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Abstract

Background: Forest fires have increased in extent and intensity in the Mediterranean area in recent years,
threatening forest ecosystems through loss of vegetation, changes in soil properties, and increased soil erosion
rates, particularly in severely burned areas. However, establishing the relationships between burn severity and soil
properties that determine infiltration remain challenging. Determining where soil burn severity evaluation should
be carried out is critical for planning urgent measures to mitigate post-fire soil erosion. Although previous research
has indicated that spectral indices are suitable for assessing fire severity, most of the classifications used consider
combined effects in vegetation and soil. Moreover, the relationship between spectral indices and soil burn severity
has scarcely been explored until now.

Results: We selected three pine stands in Spain for study immediately after being burned by wildfires. We analyzed
various soil properties (soil saturated hydraulic conductivity, mean weight diameter of soil aggregates, and soil
organic carbon) in relation to six levels of soil burn severity in all three stands. In addition, we established 25 field
plots in the burned areas. We computed ten spectral indices for each plot by using Sentinel-2 satellite data. The soil
burn severity categories indicated the degree of degradation of important soil properties related to soil erosion
susceptibility. Of the spectral indices considered, the relativized burn ratio (RBR) was the best predictor of
cumulative infiltration and mean weight diameter of soil aggregates. The differenced mid-infrared bispectral index
(dMIRBI) was most closely correlated with soil organic carbon content,

Conclusions: The findings demonstrate the potential applicability of remote sensing to determining changes in soil
properties after fire.
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Resumen

escasamente explorada hasta el presente.

con el contenido de carbono orgénico del suelo.

en las propiedades del suelo luego de un incendio.

Antecedentes: Los incendios forestales han incrementado en intensidad y extension en la zona del Mediterrdneo
en afos recientes, amenazando ecosistemas forestales a través de pérdidas de vegetacion, y cambios en las
propiedades e incrementos en la tasa de erosién de los suelos, particularmente en areas severamente quemadas.
Sin embargo, el poder establecer relaciones entre la severidad del fuego y las propiedades de los suelos que
determinan la infiltracion, es todavia un desafio. Determinar donde debe de ser llevada a cabo la evaluacion de la
severidad del fuego resulta critico para planificar medidas urgentes para mitigar la erosién del suelo en el post
fuego. Aunque investigaciones previas han indicado que los indices espectrales son adecuados para determinar la
severidad del fuego, la mayorfa de las clasificaciones usadas consideran los efectos combinados en el suelo y la
vegetacion. Ademas, la relacion entre los indices espectrales vy la severidad del fuego en el suelo ha sido

Resultados: Seleccionamos tres rodales de pinos en Espafia para ser estudiados inmediatamente después de haber
sido afectados por incendios forestales. Analizamos varias propiedades de los suelos (conductividad hidraulica
saturada, didmetro medio ponderado de agregados del suelo, y carbono organico del suelo), en relacion a seis
niveles de severidad del fuego sobre el suelo en los tres rodales. Adicionalmente, establecimos 25 parcelas en las
areas quemadas. Computamos diez indices espectrales para cada parcela usando datos del satélite Sentinel-2. Las
categorias de severidad del fuego en el suelo indicaron el grado de degradacién de propiedades importantes del
suelo relacionadas con la susceptibilidad de erosién del suelo. De los indices espectrales considerados, la relacion
de indice de quemado (RBR) fue el mejor predictor de la infiltracién acumulada y del didmetro medio de los
agregados del suelo. El indice diferencial de infrarrojo-medio bi-espectral (dMIRBI) fue cercanamente correlacionado

Conclusiones: Los resultados demuestran la aplicacién potencial de los sensores remotos para determinar cambios

