle: 1995 wildfire; bot-
tom: 2008 wildfire.

For the PA variable (left column), in all three wildfires, we observe the normal distri-
bution of the SCs and the different trajectory of the SQs, with the exception of the 1970
wildfire, where the two distributions are clearly associated. In the wildfires closer in time,
very different regenerative phases are identified: while the SQ profile in 2008 exhibits a
logarithmic character and is situated above the SC trajectory, in the 1995 wildfire, the pro-
file shows a highly asymmetrical character, running below the SC. The subtraction be-
tween the pre-fire (control) and post-fire (burned) conditions (Eq. 2) proposed by Hu et
al. (2019) results in values close to 0 for the 1970 wildfire, negative values for the 1995
wildfire (-22), and positive values in the case of 2008 (33). In the latter case, the positive
sign of the subtraction indicates greater penetrability of LIDAR pulses in the burned area
and, therefore, less reconstitution of the structures when compared to the negative values
of 1995, associated with greater complexity and density of regenerated vegetation. Mean-
while, the values close to 0 for the 1970 wildfire indicate greater homogeneity between the
regenerated structures and their control.

The field data obtained from inventories provide results consistent with the PAC val-
ues, in the sense that the inventories of the 2008 wildfire recorded the lowest number of
Ph individuals (2), the smallest DBH (0.025 m), and the height (0.8 m), compared to the >4
individuals, 0.09 m DBH, and 2.8 m in the 1995 and 1970 wildfires.

4. Discussion

The employed LiDAR metrics (ElevP99 and PA) along with the split zone scheme
design, in which randomized pixels were distributed in burned and control sectors for
each fire 2008 (15 years after fire), 1995 (28 years), and 1970 (53 years), have facilitated the
quantification of the degree of malleability exhibited by Aleppo pine forest.

Generally speaking, although the temporal ordering of the magnitude of differences
between sectors decreases as the fire becomes older, how time influences the recovery of
Pinus halepensis vegetation structures. The cumulative relative frequency plots of high-
resolution LiDAR metrics allow us to identify anomalies in the process of structure regen-
eration. These anomalies, manifested in the 1995 wildfire, may be related to the interaction
of other factors (severity, post-fire treatments, ...), although they could also be interpreted
as an intermediate phase in the maturation process of burned structures.

The pine forests burned in the 2008 wildfire exhibit a high degree of malleability as
they show significant differences from their control counterparts: elevated D values and
distinctly differentiated cumulative relative frequency profiles. Notably, there is a sub-
stantial presence of pixels measuring less than 1 meter and lower structural complexity
(fewer rebounds) in the SQ, which is more indicative of an initial phase of the regeneration
process rather than the state of regeneration 15 years after the fire. In this sense, although
an average of 20 years has been indicated to reach the mature stage prior to burning [12],
it should be considered that the development of the vegetation structure in the 2008 fire
has been influenced by other factors that may have limited its reproductive capacity (post-
fire seedling density) and height development, such as pre and post-fire climatic varia-
tions or severity [13-15]. On the opposite end, the 1970 fire, the furthest in time, exhibits
the lowest levels of malleability, as both structures display similar distributions and PAC
value close to 0, However, differences in canopy height are still observable.

5. Conclusion

The acquisition of high-density LiDAR point clouds from remotely piloted aerial sys-
tems has been very useful in characterizing vertical structure from Aleppo pine forests
affected by wildfires in different years, enabling the analysis of their recovery over time
using two UAV-LiDAR metrics (ElevP99 and Profile Area Change). Although PAC was
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originally designed to analyze fire severity, its use in this study to quantify differences
between control and burned sectors from the perspective of the physiognomic complexity
of regeneration has allowed the differentiation of different regeneration models based on
the fire date.

The proposed methodology and the split zone scheme design have highlighted the
degree of disparity among regenerated structures themselves and in relation to their re-
spective controls, as well as the possibility of interpreting the malleability dynamics of P.
halepensis forests over time. Despite the high negative correlation between time and the
intensity of differences between vegetation structures, the higher complexity of vegetation
structures identified in the 1995 wildfire (an intermediate phase) could be related to the
role played by other variables such as severity, post-fire hydro-thermal parameters, or
postfire treatments.
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