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Abstract: Soils are a valuable renewable resource on human timescales, and they interact with
distinctive grassland ecosystems characterized by unique biodiversity and essential provision of
ecosystem services, such as water supply and carbon sequestration. However, knowledge of the
effects of wildfires on soil properties and nutrient availability in the Andes remains limited. Andean
grasslands are currently one of the ecosystems of the Peruvian Andes most affected by wildfires.
Our objective is to analyze the effect of fire activity on the physicochemical properties of soil and
analyze its social context in Cusco, in the southern Andes of Peru. Soil samples were collected during
five periods, spanning both the dry and rainy seasons, to characterize changes in soil properties
and monitor vegetation recovery post-fire in two local communities dedicated to livestock activities.
The vegetation restored after the wildfire was measured by the “step transect” method. Post-fire
changes in soil properties indicate slight increases in pH, electrical conductivity, organic matter,
nitrogen, phosphorus, and potassium during the onset of the rainy season; thereafter, a gradual
reduction in these values was observed. This reduction can be attributed to leaching associated with
the seasonal rainfall and runoff regime. Our findings indicate that one-year post-fire, the biomass
in burned areas is reduced to 30-46% of the biomass in unburned areas. A complete regeneration
is likely to occur in up to 4 years; this assertion is supported by the perceptions of the affected
population, as expressed in interviews conducted in the two farming communities. These results
are significant for decision-makers formulation of policies and regulations regarding grasslands and
their seasonal restoration.

Keywords: wildfire; soil property; fire prevention; grassland; Andes

1. Introduction

The Andean region of South America harbors one of the world’s most biodiverse
montane ecosystems [1,2]. Tropical Andean plant diversity is remarkably vast, and habitat
types are interconnected [3,4]. Pastoralism is the main land use in the humid tropical
Andes [5]. Wide areas of mountain grasslands in the Andes are currently used for pasturing
livestock [6]. The high Andean grasslands are distinctive ecosystems characterized by high
biodiversity and essential provision of ecosystem services [7], such as soil conservation,
supporting food production, mitigating drought and floods, maintaining biodiversity, and
offering research opportunities, among others [8]. Natural grasslands are regenerated
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by processes related to climate, fire, and grazing [9]. These ecosystems are fragile and
face significant threats characterized by marked climatic conditions [10]. Wildfires can
also significantly impact the chemical, physical, and biological properties of soil because
of the frequency, duration, and intensity of burning [11]. Indeed, soil plays a crucial
role in supporting plant growth through nutrient cycling, mineral storage, and carbon
sequestration [12,13]. Degradation of the biological, chemical, and physical properties of
soils can temporarily or permanently limit the capacity for plant growth, suggesting that
immediate fire impacts are concentrated in the surface soil horizon [14]. The soils in these
ecosystems sustain native grasslands (Poaceae, Asteraceae, among others) that serve as the
primary food source for livestock. In Peru, Andean grasslands are usually the ecosystems
most affected by the wildfires that occur every year between August and November [15].
Eighty percent of fires in Peru occur in the Andes, where the role of the population is
undeniable, as grassland fires are often caused by human activity [16,17]. Approximately
5.7 million people self-identify as Indigenous or native to the Andes in Peru; they are
mainly dedicated to economic activities such as agriculture, livestock, and commerce,
among others [18]. Grasslands play a vital role in livestock production as an economic
activity in Peru, which has about 85% of the world’s total population of alpacas (Vicugna
Pacos), with around 4.5 million [19]. However, fire activity in the context of climate change
could limit vegetation succession by influencing the composition of plant communities and
soil properties [6,20].

Prescribed burning can be defined as the deliberate use of low-intensity or controlled
fire, a technique used in various countries to reduce the impacts of fire, contingent upon
factors such as climate conditions, forest fuel, and topography [21-24]. However, fire
activity clearly alters the environment, including effects on soil properties, which can be
positive, neutral, or negative. Most studies suggest that soil tends to recover when soil
heating is limited, and fire severity is low [25]. For instance, studies in Spain nine years
after prescribed fires reveal that certain chemical and physical properties of forest soil tend
to decrease (with some exceptions, such as soil texture and invertebrate biomass) [13,26].
In contrast, a study in Brazil conducted by Santana et al. [27] found that fire increased some
chemical properties while decreasing potential acidity and phosphorus content in the soil,
with no observed alteration in physical soil properties due to the wildfire.