Background

Wildfire represents the main type of perturbation threat-
ening forests in Europe (San-Miguel-Ayanz et al. 2018).
Quantification of the effects of wildfire is important for
clarifying ecological impacts and assessing the need to
plan and implement measures to restore ecosystems and
to reduce flooding and erosion risk (Moody et al. 2016).
The main impacts of forest fires include increased runoff
and soil erosion, both of which are highly dependent on
the level of alteration caused by fire in soil or soil burn
severity (Benavides-Solorio and MacDonald 2005; Vega
et al. 2005; Cawson et al. 2013; Fernindez and Vega
2016; Schmeer et al. 2018; Ferndndez et al. 2020). Given
the potentially large increases in overland flow events
after wildfire and the associated flooding and erosion
risk, accurate prediction and a good understanding of
the relationships between soil properties that control in-
filtration and burn severity are essential, but remain
challenging (Moody et al. 2013).

The normalized burn ratio (NBR) is generally accepted
as the standard spectral index for assessing fire severity
(e.g., van Wagtendonk et al. 2004; Key and Benson 2006;
Lentile et al. 2006; Hudak et al. 2007; De Santis and
Chuvieco 2009; Holden et al. 2009; Miller et al. 2009;
Harris et al. 2011; Veraverbeke et al. 2011; Veraverbeke
et al. 2012). However, there is no agreement about the
preferred conditions for determining the spectral indices

(Soverel et al. 2010; Cansler and McKenzie 2012). More-
over, most of the above-mentioned studies use the Com-
posite Burned Index (CBI) as a field measure for
validating fire severity. The CBI is visually estimated and
computes the combined effects of fire on soil and vege-
tation strata (Key and Benson 2006). However, its use is
controversial (e.g, Lentile et al. 2009; Morgan et al
2014; Smith et al. 2016), and some authors have
highlighted the need for independent validation of the
approach for specific regions and vegetation types
(Picotte and Robertson 2011; McCarley et al. 2018; Tran
et al. 2018). In addition, some authors suggest the need
for separate vegetation and soil burn severity assessment
because these ecosystem components can be affected
differently by wildfires depending on stand structure and
fuel and fire behavior (Jain et al. 2004; Jain and Graham
2007; Fernandez et al. 2020). The risk of soil erosion is
higher in forest stands affected by crown fire than in
stands in which the tree crowns are only scorched because
the presence of needle cast enables water infiltration and
thus favors a reduction in post-fire erosion loads (Cerda
and Doerr 2008; Neris et al. 2017; Ferndndez et al. 2020).
Therefore, areas where soil burn severity should be
assessed with a view to implementing urgent measures to
mitigate post-fire soil erosion are those in which the vege-
tation is almost completely consumed during fire. How-
ever, evaluation of post-fire soil burn severity still relies
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almost completely on field surveys because the rela-
tionships between spectral indices and soil burn se-
verity have scarcely been explored until now
(Marcos et al. 2018; Sobrino et al. 2019), and few at-
tempts have been made to quantify alteration in soil
properties using spectral indices (Moody et al. 2016).

Post-fire changes in physical and hydraulic properties
of soil are important for controlling the magnitude of
the hydrological response to rainfall (Wieting et al.
2017). Fire severity alters the strength and persistence of
soil water repellency (e.g, Doerr et al. 2000; Huffman
et al. 2001; Lewis et al. 2006), and the soil infiltration
capacity typically decreases in magnitude when fire se-
verity increases (e.g., Ebel et al. 2012; Moody and Ebel
2012; Ebel et al. 2016; Moody et al. 2016). Pronounced
alteration of soil aggregate stability and soil organic car-
bon content has been associated with high levels of burn
severity (Mataix-Solera et al. 2011; Vega et al. 2013). De-
creased soil aggregate stability has been related to in-
creased susceptibility to erosion in unburned (Cantén
et al. 2009) and burned soils (Ferndndez et al. 2016).

Pinus pinaster Ait., Pinus sylvestris L., and Pinus pinea
L. are the most important forest species in the Iberian
Peninsula, growing preferentially on acidic and well-
drained soils (Ruiz del Castillo 1979). These forests are
frequently affected by forest fires; in fact, almost a third
of the area burned between 2006 to 2015 in Spain was
pine forest (Lépez and Lopez 2019).

