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Abstract: Humid montane scrublands (HMs) represent one of the least studied ecosystems in Ecuador,
which in the last decade have been seriously threatened by the increase in wildfires. Our main
objective was to evaluate the effects of wildfire severity on physicochemical soil properties in the
HMs of southern Ecuador. For this purpose, fire severity was measured using the Normalized Burn
Ratio (NBR) and the difference between pre-fire and post-fire (NBR Pre-fire-NBR Post-fire) over
three contrasted periods (years 2019, 2017, and 2015) was determined. Likewise, 72 soil samples
from burned HMs and 72 soil samples from unburned HMs were collected at a depth of 0 to
10 cm, and some physical (bulk density and texture) and biochemical (pH, soil organic matter, and
total nutrients) soil properties were analyzed and statistically processed by one-way ANOVA and
principal component analysis (PCA). Results indicate that burned HMs showed mixed-severity
burning patterns and that in the most recent wildfires that are of high severity, SOM, N, P, Cu, and
Zn contents decreased drastically (PCA: component 1); in addition, there was an increase in soil
compaction (PCA: component 2). However, in older wildfires, total SOM, N, P, K, and soil pH content
increases with time compared even to HMs that never burned (p-value < 0.05). These results can
help decision makers in the design of policies, regulations, and proposals for the environmental
restoration of HMs in southern Ecuador affected by wildfires.

Keywords: humid montane scrublands; wildfire severity; soil properties

1. Introduction

Wildfires are a major environmental problem in many forest biomes around the
world [1]. They are often caused by lightning [2,3], but humans also have a profound effect
on fire regimes through the introduction of ignition sources [4]. According to Benali et al. [5],
human activity is responsible for lighting the majority of all fires. In this context, recent
research suggests that a warming climate and increased human ignition could increase
the frequency of wildfires around the world [6,7]. Quantifying future global wildfire
activity is, therefore, challenging due to uncertainties among land cover trends and in fire-
climate relationships [7]. This is also the case in Latin America, where most wildfires are of
anthropogenic origin where slash-and-burn is practiced [8]. Many villages use fire to make
land-use changes and convert forests to cropland and pasture [9]. Although slash-and-burn
is a very old practice, several fires often get out of control when climatic factors and fuel
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availability are not taken into account, resulting in large fires [10]. Whatever their origin,
changes in the wildfire regime are disrupting the health of ecosystems, especially those
considered to be sensitive [11].

The main impact of wildfires is the destruction of plant cover, which causes a loss of
biodiversity and accelerates soil erosion processes. Bodi et al. [12] reported that the degree
of severity of a wildfire, understood as the level of impact on an ecosystem, is generally
different when they occur in the same ecosystem and even within the same fire. This
depends on fire weather, which can change abruptly, water balance, topography (slope),
vegetation type, fuel load, and fuel moisture content [13-15]. According to Ayoubi etal. [16],
these processes can greatly alter the physical and chemical characteristics of the soil, causing
a resultant loss of nutrients. As temperature increases during a fire, the temperature above
and below the ground also increases, which causes heating of the mineral content and
the consumption of organic matter (SOM) [17], causing changes in bulk density, porosity,
texture, color, moisture content, and effects on permeability [18,19]. However, after a
wildfire, the effects and/or changes can be positive or negative on the ground. This
depends on the heat intensity (Kcal/kg) of the fire, resulting in fires of low or high severity.
According to Keeley et al. [20], low severity fires are part of the natural dynamics of most
ecosystems on earth. Many plant communities are adapted to low-severity wildfires, as
they have developed fire-induced germination mechanisms and zero tolerance [21], where
changes in soil properties are usually ephemeral [22]. The main changes that occur in soils
of low-severity wildfires are decreases in microbial respiration and enzyme activity [23],
as well as to increases in soil pH and soil organic matter concentration (SOM). According
to Chandra and Bhardwaj [18], low severity fires cause the combustion of SOM but allow
an increase in the availability of nutrients, which favors the regeneration of grass and
the growth of the plant community after the fire. Likewise, Sulwinski et al. [24] found
that in moderately burned areas (low severity), relatively high phosphate contents are
recorded. In contrast, when a fire is of high severity, it causes a complete loss of SOM and
volatilization losses of nitrogen, available phosphorus, and potassium, and it has been
shown that a very high temperature is required for the complete combustion of Mn, Mg,
Cu, and other nutrients [25]. In addition, it can also cause an alteration to the stability of soil
aggregates [26], which can cause, depending on climatic conditions, changes to topography,
vegetation, soil type, and texture, leading to erosion and runoff after wildfires [27].

On the other hand, in ecosystems where wildfires are historically frequent, the bio-
geochemical properties of vegetation and soil often return to pre-fire conditions over years
or decades [28]. Therefore, the natural recovery process of soil quality and health after
a fire is very slow. For example, Choromanska and DeLuca [29] showed that C and N
contents decreased after a wildfire and did not recover after 9 months of study in a pine
(Pinus ponderosa) and fir (Pseudotsuga menziesii) forest in the United States. Likewise, for
humid tropical forests, some researchers recommend 4 years for the recovery of C and
N contents [30]. As such, more research is needed in this field, taking into consideration
the different types of ecosystems, environments, and especially the degree of severity of
the fire.

In South America, in terms of areas burned/year, the most affected countries are Brazil
and Bolivia (4% of their territories) while the countries with the highest number of active
fires/unit areas are Guatemala, Paraguay, and Honduras [31]. Ecuador has also suffered
an increase in the frequency, intensification, and extent of wildfires in recent decades.
According to Armenteras et al. [32], in Ecuador, wildfires occur due to the great variety
of geographic regions, different ecological floors, as well as climatic variability, where
different human groups such as mestizos, indigenous and afro-descendants live in differing
economic conditions. In Ecuador, mestizo and indigenous ethnic groups continue to use
traditional slash-and-burn as a strategy for food production [33]. After having applied fire
to their fields and/or orchards, they sow maize (Zea mays) and bean (Phaseolus vulgaris)
seeds among other crops [34] upon a layer of ash bed in the topsoil. However, these areas
are located at the edge of forests so that, at the slightest carelessness, if the necessary
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measures are not observed, the fire advances towards the forest producing wildfires that
are of great magnitude and intensity [10]. Despite the fact that wildfires are becoming
very recurrent in Ecuador [35], there is very little research on the effects they have on
ecosystems. In general, most studies were developed to establish prevention programs [36],
determine the social perception of the effects of fires on sustainable tourism [37], and studies
of fire ecology in the high tropical Andes [38]. However, only Sudrez and Medina [39]
evaluated the impact of wildfires on vegetation structure and soil properties in the paramos
of northern Ecuador. In addition, in Ecuador, laws exist that punish with imprisonment
of three to six months in jail [40] for those carrying out agricultural burning that becomes
uncontrollable and causes wildfires. These extreme measures are in lieu of forest control in
Ecuador, which is inadequate and creates difficulty in the identification and sanctioning
of those who cause wildfires, especially arsonists, who are often not sanctioned at all [41].
In this context, it is necessary to generate new scientific information where methods are
applied to determine the severity of the fires (remote sensing) and to know the effects on the
physical and chemical properties of the soils. In this way, it will be possible to elucidate this
problem, highlighting the fact that this research can be applied throughout the country [42].

One of the ecosystems most affected by wildfires in Ecuador is montane humid
scrublands (HMs). HMs are characterized as being bushy vegetation of small native
species (up to 6 m) that are covered with epiphytes and liverworts [43,44]. They are
distributed in the northern, central, and southern Andes of Ecuador [45,46] where there
are endemic species that are in danger of extinction, especially in the Tumbes region
(e.g., Artibeus fraterculus [47]). HMs altitudinally are distributed in Ecuador between
2000 and 3000 m.a.s.l [46,48]. The floristic composition of these thickets varies according
to location, humidity, and soil type, and many of them have multiple ethnobotanical
applications [43]. According to Torracchi et al. [49], these ecological formations are in a
critical situation being that the dynamics of deforestation have brought to the brink their
total disappearance, with a destruction rate of 0.44% per year. In southern Ecuador, they are
the most representative plant units of shrubby vegetation, which do not have a defined stem
and maintain the greenness of its leaves constantly throughout the year [44]. In these HMs,
78 species have been found, of which 20 are endemic to the Tumbesian region and are mainly
represented by species such as the cucharillo (Oreocallis grandiflora (Lam.) R.Br.), chinchas of
the genus Chusquea sp., huaycundos or bromeliads of the genera Guzmania sp., Tilladsia sp.,
and Puya sp., cashco (Weinmannia glabra Lf), dumarin (Tibouchina laxa), and asteraceae of
the genus Baccharis sp., among others [44,50]. In addition, these ecological formations play
an important role in the management of the micro-watersheds that supply drinking water
to the populations of southern Ecuador [51]. According to Balcazar and Reyes [52], in the
south of the country, wildfires among HMs are caused by human activities through the
implementation of agricultural burning; however, no studies have been conducted on the
impacts of wildfires on this ecosystem, which would provide insight into the behavior
of fire and the effects on soil ecology. In this context, studies are required to cover this
research gap.