This study explored the relationship between soil burn
severity and spectral indices by considering three soil
properties related to the susceptibility to soil erosion after
fire: saturated hydraulic conductivity, as a surrogate for
soil water repellency; soil organic carbon content; and the
mean weight diameter of soil aggregates. Quantification of
these variables enabled their conversion into continuous
variables and exploration of a set of spectral indices for
determining the degree of alteration of soil properties after
fire in three pine stands in central and southern Spain.

Methods

Study sites

The study was carried out in three wooded areas repre-
sentative of the pine forests of central and southern
Spain (Fig. 1). In all cases, they were pine forests with a
shrubby understory of Erica L. sp., Cistus L. sp., and
Cytisus Desf. sp. These pine stands were affected by
wildfire in the summers of 2018 and 2019. In all cases,
time since last fire was more than 20 years.

1. The Nerva Fire (Nerva) burned 1750 ha of forest
and agricultural land in southern Spain from 2 to
10 August 2018. The field survey was carried out in
forest stands mainly dominated by Pinus pinea L.,
covering 563 ha of public land. The soils are Eutric
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Cambisols developed on slates with sandy loam
texture. Rainfall in the previous three months prior
to fire was 39 mm.

2. The Gavilanes Fire (Gavilanes) burned 1415 ha of
forest land in central Spain from 28 June to 4 July
2019, some of which (348 ha) was covered by Pinus
pinaster Ait. stands. The soils are Cambisols and
Leptosols developed on granite with sandy loam
texture. Rainfall in the previous three months prior
to fire was 60 mm.

3. La Granja Fire (La Granja) affected 370 ha of Pinus
sylvestris L. stands in central Spain from 4 to 7
August 2019. The soils are Cambisols and Leptosols
developed on gneiss with sandy loam texture.
Rainfall in the previous three months prior to fire
was 57 mm.

Experimental design and field sampling

We established 25 sampling plots in areas where the
vegetation was fully consumed by crown fire (minimum
size 60 m x 60 m) and where stone cover (particle diam-
eter >10 cm) was <50%: nine plots in Nerva, four plots
in Gavilanes, and 12 in La Granja. Physiographic charac-
teristics are compiled in Table 1.

We assessed soil burn severity in plots of radius 20 m,
centered in the larger plots. The soil burn severity was
assessed with the aid of a 20 cm x 20 cm quadrat, which
was placed at 80 systematically selected points along two
perpendicular transects. The soil in each quadrat was
classified using a modified version (Ferndndez and Vega
2016) of the soil burn severity index proposed by Vega
et al. (2013). That classification considers six soil burn
severity levels: (Level 1) very low soil burn severity:
burned litter (Oi) but limited duff (Oe + Oa) consump-
tion; (Level 2) low burn severity: Oa layer totally charred
and covering mineral soil, possibly some ash; (Level 3)
moderate soil burn severity: forest floor (Oi + Oe + Oa
layers) completely consumed (bare soil), but soil organic
matter not consumed and surface soil intact; (Level 4)
high soil burn severity: forest floor completely con-
sumed, soil organic matter in Ah horizon consumed and
soil structure altered within a depth of less than 1 cm;
(Level 5) very high soil burn severity: same as high soil
burn severity but within a soil depth equal to or greater
than 1 cm; and (Level 6) as Levels 4 and 5 and color al-
tered (reddish).