The objective of this study was to determine the effects of wildfires on some physi-
cal and chemical parameters of soil quality in the HMs of southern Ecuador, since these
ecosystems are vulnerable to increasing anthropogenic pressures, due to the change of land
use to promote agricultural activities and the implementation of rural and urban infrastruc-
ture [52,53]. For this purpose, soil sampling was conducted in areas of HMs that had the
same topographic, vegetation, altitudinal, and climate characteristics and where wildfires
occurred, during a small chronosequence of three contrasting periods, corresponding to
the years 2019, 2017, and 2015. The analysis includes the study of the wildfire history
utilizing data and georeferenced records, the determination of the severity of the fires, and
the laboratory analysis of soil properties. This information could help decision-makers
to understand the impact of wildfires on HMs, and with this, appropriate policies and
regulations could be implemented for the sustainable environmental management of this
ecosystem in southern Ecuador.
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2. Materials and Methods
2.1. Study Area

The study area was located in the Loja canton (—79.096 to —79.543 and —3.666 to
—4.511) where elevation varies from 2100 to 3420 m asl (Figure 1). Four subclimates
characterize the canton: cold, subtropical, tropical, and temperate. The latter occupies the
widest range in the canton [54]. The mean annual temperature varies between 15.3 °C
in the valleys and 7.3 °C in the mountain ranges [55]. Annual rainfall ranges from 500
to 2000 mm per year [56]. There are two well-defined climatic periods during the year:
a dry period during September and October [57,58] and a wet period from December to
April when highest maxima monthly rainfall is recorded. During the rainy season, there
are many high-intensity rainfall events that occur due to the storms that pass over the
inter-Andean valleys [55].
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Figure 1. Location of the study area, Loja canton, southern Ecuador.

The Loja canton has a great diversity of ecosystems which range from the southern
montane evergreen forests (eastern mountain range of the Andes) and the humid montane
scrublands (HMs) [59,60]. The main plant species of the humid montane scrublands (HMs)
include Oreocallis grandiflora (Lam.) R.Br., Freziera verrucosa (Hieron.) Kobuski, Baccharis latifolia
(Ruiz & Pavon) Pers., Mutisia magnifica C. Ulloa & P. Jerg., Cleome longifolia Willd. Ex Schult.,
Elaphoglossum sp. Schott ex J. Sm., Tibouchina laxa (Desr.) Cogn., Paspalum humboldtianum
Fltiggé, Brugmansia arborea (L.) Steud, Cestrum tomentosum Moc. & Sessé ex Dunal, Strep-
tosolen jamesonii (Benth.) Miers, Passiflora ligularis Juss., and Myrsine sodiroana (Mez) [44,59].
The predominant soils in HMs are Entisols and Inceptisols [56,61].

2.2. Study Design

The study was developed in three fundamental methodological steps. The first con-
sisted of the identification of wildfires in HMs during three contrasting years (2019, 2017,
and 2015) using remote sensing methods, the Visible Infrared Imaging Radiometer, Moder-
ate Resolution Imaging Spectroradiometer (MODIS sensor), and NASA fire information.
The second step consisted of the determination of fire weather with NASA data that allowed
the elaboration of the respective climographs and the determination of the severity levels
of the fires through remote sensing methods using Sentinel 2 satellite images. The final step
comprised determining the effect of wildfires on the physical and chemical properties of
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the soil by using laboratory analysis. The following is an outline of the workflow, referring
to the methodology applied in this study (Figure 2).

Visible Infrared Imaging Radiometer
(VIIRS). MODIS sensor. NASA's Fire
Information for Resource Management
System (FIRMS)

“ Wildfire remote sensi@ ‘
"
@ficaﬂon of unburned and burned HMs >
=
T

( Meteorological data from NASA: )
climographs

] ¥

— T
T - S
= Sentinel Image 2: NBR and dNBR >

= . \\ o
»—{ Step 2 »( Fire weather and severity of wi’ld@ s ¥ -
gl - v - g, r & ::_"ﬁi ‘B l‘?{‘ i®
] 9o TR 2l
§b G AN Y
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Analysis of soil properties

Step 3 ~ Effects of the severity of wildfires on
P some physical-chemical soil properties ¥
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Figure 2. Schematic workflow of the overall study methodology. For the three steps of this study, the
various data flows and analytical steps are shown, as well as how these steps are interrelated.

2.3. Identification and Description of HMs Affected by Wildfires

In order to identify the perimeters of wildfires affecting HMs, we used fire data derived
from the 375 m and 750 m VIIRS (VIIRS 375 m NRT (NOAA-20), NASA_FIRMS [62]) and
MODIS sensor-derived heat source data (NASA_FIRMS [63]). In addition, we used wildfire
records from the database of the National Risk and Emergency Management Service of
Ecuador [64] covering the period 2015-2019. These data were loaded into the open-source
software QGIS 3.12.2-Bucuresti [65], and we selected two HM sites burned in 2019, two
HMs burned in 2017, and two HMs burned in 2015 with comparable pre-fire vegetation,
topography, and soil type. For each of them, a nearby and comparable HM (in terms of
soil type, topographic, and landscape characteristics) but in a natural state (which was not
affected by any wildfire) was also selected.

2.4. Determination of Fire Weather and Severity of Wildfires

The fire weather was determined using meteorological data from NASA (https://power.
larc.nasa.gov/data-access-viewer/ accessed on 5 November 2021) [66] corresponding to
temperature (°C), precipitation (mm), relative humidity (%), and wind speed (m/s con-
verted to km/h) in each of the contrasting burned areas, considering each year of the fire.
With the data, the respective annual climographs were generated that demonstrated fire
behavior and also allowed for interpretation of the fire severity indices (Figure 3).
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Figure 3. Climographs according to each sampling site. (a) Climograph of zones 1 and 2 of the
year 2019. (b) Climograph of zone 1 of the year 2017. (c) Climograph of zone 2 of the year 2017.
(d) Climograph of zones 1 and 2 of the year 2015. The climatic data were determined using meteoro-
logical data from NASA.

For the 2019 wildfires, one climograph was obtained, while two were generated for the
2017 wildfires and one for the 2015 wildfires (Figure 3). Only one climograph was generated
for burned areas of close proximity (3.9 km) to each other (2019 and 2015 fires), where the
NASA predictive model data collected the same values for each meteorological variable.
However, for the 2017 fires, it was possible to construct two climographs, because the two
events are far apart (44.4 km); therefore, the NASA predictive model data collect different
values for each meteorological variable (Figure 3b,c). In the HMs of southern Ecuador,
the favorable conditions for wildfire occurrence are the months of August and September,
when precipitation decreases (26.0 and 9.3 mm on average respectively), relative humidity
decreases (68.6 and 66.0%, respectively), and there is an increase in wind speed (14.0 and
11.6 km /h, respectively) and temperature (17.8 and 18.6 °C, respectively) compared to the
other months of the year.

For the analysis of wildfire severity, Sentinel 2 Level 1C satellite images from the years
2017 and 2019 with the MSI multispectral sensor were used; however, the image from the
year 2015 could not be obtained since such images in Sentinel are active as of 2016. In this
context, we tried to use a cloud-free Landsat image from a date after the 2015 fires, which
could only be identified 8 to 10 months after the fire, after the rainy period (austral winter)
so it was not useful to determine the severity of the wildfires. In addition, we considered
the dates with the lowest cloud cover (<20% cloud cover), which corresponded to the last
months of the year, where the highest incidence of wildfires occurs [67]. Normalized Burn
Ratio (NBR) allowed us to highlight burned areas by their spectral signature [68]. The
analysis was performed using the following formula [69].
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_ (Rnir—Rswir)
NBR = (RNIR+TRswiIR)

Rnir = reflectivity in the band NIR (B8A) @M
Rswir = reflectivity in the band SWIR (B12)

Likewise, dNBR, the difference between pre-fire and post-fire NBR (NBR Prefire-NBR
Postfire) was calculated to estimate the severity using the respective formula [70] (Figure 4).

dNBR = (NBR; — NBRy)
NBR; = pre — fire burned area index 2)
NBR; = post — fire burned area index

In the HMs studied, there is a wide typology of severities ranging from high severity
(Figure 4a,d), low severity (Figure 4b), and moderate-low severity (Figure 4c). Thus, for the
year 2019, zone 1 presents a high severity and zone 2 a low severity; for the 2017 fires, zone
1 of the burned HMs presents a moderate-low severity while zone 2 presents a high severity.
Severity maps for 2015 were not obtained for the reasons of lack of satellite information
from both Sentinel 2 Level 1C and Landsat image reported above.