In each burned area, we collected five soil samples
(0 to 2 cm) for each level of soil burn severity identified.
In addition, we collected five samples in unburned patches
with similar soil characteristics. The samples were trans-
ported to the laboratory in plastic collars (10 cm diameter)
to keep them intact. In all cases, we carried out soil sam-
pling within two weeks following fire. Precipitation before
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Fig. 1 Location of wildfire-affected areas where study plots were located to assess alterations in soil properties using spectral indices in pine
stands affected by crown fire in Spain, in 2018 and 2019
sampling varied from 6 mm in Nerva and Gavilanes fires Cc1
to 10 mm in La Granja Fire. K = A (1)

Laboratory measurements

In each soil sample, saturated hydraulic conductivity (K)
was estimated by means of the Decagon model S mini
disc infiltrometer (Decagon Devices, Inc., Pullman,
Washington, USA) according to the following formula:

Table 1 Mean physiographic characteristics of the study sites
located in each burned area to assess alterations in soil
properties using spectral indices in pine stands affected by
crown fire in Spain, in 2018 and 2019. Range of variation is
given in parentheses. N = north, S = south, E = east, W = west

Study site Aspect Slope (%) Elevation (m)

E, N, NW, S, SE, SW 348 (9.1 to 51.0)
Gavilanes  E, SE 29.7 (19.2 to 34.6)
E, N, NW, S, SE, SW 264 (165 to 35.2)

521 (404 to 640)
1176 (943 to 1329)
1728 (1521 to 1877)

Nerva

La Granja

where C1 is the coefficient of the second-order polynomial
term fitting the curve of the cumulative infiltration versus
the square root of time (Zhang 1997), and A is the value
relating van Genuchten parameters based on the specific
soil type to the suction rate and radius of the mini disc
infiltrometer (unitless; here A = 3.9099 given an estimate
of the soil as a sandy loam as well as a 2.25 c¢cm infiltrom-
eter radius and a suction rate of -2 c¢m). Duration of the
infiltration experiments varied with soil burn severity
level, but it was stopped after the maximum run time of
10 min when necessary. The soil samples were air dried
and carefully crumbled by hand into small pieces after in-
filtration experiments. Soil aggregates were dry sieved
(Kemper and Rosenau 1986) and separated into size frac-
tions (10 to 5 mm, 5 to 2 mm, 2 to 1 mm, 1 to 0.25 mm,
0.25 to 0.05 mm, and <0.05 mm). Percentage by weight of
aggregates in each fraction was determined to enable cal-
culation of the mean weight diameter. Soil organic carbon
content of soil samples after sieving (2 mm) was
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determined by dry combustion in a LECO Elemental
Analyzer (LECO, St. Joseph, Michigan, USA).

We obtained mean values of soil parameters (saturated
hydraulic conductivity, mean weight diameter of soil ag-
gregates, and soil organic carbon content) for each plot
by multiplying the corresponding value associated with
each level of soil burn severity by the frequency of each
level in each plot.

Spectral indices

We calculated the spectral indices using data from
Sentinel-2 satellite (Table 2) provided by the European
Space Agency (ESA). Sentinel-2 is a constellation of two
satellites providing high-resolution multispectral optical
imagery (Drusch et al. 2012; Brown et al. 2018). All
study images used were downloaded from the ESA web-
site (Copernicus Open Access Hub, https://scihub.
copernicus.eu/dhus/#/home; accessed 10 January 2019)
and were Level 2A (bottom of atmosphere) reflectance
images, which are atmospherically corrected (Kaufman
and Sendra 1988).

Different spectral indices have been specifically
designed to discriminate between different levels of af-
fectation in surfaces affected by fire (Table 3). From
images available for each burned area, we selected those
from dates as close as possible to the ignition and
suppression of each wildfire. Although, a priori, the im-
agery was cloud free across the study area (both before
and after fires), to avoid possible errors, we performed
cloud correction using the Scene Classification Image,
available in Sentinel-2 Level 2A, of 20 m spatial reso-
lution. This cloud correction is based on a series of
threshold tests using the Sentinel-2 bands and their
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ratios, providing a classification image that is applied as
a mask to the original image (Muller-Wilm et al. 2013;
Gascon et al. 2017).

Statistical analysis
We used a general linear mixed model to test the effect of
soil burn severity on soil properties. The values were nor-
malized by obtaining the relative difference between the
value of each soil burn severity level and the corresponding
mean value for the control plots in order to compare soil
burn severity levels across fires. We considered site as a
random factor in the models. When significant effects (P <
0.05) were indicated, post hoc pairwise comparisons (with
Bonferroni adjustment for multiple comparisons) were con-
ducted to detect differences between the main effects of
treatments and their interactions. Residuals were tested for
autocorrelation, normality, and homogeneity of variance.
We used linear regression to detect any possible rela-
tionships between soil burn severity and spectral indices.
We log transformed the data when necessary to achieve
normality. We used the R statistical package (Core Team
Development 2019) for all statistical analyses.

Results

Mean values of each soil property in each experimental
site and for each soil burn severity level are listed in
Table 4. No samples from soil burn severity Level 1 were
identified in the burned areas. Soil burn severity Levels 2
and 3 were the most frequent in the field plots. Level 4
frequency ranged from 6% in Nerva and La Granja (soil
perturbation depth = 0.5 cm) to 14% in Gavilanes (soil
perturbation depth = 0.5 cm). In turn, soil burn severity
Level 5 was identified in 6% of the quadrats in Nerva,

Table 2 Sentinel-2 bands characteristics. Bands shown in boldface were used to assess alterations in soil properties in three study
areas in pine stands affected by crown fire in Spain, in 2018 and 2019: Study areas, with the pre- and post-fire image dates used for
each in parentheses, were: Nerva (31 Jul 2018 and 4 Oct 2018), Gavilanes (1 Jun 2019 and 31 Jul 2019), and La Granja (2 Aug 2019

and 6 Sep 2019)

Sentinel-2 band name

Central wavelength (um)

Resolution (m)

Band 1 - Coastal Aerosol

Band 2 - Blue

Band 3 - Green

Band 4 - Red

Band 5 - Vegetation Red Edge
Band 6 - Vegetation Red Edge
Band 7 - Vegetation Red Edge
Band 8 - Near Infrared

Band 8A - Vegetation Red Edge
Band 9 - Water Vapor

Band 10 - Short Wave Infrared - Cirrus
Band 11 - Short Wave Infrared 1
Band 12 - Short Wave Infrared 2

0433 60
0490 10
0.560 10
0.665 10
0.705 20
0.740 20
0.783 20
0.842 10
0.865 20
0.945 60
1.375 60
1.610 20
2.190 20
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Table 3 Selected spectral indices, based on Sentinel-2 bands (Table 2), used to assess alterations in soil properties in three study
areas in pine stands affected by crown fire in Spain, in 2018 and 2019: Study areas, with the pre- and post-fire image dates used for
each in parentheses, were: Nerva (31 Jul 2018 and 4 Oct 2018), Gavilanes (1 Jun 2019 and 31 Jul 2019), and La Granja (2 Aug 2019
and 6 Sep 2019)

Spectral index Formula® Reference

NBR NBR = (E2-E12) Key and Benson (2006)
Normalized Burn Ratio (B8+512)

dNBR dNBR = NBRPRE*F\RE - NBRPOST*F\RE Key and Benson (2006)
differenced Normalized Burn Ratio

RdANBR RANBR = 77’X5R Miller and Thode (2007)
Relative difference Normalized Burn Ratio |/ |

RBR RBR = ———dNBR ____ Parks et al. (2014)
Relativized Burn Ratio (VB e +1.001)

NDVI NDV/ — (8884 Rouse (1974)
Normalized Difference Vegetation Index (38”4)

dNDVI AdNDVI= NDVlpge_£ire — NDVibost rire Escuin et al. (2008)
differenced Normalized Difference Vegetation Index

BAIS2 _(1_  [BoxBIxBEA\ . (B12-BBA Filipponi (2018)
Burned Area Index for Sentinel-2 Bals2 = (1 o) X (vBWZ el )

dBAIS2 dBAIS2 = BAIS2ppe-rire — BAIS2p0sTrire Filipponi (2018)
difference Burned Area Index for Sentinel-2