Both climographs and severity maps are different due to the distances of the plots
(Figure 1) and, therefore, the NASA predictive model data collected different values for each
meteorological variable and the remote sensing of fire severity also presented a different
response (Figures 3 and 4). In this context, Table 1 shows additional characteristics of
the HMs where wildfires occurred with their respective unburned controls. The sites are
characterized by slopes greater than 70%, similar textures, the same pre-fire vegetation
type, and altitudes (from 1660 to 2658 m asl) within the range for HMs inhabiting the
inter-Andean alley [43,60].

2.5. Soil Sampling and Laboratory Analysis

After determining the severity of the wildfires in each of the burned HMs, the areas
with the largest area affected by each type or level of severity were identified. Once the areas
with greater size-severity were identified, accessibility was considered for soil sampling
(Figure 4). Thus, in each of the identified sites, under burned and unburned treatments,
three 20 m x 20 m plots were installed (400 m?2 each, 2400 m?2 per site, 14,400 m? in total).
Each plot was evenly spaced at least 100 m apart. Soil samples were taken at each corner
of each plot at a depth of 0-10 cm, using standardized metal cores (6 cm diameter, 10 cm
height, 283 cm® volume) [71]. The 0-10 cm depth was considered because generally, at this
depth, fire increases soil temperature and affects the main physical and chemical properties,
as reported in previous research [72,73]. In each plot, 4 samples were taken separately
for further analysis of bulk density, texture, pH, soil organic matter (SOM), and total soil
nutrients (3 years x 2 study sites x 2 treatments x 3 plots x 4 samples = 144 individual
samples). Once the soil samples were collected, they were packaged in separately labeled
polypropylene bags.

Soil bulk density was determined after drying the soil of the cylinders in an oven for
48 h at 105 °C. Soil texture was determined using the bouyoucos hydrometer method [70,74].
The pH was measured with a pH meter applying the standard method [71,75]. SOM was
determined using the Walkley and Black method [72,76]. The total nitrogen (TN) of the soil
was determined by the Kjeldahl method. The available phosphorus content was determined
by the modified Olsen method [73,77]. Total potassium (cmol/kg), total calcium (cmol/kg),
total magnesium (cmol/kg), total manganese (mg/kg), total copper (mg/kg), and total
zinc (mg/kg) were determined by the atomic absorption spectrophotometry method [78].



Fire 2022, 5, 66

8 of 18

-79°12.6" -79°12.3" -79°12.0 -79°12.6' -79°12.3" -79°12.0

-79°12.6" -79°12.3" -79°12.0’

2019/07/31

-79°12.9" -79°12.6' -79°12.9" -79°12.6'

2019/05/17 2019/07/31

-79°16.2" -79°15.9" -79°15.6" -79°16.2" -79°15.9" -79°15.6"

2017/07/16 2017/10/24

&
~N
N
o

&

-79°11.1"  -79°10.8" -79°11.1"  -79°10.8’

,2017/06/06 2017/11/18

3 Contours of fire
O Burned
1 Unburned

Severity level
m <= -0.25 Enhanced Regrowth, high (post-fire)
= -0.25 - -0.10 Enhanced Regrowth, low (post-fire) 0

-79°16.2" -79°15.9" -79°15.6
T N ()

500 1000 1500 m

=-0.10 - 0.10 Unburned

0.10 - 0.27 Low severity
= (.27 - 0.44 Moderate-low Severity
= (0.44 - 0.66 Moderate-high Severity
= > 0.66 High Severity

Figure 4. Severity maps according to each sampling site. Scenarios before, after, and severity of
the wildfire for burned HMs are presented. In addition, the location of the soil sampling plots for
both burned and unburned HMs are presented. (a) High severity map—year 2019. (b) Low severity
map—year 2019. (c) Moderate low severity—year 2017. (d) High severity map—year 2017. The
severity map was determined using normalized burn ratio (NBR) and the difference between pre-fire

and post-fire (NBR Prefire-NBR Postfire).
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Table 1. Main characteristics of the studied sites with HMs of Loja canton, southern Ecuador.

Sist:/l\c{lgar Fire Occurrence Plot Code Coordinates Al:i:)lde Vegzt:ion tshl:l;;?;
Unburned 1UB 79%01 19 /’45;;'”5‘/\] 1997 75% shrub,

172019 Burned high severity 1B-HS 79%01 29,/ 31596;,5\/\/ 1822 2(;3; %;::.S, >70%
Unburned 2UB 732 E;}ng;: ‘SN 1665 50% shrub,

2/2019 Burned low severity 2B-LS 7;)01121,;91%26 4”,,SW 1660 315 5(){;,%2?’ Z70%
Unburned 3UB 73:?2222; %V 2066 60% shrub,

S Bumed s AN Ly L T
Unburned 4UB 732?2%22; ‘SN 2620 75% shrub,

/2017 Burned high severity 4B-HS 732?2:;;;2:: 3\/ 2658 2%2/(:, %;::.S, >70%
Unburned 5UB 732;91%(8)22; i\[ 2313 50% shrub,

v Burned 5B My B T
Unburned 6UB 7;:?3:;113;2 3\/ 2150 50% shrub,

e B ANRES aw e

2.6. Statistical Analysis

Differences in soil properties were tested by one-way analysis of variance (ANOVA,
F test, p < 0.05) considering each year of study separately and comparing the different
levels (different years since the fire, its controls, and fire severity levels). If the statistical
analysis was significant, the means were compared with Tukey’s honestly significant
difference (HSD) post hoc test and accepted with a value of p < 0.05 in all cases. In
addition, relationships between soil characteristics of burned areas were evaluated using
principal component analysis (PCA) [79]. PCA was based on the standardized soil variable
correlation matrix to explore the different responses of soils in distinct fire years. Analysis
of variance (ANOVA) was performed using SPSS statistical software (v.15.0; SPSS Inc.,
Chicago, IL, USA) and the PAST program, version 3 [80], was used to obtain the principal
components (PCA).

3. Results
3.1. Effects of the Severity of Wildfires on the Physical Properties of the Soil in Each
Contrasted Area

Table 2 presents the results of the bulk density at a depth of 0-10 cm. This physical
parameter varied between 0.8 g cm ™3 and 1.4 g cm~3 showing significant differences
per year and between unburned HMs (UB) with their respective burned HMs (B). For
the year 2019, which is the most recent event, there were two types of fires, one of high
severity (1B-HS) and another of low severity (2B-LS) (Figure 4a,b). In 1B-HS, there has been
relative compaction of the soil (1.4 g cm~3) with regards to 1UB (1.1 g cm~3) while in 2B-LS
(11g cm™3) compaction decreased with respect to 2UB (1.3 g cm™2) (Table 2). This indicates
that in places where wildfires have recently occurred, soil compaction depends on the
severity of the fire. Likewise, for the wildfires of 2017 (older), there were fires of moderate
low severity (3B-MLS) and high severity (4B-HS) where we can observe that in 3B-MLS,
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the bulk density decreases relatively (3UB 0.9 g cm 3 to 0.8 g cm 3, respectively) and in
4B-HS, bulk density follows a similar pattern (4UB1.2 g cm 3 to 1.1 g cm~3, respectively).
For the 2015 wildfires (the oldest), there is a relative decrease in bulk density for the first
zone and it is maintained for the second zone. In addition, the soils studied have very
similar textures ranging from sandy loam to clay loam (Table 2), and as such, this physical
property has not been affected by wildfires.

Table 2. Mean values of the physical properties of the soil for the different HMs, including their
standard deviations (12 repetitions for each HM). Different letters mean significant difference among
burning scenarios within each study year (p < 0.05, Tukey HSD).

Bulk Density Sand Silt Clay
Year Plot Code Textural Class
(gecm—3) % % %

2019 1UB 1.1+0.12 61.6+1.02 18.0+0.02 204 +1.02 Sandy loam
2019 1B-HS 14+0.1°¢ 7254+ 03P 149 +£0.02 12.6 £3.0P Sandy loam
2019 2UB 1.3+02° 71.6 +3.0° 150 £3.02 13.44+00P Sandy loam
2019 2B-LS 1.1+012 69.6 £1.0° 16.0 £ 0.02 144 +1.0° Sandy loam
2017 3UB 09+022 64.6 +6.02 140 £2.0° 214+802 Sandy loam
2017 3B-MLS 08+03¢ 79.0 £3.6P 9443542 1154012 Sandy loam
2017 4UB 1.24+02P 725+3.02 16.9 £ 0.02 10.6 £3.02 Sandy loam
2017 4B-HS 1.1+01Pb 640+ 0.62 1944152 1654092 Sandy loam
2015 5UB 1.0 £022 64.6 +6.02 14.0 £2.0° 214 +802 Sandy clay loam
2015 5B 08+01P 746 + 40P 10.0 £ 4.0 154 +0.02 Sandy loam
2015 6UB 1.1+0.12 66.6 +2.02 13.0+1.0° 204 +1.02 Sandy loam
2015 6B 1.1+0.1° 67.6+1.02 10.0 £ 0.0 2 224+102 Sandy clay loam

3.2. Effects of Wildfires on Chemical Properties of Soils

The wildfires caused marked changes in some soil chemical properties (Figure 5)
showing that, for each sampling year, in the burned HMs, there is an increase and/or a
decrease in certain nutrients. These changes depended on fire severity and recovery time
(natural succession), as demonstrated in other research studies [81]. In HMs, wildfires were
of moderate-low severity, low severity, and high severity (Figure 4). In these scenarios, it
could be observed that in the most recent fires (year 2019, 2 years after the fire), there is a
decrease or increase in SOM (%) depending on whether they were of high severity (1B-HS)
or low severity (2B-LS) (p-value < 0.05). The 1B-HS presented a decrease in SOM (from 5.5%
of the 1UB control to 2.2% in the 1B-HS). In 1B-HS, in general, there is a loss of SOM and, in
addition, losses due to volatilization of nitrogen (from 0.3% of the 1UB control to 0.1% in
the 1B-HS), available phosphorus (from 16.3 mg/kg 1UB control to 7.5 mg/kg in 1B-HS),
and potassium (from 0.4 cmol/kg 1UB control to 0.2 cmol/kg in 1B-HS); likewise, there
are reductions in Mn, Mg, and Cu, as reported in recent research [25] (Figure 5). In 2019
(2B-LS), there was instead a relative increase in SOM (from 3.5% in 2UB to 3.8% in 2B-LS).

For the 2017 wildfires where there is a longer recovery time (4 years) but with fires of
moderate-low (3B-MLS) and high severity (4B-HS), we observed that there is an increase
in SOM from 7.5% in 3UB to 11.6% in 3B-MLS and from 6.0% in 4UB to 6.6% in 4B-HS
(p-value < 0.05). However, for nitrogen alone, there is a decrease for 4B-HS (from 0.8%
of the 4UB control to 0.3% in the 4B-HS) but an increase for available phosphorus (from
14.5 mg/kg of 3UB control to 20.2 mg/kg in 3B-MLS, and 14.7 mg/kg of 4UB control to
24.2 mg/kg in 4B-HS), as well as K, Ca, Mn, Cu, and Zn (Figure 5). In the case of older fires
(2015, 6 years after the fire), although we do not know the degree of severity, the recovery
time (total regeneration of soil physical-chemical properties) indicates that 6 years after we
performed the edaphic analysis, the effect of fire has increased the chemical properties of the
soil, even with higher contents than the previously unburned HMs (Figure 5). Furthermore,
the pH range observed in Figure 5 (range of 4.5-7.2) shows that this factor is in a range
considered optimal in the soil [82].
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Figure 5. Effects of wildfires on organic matter (SOM), total N, P, K, Ca, Mg, Mn, Cu, Zn, and pH
of the soils of the HMs of southern Ecuador. Results are presented for unburned areas (UB) with
their respective burned area two (2019), four (2017), and six (2015) years after the fire. Further-
more, the degree of severity of each of the burned areas is presented. Bars stand for the standard
error. Different letters mean significant difference among burning scenarios within each study year
(p < 0.05, Tukey HSD).

3.3. Principal Components (PCA) of Soil Bulk Density and Nutrients, Applied to Burned HMs

Figure 6 presents the results of the PCA for the wildfires produced in the years 2019,
2017, and 2015. Component 1 explains 39.4% and component 2 explains 30.2% of the
variance. In 2019, high severity burned (1B-HS) were negatively correlated with variables
related to soil chemical fertility such as SOM, N, P, Cu, and Zn. In addition, it was positively
related to bulk density (Bd) where there is greater soil compaction. This is conclusive with
our results since we have found that, for a said year (2019), there is a decrease in these
nutrients (Figure 5). The low severity fire of 2019 (2B-LS) does not correlate with nutrients.

In the case of the high severity fire (4B-HS) of 2017, it is positively correlated with
SOM, N, P, Cu, Mn, and K. In addition, it was noted that the increase in these elements
also occurred for the moderate-low severity fire (3B-MLS). Finally, for the 2015 wildfires,
even though we do not know the degree of severity, it can be observed that there is a good
correlation between SOM and N for the 5B fire, while for 6B, there is a good correlation with
Mg, K, Ca, and pH. This suggests that in a time of approximately 4-5 years where studied
HMs can maintain key functions and processes during the recovery of soil total nutrients.
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Figure 6. Orthogonal distribution of the Principal Component Analysis (PCA) of the parameters
analyzed in burned HMs. The red circle represents the high severity fire of 2019 (1B-HS) and the
brown circle the low severity fire of 2019 (2B-LS). The green circle is the moderate low severity fire
of 2017 (3B-MLS) and the black circle is the high severity fire in 2017 (4B-HS). The bubble gum and
lead-colored circles are the fires of the year 2015 where the severity is not known. Soil attributes
include bulk density (Bd), organic matter (SOM); nitrogen (N); phosphorous (P); potassium (K), pH,
calcium (Ca); magnesium (Mg), manganese (Mn), copper (Cu) and zinc (Zn).

4. Discussion

Wildfires in the studied HMs of southern Ecuador can occur during the period from
July to October (4 months) when precipitation and relative humidity decrease and there
is an increase in temperature and wind speed (Figures 3 and 4). This is consistent with
the findings of Alves White [83] who, in his study in South America using remote sensing
(hot spots detected using the MODIS sensor), determined that in most countries the key
month for the occurrence of wildfires during the fire season (4 months) is September.
However, the factor that determines the impact on soil physicochemical properties at a
depth of 0 to 10 cm is the degree of severity, as has been shown in some research [84]. For
example, Bielefeld et al. [85] determined that, in general, at this depth, fire directly affects
soil physicochemical properties as they are exposed to surface heating [12]. This has been
corroborated by works such as Chowdhury et al. [73] who found that a large part of the
thermal energy generated during a fire is lost in the atmosphere, and a smaller amount is
radiated downward and absorbed by organic matter. In this context, regarding the bulk
density of the most recent and high severity fire (1B-HS: 2019, 2 years since the fire) (Table 2),
it coincides with the results obtained by Goforth et al. [84] and Chandra and Bhardwaj [18]
who showed that when fires are of high severity, the bulk density tends to increase in value
and generates greater soil compaction. Likewise, Cerda and Doerr [86] showed that the
increase in bulk density is due to the collapse of aggregates and the clogging of pores by ash
and dispersed clay minerals. As a consequence, soil porosity and permeability decrease as
bulk density generally increases when ashes reach the first few centimeters of the soil [87].
In addition, increased bulk density soon after a wildfire has been associated with increased
erosion rates and decreased soil SOM content [16]. In contrast, the low severity fire (2B-LS:
2019, 2 years after fire) led to a decrease in bulk density value and lower soil compaction
compared to the unburned HM. This could be due to the higher amount of soil organic
matter contributed by the vegetation that was not completely burned (low severity) that
generally occurs in this type of fire [12,23].

On the other hand, with the passage of time (4 and 6 years after the fire), the natu-
ral regeneration processes of vegetation cause the bulk density to stabilize even though
there was a high severity fire in 2017. This may be due to the fact that, as time passes,
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there is a greater increase in SOM that allows such stabilization, as reaffirmed in recent
research [18,88]. However, with respect to soil texture, where there is similarity in all the
HMs studied, these results are not consistent with Ketterings et al. [89], who stated that
soil texture is fundamentally affected when high intensity and severity burns occur. In
the study area, there does not appear to be such an effect since it is known that, at higher
temperatures, there is a reddening of the soil matrix, whereas in low to moderate intensity
fires, the soil is covered by a layer of black ash or remains gray [87,90]. Perhaps for the
HMs studied and for other ecosystems in southern Ecuador, this is a new topic for future
research in which more thorough monitoring of changes in the sand, silt, and clay contents
could be conducted.