MIRBI MIRBI=10xB11—-98x B12 Trigg and Flasse (2001)
Mid-Infrared Burn Index

dMIRBI dMIRBI = M/RB/PRE—F\RE - M/RB/POST—FIRE Tran et al. (201 8)

difference Mid-Infrared Burn Index

#Central wavelength (um) of Sentinel-2 bands used in the formulae: B4 = Red; B6 = Vegetation Red Edge, B7 = Vegetation Red Edge; B8 =Near Infrared, B8A =
Vegetation Red Edge; B11 = Short Wave Infrared 1; B12 = Short Wave Infrared 2 (Table 2)

Table 4 Mean values of selected soil properties according to the level of soil burn severity in each burned area affected by crown
fire in Spain, in 2018 and 2019. The values of adjacent unburned controls are also presented. The levels of fire severity varied from
low (Level 2) to extreme (Level 6) following the classification by Ferndndez and Vega (2016). Standard error in parentheses

Soil burn Saturated hydraulic Weight diameter of Soil organic carbon
Wildfire severity level conductivity (mm h™") soil aggregates (mm) content (%)
Nerva Unburned control 32 (1.6) 0.94 (0.01) 73(0.1)
Level 2 15 (04) 0.85 (0.04) 4902
Level 3 1.0(0.3) 0.83 (0.10) 38(0.1)
Level 4 6.1 (3.1) 0.66 (0.03) 1.9 (0.3)
Level 5 13522 1(0.02) 1.8 (0.1)
Level 6 31.1 (0.9 0.60 (0.01) 1.8 (0.1)
Gavilanes Unburned control 35(0.1) 1.04 (0.06) 76 (0.7)
Level 2 32(03) 0(0.10) 57 (0.1)
Level 3 2.7 (0.2) 0.76 (0.05) 4.0 (04)
Level 4 104 (1.3) 0.64 (0.01) 2.8(0.3)
Level 5 140 (1.4) 1(0.01) 1.3 (0.1)
Level 6 27.1(6.2) 0.57 (0.01) 1.1(0.1)
La Granja Unburned control 28 (1.2) 1.34 (0.07) 10.8 (0.9)
Level 2 1.8 (0.9) 1(0.09) 83(0.1)
Level 3 1.7 (0.8) 0.66 (0.01) 79(0.1)
Level 4 275 (54) 0.63 (0.01) 42 (0.1)
Level 5 51.1 (25.2) 0.59 (0.01) 3.0 (04)
Level 6 589 (126) 0.57 (0.03) 14(0.2)




Fernandez et al. Fire Ecology (2021) 17:2 Page 7 of 11

8% in Gavilanes, and 13% in La Granja. Only 1% of the The saturated hydraulic conductivity of unburned soils
quadrats were classified as Level 6 during sampling in  was around 3 mm h™" in all cases (Table 4). In soils affected
the three study sites, with a mean soil perturbation by moderate levels of soil burn severity (Levels 2 and 3), a
depth of 1.5 cm. similar and negative relative change was observed (Fig. 2).
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extreme (Level 6) following the classification by Ferndndez and Vega (2016). Vertical bars indicate the standard error
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In the most severely burned soils (Levels 4, 5, 6), the infil-
tration increased gradually and significantly with soil burn
severity.

The mean weight diameter of soil aggregates decreased
with fire severity (Fig. 2). There were no significant dif-
ferences between the most severely burned soils (Levels
5 and 6). Soil organic carbon decreased gradually and
significantly with soil burn severity (Fig. 2).

The significant correlations between the spectral indi-
ces and the mean soil parameters are listed in Table 5.
The relativized burn ratio (RBR) was the best predictor
of saturated hydraulic conductivity and mean weight
diameter of soil aggregates. The relationships between
the indices and soil organic carbon were weaker in most
cases (Table 5), but the best predictor was the differ-
enced mid-infrared bilateral index (dMIRBI), with R>
and root mean square error equal to 0.548 and 0.087, re-
spectively. The NBR spectral index performed similarly
for the three variables analyzed (Table 5).