Regarding the chemical properties of the soil, as expected in the most recent and high
severity fire (1B-Hs of 2019), there was a loss of SOM with respect to 1UB, in contrast to the
2B-LS of 2019, where there was a relative increase in SOM, with respect to the 2UB (Figure 5).
These results are consistent with those reported by Hrelja et al. [19] who indicated that high
severity wildfires lead to more severe soil degradation, due to the burning of the SOM and
the volatilization of some main nutrients such as C, N, and P [91]; while when fires of low
thermal intensity and low severity (temperature reached and duration) occur, SOM and
some total nutrients tend to increase over time, as reported by some recent research [12,17].
However, over time (4 years of fires in 2017), it is evident that even with high severity fires,
SOM and some essential nutrients such as P, Mn, and Cu increase even with respect to HMs
that never burned. This is consistent with that reported by Muqaddas [30], who for tropical
humid forests reported that it takes 4 years for the recovery of SOM, C, and N contents.
This same pattern is evident in the oldest fires of 2015 (6 years of recovery) where despite
not knowing the level of severity, we suspect that 5B likely corresponded to a fire of low
severity while zone 6B to a fire of low-moderate severity. This conclusion is supported
by the work of Chandra et al. [18] and Certini [87] who found a significant increase in all
nutrients (SOM, N, P, K, Ca, Mg, Mn, Cu, and Zn) in this type of fire (Figures 5 and 6). These
results are consistent with what occurs in other ecosystems. For example, in the Pilbara
biogeographic region (northwestern Australia), there is a leveling off of constant nutrient
values 5 years after the fire, suggesting a partial regeneration of these ecosystems at that
time [92]. Perhaps after 6 years in these ecosystems, there will also be a total recovery of
the edaphic ecosystem as we have found in our study.

On the other hand, the pH range observed in Figure 5 (range 4.5-7.2) shows that this
factor is in a range considered optimal for the soil [93]. For example, B, Cu, Mn, Ni, and
Zn are known to be available over a pH range of 5.0 to 7.0, indicating that no limitation on
their availability in the environment can be assumed for the study area. However, for other
necessary nutrients (N, K, Ca, and Mg), these soil pH values are suboptimal since values
between 6.5 and 8.0 are required [94]. Therefore, these results show the high resilience
of these burned soils, at least for the studied physicochemical variables that could have
recovered their pre-fire values, in about 6 years. In this context, it may be important to
minimize SOM and nutrient losses by reducing soil erosion soon after the fire, especially
in soils with lower pH and affected by high fire severity. In this regard, it is necessary to
implement soil recovery activities in HMs in the first months after fire development in order
to improve the pH value and minimize SOM and nutrient losses (avoid erosion). In this
context, activities such as cutting burned trees (trunks), arranged following contour lines
and fixed to the ground with stakes or stumps to prevent erosion are recommended [95].
These vegetable cordons are a very widespread post-fire action in the forestry world as a
measure to control erosive processes (runoff and erosion). The implementations of these
restoration practices, together with knowledge of fire severity and traditional knowledge of
fire, are essential components for the formulation of new regulations and programs for the
correct integrated management of fire in this anthropized ecosystem of southern Ecuador.
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5. Conclusions

This study has identified the effects of wildfires on soil physicochemical properties
in HMs of southern Ecuador affected during three contrasting periods (years 2019, 2017,
and 2015). The results show that burned HMs present burn patterns of mixed severity
ranging from high severity, moderate severity, and low severity. Negative effects on soil
physicochemical properties occur in the most recent fires that are of high severity (the
year 2019, 2 years since the fire), where soil nutrients are drastically lost and increased
compaction (higher bulk density) occurs. However, over time (4 to 6 years after the fire),
nutrients tend to increase and soil bulk density decreases and stabilizes, even compared to
HMs that never burned, thus indicating that this ecosystem has a good resilience capacity
due to natural succession processes. Consequently, to reduce the effects of wildfires,
especially those of high severity in HMs, it is recommended to establish soil restoration
practices in the first months after the burning of vegetation, since natural recovery would
take 5 years. Furthermore, this type of restorative treatment must be initiated after the
wildfire occurred. These findings can help decision makers to design policies, regulations,
and proposals for the correct management and environmental restoration of the HMs of
southern Ecuador affected by wildfires.

Author Contributions: Conceptualization, V.C.-P.; methodology, V.C.-P.,, M.B.H,, L.].A., ER.-B.
and R.G.-R; software, V.C.-P. and M.B.H.; validation, M.B.H., L.C.Q. and R.G.-R,; investigation,
V.C.-P, M.BH,, L.].A., FR.-B., L.C.Q. and R.G.-R,; resources, V.C.-P. and ER.-B.; data curation, V.C.-P,;
writing—original draft preparation, V.C.-P. and L.C.Q.; writing—review and editing, V.C.-P., M.B.H.,
LJ.A. and R.G.-R.; visualization, V.C.-P; supervision, R.G.-R.; project administration, V.C.-P. and
FR.-B.; funding acquisition, V.C.-P. and FR.-B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the UNIVERSIDAD TECNICA PARTICULAR DE LOJA,
UTPL-PROY_VIN_AMB_2020_2706.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or are available upon request.

Acknowledgments: Our thanks to the Universidad Técnica Particular de Loja for funding this
research (UTPL-PROY_VIN_AMB_2020_2706) and to Gregory Gedeon for reviewing the English
text. We acknowledge the use of data and/or imagery from NASA’s Fire Information for Resource
Management System (FIRMS) (https://earthdata.nasa.gov/firms, accessed on 15 April 2021), part of
NASA'’s Earth Observing System Data and Information System (EOSDIS).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study
design; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

References

1. Renard, Q,; Pelissier, R.; Ramesh, B.; Kodandapani, N. Environmental susceptibility model for predicting forest fire occurrence in
the Western Ghats of India. Int. ]. Wildland Fire 2012, 21, 368-379. [CrossRef]

2. Abatzoglou, ].T.; Kolden, C.A.; Balch, ].K.; Bradley, B.A. Controls on interannual variability in lightning-caused fire activity in the
western US. Environ. Res. Lett. 2016, 11, 045005. [CrossRef]

3.  Clarke, H.; Gibson, R.; Cirulis, B.; Bradstock, R.A.; Penman, T.D. Developing and testing models of the drivers of anthropogenic
and lightning-caused wildfire ignitions in south-eastern Australia. J. Environ. Manag. 2019, 235, 34—41. [CrossRef] [PubMed]

4. Ye, J; Wu, M;; Deng, Z.; Xu, S.; Zhou, R.; Clarke, K.C. Modeling the spatial patterns of human wildfire ignition in Yunnan
province, China. Appl. Geogr. 2017, 89, 150-162. [CrossRef]

5. Benali, A,; S, A.C,; Ervilha, AR;; Trigo, RM.; Fernandes, PM.; Pereira, ].M. Fire spread predictions: Sweeping uncertainty under
the rug. Sci. Total Environ. 2017, 592, 187-196. [CrossRef] [PubMed]

6. Abatzoglou, ].T.; Williams, A.P. Impact of anthropogenic climate change on wildfire across western US forests. Proc. Natl. Acad.

Sci. USA 2016, 113, 11770-11775. [CrossRef]


https://earthdata.nasa.gov/firms
http://doi.org/10.1071/WF10109
http://doi.org/10.1088/1748-9326/11/4/045005
http://doi.org/10.1016/j.jenvman.2019.01.055
http://www.ncbi.nlm.nih.gov/pubmed/30669091
http://doi.org/10.1016/j.apgeog.2017.09.012
http://doi.org/10.1016/j.scitotenv.2017.03.106
http://www.ncbi.nlm.nih.gov/pubmed/28319706
http://doi.org/10.1073/pnas.1607171113

Fire 2022, 5, 66 15 0f 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Li, Y.;; Mickley, L.J.; Liu, P,; Kaplan, J.O. Trends and spatial shifts in lightning fires and smoke concentrations in response to
21st century climate over the national forests and parks of the western United States. Atfmos. Chem. Phys. 2020, 20, 8827-8838.
[CrossRef]

Filgueiras, B.K,; Peres, C.A.; lannuzzi, L.; Tabarelli, M.; Leal, LR. Recovery of dung beetle assemblages in regenerating Caatinga
dry forests following slash-and-burn agriculture. For. Ecol. Manag. 2021, 496, 119423. [CrossRef]

Armenteras, D.; Gonzalez, T.M.; Vargas Rios, O.; Meza Elizalde, M.C.; Oliveras, 1. Incendios en ecosistemas del norte de
Suramérica: Avances en la ecologia del fuego tropical en Colombia, Ecuador y Pert. Caldasia 2020, 42, 1-16. [CrossRef]

Mugica, L.; Canals, R.M.; San Emeterio, L. Changes in soil nitrogen dynamics caused by prescribed fires in dense gorse lands in
SW Pyrenees. Sci. Total Environ. 2018, 639, 175-185. [CrossRef]

Millar, C.I.; Stephenson, N.L. Temperate forest health in an era of emerging megadisturbance. Science 2015, 349, 823-826.
[CrossRef]

Bodi, M.B.; Cerda, A.; Mataix-Solera, ].; Doerr, S.H. Efectos de los incendios forestales en la vegetacion y el suelo en la cuenca
mediterranea: Revision bibliografica. Bol. Asoc. Gedgr. Esp. 2012, 33-55. [CrossRef]

Parks, S.A.; Miller, C.; Holsinger, L.M.; Baggett, L.S.; Bird, B.J. Wildland fire limits subsequent fire occurrence. Int. |. Wildland Fire
2015, 25, 182-190. [CrossRef]

Harris, L.; Taylor, A.H. Topography, fuels, and fire exclusion drive fire severity of the Rim Fire in an old-growth mixed-conifer
forest, Yosemite National Park, USA. Ecosystems 2015, 18, 1192-1208. [CrossRef]

Lydersen, ].M.; Collins, B.M.; Brooks, M.L.; Matchett, ].R.; Shive, K.L.; Povak, N.A.; Smith, D.F. Evidence of fuels management
and fire weather influencing fire severity in an extreme fire event. Ecol. Appl. 2017, 27, 2013-2030. [CrossRef]

Ayoubi, S.; Rabiee, S.; Mosaddeghi, M.R.; Abdi, M.R.; Afshar, F.A. Soil erosion and properties as affected by fire and time after fire
events in steep rangelands using 137 Cs technique. Arab. J. Geosci. 2021, 14, 1-12. [CrossRef]

Kavdir, Y,; Ekinci, H.; Yiiksel, O.; Mermut, A.R. Soil aggregate stability and 13C CP/MAS-NMR assessment of organic matter in
soils influenced by forest wildfires in Canakkale, Turkey. Geoderma 2005, 129, 219-229. [CrossRef]

Chandra, K.K.; Bhardwaj, A.K. Incidence of forest fire in India and its effect on terrestrial ecosystem dynamics, nutrient and
microbial status of soil. Int. ]. Res. Agric. For. 2015, 5, 69-78.

Hrelja, I.; Sestak, I.; Bogunovi¢, I. Wildfire impacts on soil physical and chemical properties-a short review of recent studies. Agric.
Conspec. Sci. 2020, 85, 293-301.

Keeley, ].E. Fire intensity, fire severity and burn severity: A brief review and suggested usage. Int. ]. Wildland Fire 2009, 18,
116-126. [CrossRef]

Richter, C.; Rejmanek, M.; Miller, ].E.; Welch, K.R.; Weeks, ].; Safford, H. The species diversity x fire severity relationship is
hump-shaped in semiarid yellow pine and mixed conifer forests. Ecosphere 2019, 10, e02882. [CrossRef]

Moya, D.; Gonzalez-De Vega, S.; Lozano, E.; Garcia-Orenes, F.; Mataix-Solera, J.; Lucas-Borja, M.E.; de Las Heras, ]J. The burn
severity and plant recovery relationship affect the biological and chemical soil properties of Pinus halepensis Mill. stands in the
short and mid-terms after wildfire. . Environ. Manag. 2019, 235, 250-256. [CrossRef] [PubMed]

Dove, N.C,; Safford, H.D.; Bohlman, G.N.; Estes, B.L.; Hart, S.C. High-severity wildfire leads to multi-decadal impacts on soil
biogeochemistry in mixed-conifer forests. Ecol. Appl. 2020, 30, €02072. [CrossRef] [PubMed]

Sulwinski, M.; Metrak, M.; Wilk, M.; Suska-Malawska, M. Smouldering fire in a nutrient-limited wetland ecosystem: Long-lasting
changes in water and soil chemistry facilitate shrub expansion into a drained burned fen. Sci. Total Environ. 2020, 746, 141142.
[CrossRef]

Kelly, ].; Ibafiez, T.S.; Santin, C.; Doerr, S.H.; Nilsson, M.C.; Holst, T.; Kljun, N. Boreal forest soil carbon fluxes one year after a
wildfire: Effects of burn severity and management. Glob. Chang. Biol. 2021, 27, 4181-4195. [CrossRef]

Jordan, A.; Gordillo-Rivero, A.].; Garcia-Moreno, J.; Zavala, L.M.; Granged, A.].; Gil, J.; Neto-Paixao, H.M. Post-fire evolution of
water repellency and aggregate stability in Mediterranean calcareous soils: A 6-year study. Catena 2014, 118, 115-123. [CrossRef]
Pereira, P; Francos, M.; Brevik, E.C.; Ubeda, X.; Bogunovic, I. Post-fire soil management. Curr. Opin. Environ. Sci. 2018, 5, 26-32.
[CrossRef]

Dunnette, P.V.; Higuera, P.E.; McLauchlan, K.K.; Derr, K.M.; Briles, C.E.; Keefe, M.H. Biogeochemical impacts of wildfires over
four millennia in a Rocky Mountain subalpine watershed. New Phytol. 2014, 203, 900-912. [CrossRef]

Choromanska, U.; DeLuca, T.H. Prescribed fire alters the impact of wildfire on soil biochemical properties in a ponderosa pine
forest. SSSAJ 2001, 65, 232-238. [CrossRef]

Mugaddas, B.; Zhou, X.; Lewis, T.; Wild, C.; Chen, C. Long-term frequent prescribed fire decreases surface soil carbon and
nitrogen pools in a wet sclerophyll forest of Southeast Queensland, Australia. Sci. Total Environ. 2015, 536, 39—47. [CrossRef]
Moreno, J.M.; Laguna Defior, C.; Calvo Buendia, E.; Marengo, J.A.; Oswald, U. (Eds.) Adaptation to Climate Change Risks in
Ibero-American Countries—RIOCCADAPT Report; McGraw Hill: New York, NY, USA, 2020.

Armenteras, D.; Gibbes, C.; Anaya, ].A.; Davalos, L.M. Integrating remotely sensed fires for predicting deforestation for REDD+.
Ecol. Appl. 2017, 27, 1294-1304. [CrossRef] [PubMed]

Bandy, D.; Garrity, D.P; Sanchez, P. El problema mundial de la agricultura de tala y quema. Agrofor. Am. 1994, 1, 14-20. (In Spanish)
Piperno, D.R. Aboriginal agriculture and land usage in the Amazon Basin, Ecuador. J. Archaeol. Sci. 1990, 17, 665-677. [CrossRef]
Ministerio del Ambiente del Ecuador. Sistema Nacional de Control Forestal; Subsecretaria de Patrimonio Natural (SPN) y Direccién
Nacional Forestal (DNF): Quito, Ecuador, 2016. (In Spanish)


http://doi.org/10.5194/acp-20-8827-2020
http://doi.org/10.1016/j.foreco.2021.119423
http://doi.org/10.15446/caldasia.v42n1.77353
http://doi.org/10.1016/j.scitotenv.2018.05.139
http://doi.org/10.1126/science.aaa9933
http://doi.org/10.21138/bage.2058
http://doi.org/10.1071/WF15107
http://doi.org/10.1007/s10021-015-9890-9
http://doi.org/10.1002/eap.1586
http://doi.org/10.1007/s12517-020-06351-1
http://doi.org/10.1016/j.geoderma.2005.01.013
http://doi.org/10.1071/WF07049
http://doi.org/10.1002/ecs2.2882
http://doi.org/10.1016/j.jenvman.2019.01.029
http://www.ncbi.nlm.nih.gov/pubmed/30684810
http://doi.org/10.1002/eap.2072
http://www.ncbi.nlm.nih.gov/pubmed/31925848
http://doi.org/10.1016/j.scitotenv.2020.141142
http://doi.org/10.1111/gcb.15721
http://doi.org/10.1016/j.catena.2014.02.001
http://doi.org/10.1016/j.coesh.2018.04.002
http://doi.org/10.1111/nph.12828
http://doi.org/10.2136/sssaj2001.651232x
http://doi.org/10.1016/j.scitotenv.2015.07.023
http://doi.org/10.1002/eap.1522
http://www.ncbi.nlm.nih.gov/pubmed/28208227
http://doi.org/10.1016/0305-4403(90)90048-A

Fire 2022, 5, 66 16 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Rodriguez, M.PR,; Lopez, M.].B.; Gonzalez, A.J.; Andrade, G.A.P; Toala, T.O.M. Programa de comunicacién sobre prevencion de
incendios forestales en el cantén Pajan, Manabi, Ecuador. Perspect. Rural. Nueva Epoca 2018, 16, 91-115. (In Spanish) [CrossRef]
Mejia, G.A.; Mejia, P.A.; Muiioz, P.A. Percepciones sobre el efecto de los incendios forestales en el turismo sustentable de la
Reserva Ecolégica Cotacachi Cayapa, Ecuador. Sustentabilidad(es) 2018, 9, 68-84. (In Spanish)

Keating, P.L. Fire ecology and conservation in the high tropical Andes: Observations from northern Ecuador. J. Lat. Am. Geogr.
2007, 6, 43-62. [CrossRef]

Sudrez, E.; Medina, G. Vegetation structure and soil properties in Ecuadorian paramo grasslands with different histories of
burning and grazing. Arct. Antarct. Alp. Res. 2001, 33, 158-164.