Discussion

Our study demonstrated that the proposed soil burn se-
verity categories, based on visual signs, are useful for in-
ferring the degree of alteration of three important soil
physical properties. In terms of indicating a difference
relative to the unburned soil, the best performance was
observed for soil organic carbon content, as previously
observed in northwest Spain by Vega et al. (2013). As
soil organic matter is the principal binding agent in
these coarse-textured granitic soils (Benito and Diaz-
Fierros 1989; Garcia-Corona et al. 2004), high soil burn
severity levels are expected to be associated with de-
creased soil aggregate stability, as observed in our study.
Regarding saturated hydraulic conductivity, our findings
are similar to those of Wieting et al. (2017), who re-
ported that this parameter was almost seven times
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higher in severely burned soils than in soils affected by a
low level of burn severity. Soil saturated hydraulic con-
ductivity mimicked the changes in soil water repellency,
confirming that this parameter reaches maximum values
at lower levels of burn severity (Benito et al. 2009; Fer-
néandez et al. 2019).

Information that would enable comparison of the cor-
relations between spectral indices and soil parameters is
scarce. Moody et al. (2016) observed significant and
positive correlations between differenced Normalized
Burn Ratio (ANBR) and some soil hydraulic properties
for a burned area in Colorado, USA. In contrast to the
observations made in our study, these authors found
that soil infiltration decreased with increased fire sever-
ity. In our study, RBR performed better for the selected
variables than dNBR, as observed by Parks et al. (2014)
with CBI as an indicator of fire severity. The Mid-
Infrared Burnt Index (MIRBI) and the Burned Area
Index for Sentinel-2 (BAIS2) indices have been success-
fully used to determine differences in canopy cover as a
consequence of fire (Filipponi 2018; McCarley et al.
2018). The findings of our study show that dMIRBI may
also be a good index for quantifying changes in soil
properties after fire, although further research is neces-
sary to confirm this. The findings indicated that relativ-
ized metrics are better at detecting high severity effects
in large geographic areas, as suggested by Parks et al.
(2014).

Conclusions

Our study findings showed that the proposed categories
of soil burn severity, based on visual signs, are useful for
reflecting gradual changes in some soil variables that
play a critical role in post-fire soil erosion susceptibility.
The visual indicators were better for inferring the degree
of degradation of the soil organic carbon content.

Table 5 Relationships between spectral indices and each soil property considered (transformed in logarithms) for the set of field
plots located in the burned areas affected by crown fire in Spain, in 2018 and 2019. RMSE = root mean square error. See Table 3 for

spectral index names

Soil saturated hydraulic conductivity (mm h™') Mean weight diameter of soil aggregates (mm) Soil organic carbon content (%)

Spectral

index RMSE R? RMSE R? RMSE R?
BAIS2 0.263 0548 0.030 0531 0.100 0.406
dBAIS2 0260 0557 0.026 0.649 0.102 0374
MIRBI 0258 0564 0028 0582 0.094 0467
dMIRBI  0.280 0486 0.029 0563 0.087 0548
NBR 0.264 0.544 0.028 0588 0.090 0511
dNBR 0277 0499 0031 0499 0.110 0272
NDVI 0.286 0464 0034 0404 0.114 0.224
dNDVI - 0379 0.058 0.043 0.039 0.129 0.005
RBR 0.251 0588 0028 0595 0.098 0422
RANBR 0373 0.062 0.044 0.112 0.155 0328
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The close relationship between the RBR and cumula-
tive infiltration and mean weight diameter of soil aggre-
gates, and between the dMIRBI and soil organic carbon
content appears to be a consequence of the information
provided by the Short-Wave Infrared (SWIR) spectral
band.

Our study findings show the potential ability of spec-
tral indices to reflect changes in some properties related
to soil erosion susceptibility, although more data from
different ecosystems is required to confirm the perform-
ance of each.

However, the variability found between sites in both
soil properties and spectral index values seems to indi-
cate the difficulty of establishing overall ranges of
variation.
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