Asamblea Nacional Republica del Ecuador. Codigo Orgdnico Integral Penal (COIP); Afio 1. N° 180; Asamblea Nacional Republica
del Ecuador: Quito, Ecuador, 2014. (In Spanish)

De Jests Torres, E.S. Analisis Juridico de los Dafios Ambientales Causados por los Piromanos en la Provincia de Pichincha Cantén
Quito Ao 2015. Bachelor’s Thesis, Universidad Central del Ecuador, Quito, Ecuador, 2016. (In Spanish).

Ministerio del Ambiente de Ecuador. Estadisticas de Patrimonio Natural; Sistema Nacional de Monitoreo de Patrimonio Natural
(SNMPN): Quito, Ecuador, 2015. (In Spanish)

De la Torre, L.; Navarrete, H.; Muriel, P; Macia, M.].; Balslev, H. La diversidad de ecosistemas en el Ecuador. In Enciclopedia de las
Plantas Utiles del Ecuador; Herbario QCA de la Escuela de Ciencias Bioldgicas de la Pontificia Universidad Catélica del Ecuador:
Quito, Ecuador; Herbario AAU del Departamento de Ciencias Bioldgicas de la Universidad de Aarhus: Aarhus, Denmark, 2008;
pp. 28-38. (In Spanish)

Cueva, J.; Chalan, L.A. Cobertura Vegetal. Informe Técnico. Naturaleza y Cultura Internacional; Graficas Amazonas: Loja, Ecuador,
2010. (In Spanish)

Cero6n, C. Reserva geobotanica del Pululahua, formaciones vegetales, diversidad, endemismo y vegetacion. Cinchonia 2004, 5,
1-108. (In Spanish)

Cabrera, O.; Benitez, A.; Cumbicus, N.; Naranjo, C.; Ramén, P; Tinitana, F.; Escudero, A. Geomorphology and altitude effects on
the diversity and structure of the vanishing montane forest of southern Ecuador. Diversity 2019, 11, 32. [CrossRef]

Loaiza, C.R. Primer registro de Artibeus fraterculus (Chiroptera: Phyllostomidae) en una zona de matorral himedo montano en la
provincia de Loja, Ecuador. Bol. Téc. Ser. Zool. 2010, 9, 6. (In Spanish)

Sierra, R. (Ed.) Propuesta Preliminar de un Sistema de Clasificacion de Vegetacion para el Ecuador Continental; Proyecto INEFAN /GEF-
BIRF y EcoCiencia: Quito, Ecuador, 1999. (In Spanish)

Torrachi, S.; Tapia, M.E; Escudero, A.; de la Cruz, M. Deforestacion en una regiéon montanosa megadiversa en los Andes:
Dinamica del paisaje en el sur de Ecuador. In Avances en el Andlisis Espacial de Datos Ecoldgicos: Aspectos Metodoldgicos y Aplicados;
de la Cruz, M., Maestre, ET., Eds.; ECESPA—Asociacion Espafiola de Ecologia Terrestre: Moéstoles, Spain, 2013; pp. 275-289.
(In Spanish)

Aguirre, Z.; Roman, ].L.; Montalvo, D.; Cevallos, G.; Albuja, L.; Arguero, A.; Carvajal, V. Biodiversidad de los Valles Secos Interandinos
del Ecuador; Escuela Politécnica Nacional: Quito, Ecuador, 2011. (In Spanish)

Amparito, L.; Armijos, J.; Jaramillo, N.; Pefia, ]. Regeneracion natural en zonas alteradas e identificacién de especies forestales
potenciales para recuperacion hidrica en la microcuenca del rio Jipiro, Loja, Ecuador. Bosques Latid. Cero 2018, 8, 2. (In Spanish)
Balcazar, C.; Bueno, F.R. Factores que inciden en la probabilidad de ocurrencia de incendios forestales en ecuador. Investig.
Desarro. 2021, 11, 50-60. (In Spanish)

Stavi, I. Wildfires in grasslands and shrublands: A review of impacts on vegetation, soil, hydrology, and geomorphology. Water
2019, 11, 1042. [CrossRef]

Paladines, S. Vulnerabilidad a Nivel Municipal del Cantén Loja; CEDIA: Loja, Ecuador, 2013. (In Spanish)

Ochoa-Cueva, P; Fries, A.; Montesinos, P.; Rodriguez-Diaz, J.A.; Boll, J. Spatial estimation of soil erosion risk by land-cover
change in the Andes of southern Ecuador. Land. Degrad. Dev. 2015, 26, 565-573. [CrossRef]

Municipio de Loja. Plan de Desarrollo y Ordenamiento Territorial. Fase I Diagndstico; Municipio de Loja: Loja, Ecuador, 2014;
Volume 20. (In Spanish)

Rollenbeck, R.; Bendix, J. Rainfall distribution in the Andes of southern Ecuador derived from blending weather radar data and
meteorological field observations. Atmos. Res. 2011, 99, 277-289. [CrossRef]

Onate-Valdivieso, F,; Fries, A.; Mendoza, K.; Gonzalez-Jaramillo, V.; Pucha-Cofrep, F.; Rollenbeck, R.; Bendix, J. Temporal and
spatial analysis of precipitation patterns in an Andean region of southern Ecuador using LAWR weather radar. Meteorol. Atmos.
Phys. 2018, 130, 473-484. [CrossRef]

Lozano, P. Los tipos de bosque en el sur de Ecuador. In Bétanica Austroecuatoriana. Estudios Sobre los Recursos Vegetales en las
Provincias de EI Oro, Loja y Zamora-Chinchipe; Aguirre, Z., Madsen, J.E., Cotton, E., Balslev, H., Eds.; Abya-Yala: Quito, Ecuador,
2002; pp- 29-49. (In Spanish)

Ministerio del Ambiente del Ecuador. Sistema de Clasificacion de los Ecosistemas del Ecuador Continental; Subsecretaria de Patrimonio
Natural: Quito, Ecuador, 2013. (In Spanish)

TUSS Working Group WRB. World Reference Base for Soil Resources 2014, Update 2015 International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015.

NASA_FIRMS. NRT VIIRS 375 m Active Fire product V]114IMGTDL_NRT 2021. Available online: https://doi.org/10.5067 /FIRMS/
VIIRS/V]J114IMGT_NRT.002 (accessed on 31 January 2022).


http://doi.org/10.15359/prne.16-31.6
http://doi.org/10.1353/lag.2007.0003
http://doi.org/10.3390/d11030032
http://doi.org/10.3390/w11051042
http://doi.org/10.1002/ldr.2219
http://doi.org/10.1016/j.atmosres.2010.10.018
http://doi.org/10.1007/s00703-017-0535-8
https://doi.org/10.5067/FIRMS/VIIRS/VJ114IMGT_NRT.002
https://doi.org/10.5067/FIRMS/VIIRS/VJ114IMGT_NRT.002

Fire 2022, 5, 66 17 of 18

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

NASA_FIRMS. MODIS Collection 61 NRT Hotspot/ Active Fire Detections MCD14DL. 2021. Available online: https://doi.org/
10.5067 /FIRMS/MODIS/MCD14DL.NRT.0061 (accessed on 31 January 2022).

Servicio Nacional de Gestion de Riesgos y Emergencias. Informe de Situacion—Incendios Forestales; Informe No.: 031—Cierre;
Servicio Nacional de Gestion de Riesgos y Emergencias: Quito, Ecuador, 2021. (In Spanish)

QGIS Development Team. Geographic Information System. Open Source Geospatial Foundation Project. 2020. Available online:
https:/ /qgis.org/en/site/ (accessed on 31 January 2022).

Solano, J.C.; Montafio, T.; Maldonado-Correa, J.; Ordénez, A.; Pesantez, M. Correlation between the wind speed and the elevation
to evaluate the wind potential in the southern region of Ecuador. Energy Rep. 2021, 7, 259-268. [CrossRef]

Reznik, T; Chytry, J.; Trojanova, K. Machine Learning-Based Processing Proof-of-Concept Pipeline for Semi-Automatic Sentinel-2
Imagery Download, Cloudiness Filtering, Classifications, and Updates of Open Land Use/Land Cover Datasets. ISPRS Int. ].
Geo-Inf. 2021, 10, 102. [CrossRef]

van Dijk, D.; Shoaie, S.; van Leeuwen, T.; Veraverbeke, S. Spectral signature analysis of false positive burned area detection from
agricultural harvests using Sentinel-2 data. Int. ]. Appl. Earth Obs. Geoinf. 2021, 97, 102296. [CrossRef]

Parker, B.M.; Lewis, T.; Srivastava, S.K. Estimation and evaluation of multi-decadal fire severity patterns using Landsat sensors.
Remote Sens. Environ. 2015, 170, 340-349. [CrossRef]

Santos, S.M.B.; Bento-Gongalves, A.; Franca-Rocha, W.; Baptista, G. Assessment of Burned Forest Area Severity and Postfire
Regrowth in Chapada Diamantina National Park (Bahia, Brazil) Using dNBR and RANBR Spectral Indices. Geosciences 2020, 10,
106. [CrossRef]

Munkholm, L.J.; Schjenning, P.; Debosz, K.; Jensen, H.E.; Christensen, B.T. Aggregate strength and mechanical behaviour of a
sandy loam soil under long-term fertilization treatments. Eur. J. Soil Sci. 2002, 53, 129-137. [CrossRef]

DeBano, L. The effect of fire on soil properties. Symposium on Management and Productivity of Western-Montane Forest Soils,
1990. In Proceedings—Management and Productivity of Western-Montane Forest Soils; Harvey, A.E., Neuenschwander, L.F, Eds.;
Intermountain Research Station General Technical Report, INT-280; Intermountain Research Station: Ogden, UT, USA, 1990.
Chowdhury, S.; Manjon-Cabeza, J.; Ibafiez, M.; Mestre, C.; Broncano, M.].; Mosquera-Losada, M.R.; Plaixats, ].; Sebastia, M.T.
Responses in Soil Carbon and Nitrogen Fractionation after Prescribed Burning in the Montseny Biosphere Reserve (NE Iberian
Peninsula). Sustainability 2022, 14, 4232. [CrossRef]

Sandoval, M.; Fernandez, J.; Seguel, O.; Becerra, ].; Salazar, D. Métodos de Analisis Fisicos de Suelos. Sociedad Chilena de la
Ciencia del suelo. Doctoral Dissertation, Universidad de Concepcién, Concepcién, Chile, 2011; pp. 1-75. (In Spanish).

Black, C.A.; Evans, D.D.; White, J.L.; Ensminger, L.E.; Clark, F.E. Methods of Soil Analysis. Part 2. Chemical and Microbiological
Properties; Agronomy 9; Soil Science Society of America, Inc.: Madison, WI, USA, 1965; p. 1572.

Page, A.L.; Miller, R.H.; Keeney, D.R. Methods of Soil Analysis. Part II; American Society of Agronomy: Madison, WI, USA, 1982.
Bremner, ].M. Nitrogen-total. In Methods of Soil Analysis: Part 3 Chemical Methods; Sparks, D.L., Ed.; SSSA Book Series no., 5;
SSSA-ASA: Madison, WI, USA, 1996; pp. 1085-1121.

Tan, D,; Jin, J.; Jiang, L.; Huang, S.; Liu, Z. Potassium assessment of grain producing soils in North China. Agric. Ecosyst. Environ.
2012, 148, 65-71. [CrossRef]

Gomez-Sanchez, E.; Lucas-Borja, M.E,; Plaza-Alvarez, P.A.; Gonzalez-Romero, J.; Sagra, J.; Moya, D.; De Las Heras, J. Effects of
post-fire hillslope stabilisation techniques on chemical, physico-chemical and microbiological soil properties in mediterranean
forest ecosystems. |. Environ. Manag. 2019, 246, 229-238. [CrossRef]

Hammer, J.; Harper, D.A ; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis. Palaeontol.
Electron. 2001, 4, 9.

Dzwonko, Z.; Loster, S.; Gawronski, S. Impact of fire severity on soil properties and the development of tree and shrub species in
a Scots pine moist forest site in southern Poland. For. Ecol. Manag. 2015, 342, 56-63. [CrossRef]

Borja, M.E.L.; Sanchez, M.E.G,; Alvarez, P.A.P; Romero, J.G.; Sagra, J.; Navarro, D.M.; de las Heras Ibafiez, . Efecto de los trabajos
post-incendio sobre el suelo y la vegetacion en la sierra de Los Donceles (Hellin, Albacete). Sabuco Rev. Estud. Albacet. 2020, 14,
43-60. (In Spanish) [CrossRef]

Aves White, B.L. Satellite detection of wildland fires in South America. Floresta 2019, 49, 851-858. [CrossRef]

Goforth, B.R.; Graham, R.C.; Hubbert, K.R.; Zanner, C.W.; Minnich, R.A. Spatial distribution and properties of ash and thermally
altered soils after high-severity forest fire, southern California. Int. J. Wildland Fire 2005, 14, 343-354. [CrossRef]

Bielefeld, G.; Da Cunha, M. Effects of fire on soil nitrogen dynamics and microbial biomass in savannas of Central Brazil. Pesg.
Agropec. Bras. 2003, 38, 955-962.

Cerda, A.; Doerr, S.H. The effect of ash and needle cover on surface runoff and erosion in the immediate post-fire period. Catena
2008, 74, 256-263. [CrossRef]

Certini, G. Effect of fire on properties of soil—A review. Oecologia 2005, 143, 1-10. [CrossRef]

Sakin, E. Organic carbon organic matter and bulk density relationships in arid-semi arid soils in Southeast Anatolia region. Afr. J.
Biotechnol. 2012, 11, 1373-1377.

Ketterings, Q.M.; Bigham, ].M.; Laperche, V. Changes in soil mineralogy and texture caused by slash-and-burn fires in Sumatra,
Indonesia. Soil. Sci. Soc. Am. J. 2000, 64, 1108-1117. [CrossRef]

Boy, J.; Rollenbeck, R.; Valarezo, C.; Wilcke, W. Amazonian biomass burning-derived acid and nutrient deposition in the north
Andean montane forest of Ecuador. Glob. Biogeochem. Cycles 2008, 22, 4. [CrossRef]


https://doi.org/10.5067/FIRMS/MODIS/MCD14DL.NRT.0061
https://doi.org/10.5067/FIRMS/MODIS/MCD14DL.NRT.0061
https://qgis.org/en/site/
http://doi.org/10.1016/j.egyr.2021.06.044
http://doi.org/10.3390/ijgi10020102
http://doi.org/10.1016/j.jag.2021.102296
http://doi.org/10.1016/j.rse.2015.09.014
http://doi.org/10.3390/geosciences10030106
http://doi.org/10.1046/j.1365-2389.2002.00424.x
http://doi.org/10.3390/su14074232
http://doi.org/10.1016/j.agee.2011.11.016
http://doi.org/10.1016/j.jenvman.2019.05.150
http://doi.org/10.1016/j.foreco.2015.01.013
http://doi.org/10.37927/sabuco.14_2
http://doi.org/10.5380/rf.v49i4.60117
http://doi.org/10.1071/WF05038
http://doi.org/10.1016/j.catena.2008.03.010
http://doi.org/10.1007/s00442-004-1788-8
http://doi.org/10.2136/sssaj2000.6431108x
http://doi.org/10.1029/2007GB003158

Fire 2022, 5, 66 18 of 18

91.

92.

93.
94.

95.

Hebel, C.L.; Smith, J.E.; Cromack, K., Jr. Invasive plant species and soil microbial response to wildfire burn severity in the Cascade
Range of Oregon. Appl. Soil Ecol. 2009, 42, 150-159. [CrossRef]

Murioz-Rojas, M.; Erickson, T.E.; Martini, D.; Dixon, KW.; Merritt, D.J. Soil physicochemical and microbiological indicators of
short, medium and long term post-fire recovery in semi-arid ecosystems. Ecol. Indic. 2016, 63, 14-22. [CrossRef]

McCauley, A.; Jones, C.; Jacobsen, J. Soil pH and organic matter. Nutr. Manag. Modul. 2009, 8, 1-12.

Moir, J.; Jordan, P.; Moot, D.; Lucas, R. Phosphorus response and optimum pH ranges of twelve pasture legumes grown in an acid
upland New Zealand soil under glasshouse conditions. J. Soil Sci. Plant Nutr. 2016, 16, 438-460. [CrossRef]

Robichaud, PR.; Wagenbrenner, ] W.; Brown, R.E.; Wohlgemuth, PM.; Beyers, ].L. Evaluating the effectiveness of contour-felled
log erosion barriers as a post-fire runoff and erosion mitigation treatment in the western United States. Int. ]. Wildland Fire 2008,
17,255-273. [CrossRef]


http://doi.org/10.1016/j.apsoil.2009.03.004
http://doi.org/10.1016/j.ecolind.2015.11.038
http://doi.org/10.4067/S0718-95162016005000038
http://doi.org/10.1071/WF07032

	Introduction 
	Materials and Methods 
	Study Area 
	Study Design 
	Identification and Description of HMs Affected by Wildfires 
	Determination of Fire Weather and Severity of Wildfires 
	Soil Sampling and Laboratory Analysis 
	Statistical Analysis 

	Results 
	Effects of the Severity of Wildfires on the Physical Properties of the Soil in Each Contrasted Area 
	Effects of Wildfires on Chemical Properties of Soils 
	Principal Components (PCA) of Soil Bulk Density and Nutrients, Applied to Burned HMs 

	Discussion 
	Conclusions 
	References