The impact of fire on soil properties, therefore, can be relative, yielding significantly
different outcomes depending on biological, chemical, and physical factors. The extent of
soil disturbance by wildfire depends on various factors, including fire intensity, duration,
recurrence, fuel load, and soil characteristics. This soil disturbance is evidenced in studies
conducted across different regions, such as the USA [23,28], Europe [19,22,29-32], and
Asia [33,34]. In the long term, however, clear changes can be observed in the relative
abundance of plant growth forms following a fire [35]. The impact of burning and grazing
on soils may primarily affect physical characteristics, but changes in chemical properties
may not necessarily translate into differences in vegetation structure between grazed,
burned, and undisturbed sites [14]. Indeed, the implementation of strategic restoration
activities would not evidence improvement in soil conditions in the short term (three years);
rather, some properties tend to deteriorate even more in grasslands [36]. In this paper, the
term “wildfire” is used to describe any unplanned and uncontrolled fire that occurs in
grasslands as a result of burning practices. Low-severity fire activities, such as controlled
burns, could have positive effects by accumulating organic matter in the soil as a result of
the incomplete combustion of biomass [37]. However, ashes produced during wildfires
resulting from burns could also affect soil properties [38,39].

To predict fires and limit their impacts, new knowledge is needed about fire activity
and the spatial and temporal distribution of factors linked to its occurrence. This is of utmost
importance for agroforestry management and to reduce environmental degradation [40].
Nevertheless, the impacts of wildfires resulting from burning practices have not been fully
studied in Peruvian ecosystems. The objective of this study was to analyze the effect of fire
activity on soil physicochemical properties and analyze its social context in Cusco, Peru,
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through two wildfire emergencies reported by the government. It is important to note
that in Peru, prescribed burning is not regulated; thus, all fire activity can be considered
burning practices or wildfires.

2. Materials and Methods
2.1. Study Area

Cusco is the historical capital of Peru, situated in southern Peru (13°31'20” $71°59'00” W).
The city’s archaeological sites, cultural and ethnic diversity, landscapes, and natural ar-
eas have established Cusco as Peru’s premier tourist destination [41]. The Cusco region
boasts altitudes reaching up to 6300 m above sea level (masl.), with a mean altitude of
3400 masl. (Figure 1a). This area of Peru displays a significant variation in annual precipita-
tion, with the northwestern part, in the Amazon region, experiencing the highest accumulation
(5000-8000 mm /year), while the southern zone, in the Andean region, receives the lowest
annual rainfall (200-1000 mm/year) [42]. Herbaceous grassland is predominant in the An-
dean mountains of Cusco between 3000 and 4400 masl. [43]. Cusco is one of the regions most
severely affected by wildfires in Peru [44] and has witnessed a significant increase (250%) in
wildfire occurrence during extreme drought periods, such as those in 2005 and 2010 [45,46].
Moreover, the COVID-19 pandemic played a role in the increased occurrence of wildfires
during 2020 because of migration from urban areas to rural agricultural activities [17].

73.810°W 72.:30°W 70.810°W

s

Ucayali

11.50°S

13.2|5°S

Ayacucho

15.(?0"5

PACIFIC
[ ocean

Arequipa

Elevation (m.a.s.l.

)
200 [] Regional Boundary of Peru Countour lines Il Burned Areas

= Regional Boundary of Cusco (® Peasant communities - Urban Area

—— Provincial Boundary of Cusco ~ @  Historical Sanctuary of [l High Andean Grasslands
Machu Picchu

——- National Cusco Road Network - High Andean Shrubland

5700 = Vilcanota River |:‘ Agricultural Zone

Figure 1. (a) Study area designated for monitoring soil properties and conducting interviews for
the (b) Macay and (c) Salloc communities of Cusco. A modified vegetation cover map is shown in
(b,c) [43].
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A recent study of fire activity in the mountainous region of Cusco shows that only 4%
of documented fire incidents are classified as wildfire emergencies, while unauthorized
burning practices account for the remaining 96% [47]. The dynamic of fire activity in
Cusco is significantly influenced by burning practices associated with agriculture and
livestock [17]. It is important to mention that burning practices used by Peru’s Andean
population are prohibited by regulations [48,49]. Indeed, controlled burning is not currently
regulated. The present study was conducted in the Calca and Quispicanchis provinces,
specifically in the Macay and Salloc Indigenous communities of Cusco, respectively (see
Figure 1b,c). The area’s lithology is characterized by limestones and volcanic-sedimentary
successions [50]. A brief characterization of the study area is presented in Table 1. The
study areas were selected based on wildfire emergency reports provided by the National
Civil Defense Institute (INDECI-Peru). Wildfires occurred in grasslands, which are the
most representative ecosystems in the study area (Figure 1b,c).

Table 1. Characteristics of the study area and wildfire incidence.

Peasant Community Macay Salloc
Province Calca Quispicanchi
District Calca Andahuaylillas
Altitude 2944 masl. 3524 masl.
Average slope 33.0° 3.4°
Latitude 13.387 S 13.639 S
Longitude 71.923 W 71.686 W
Celsius temperature 10°-25° 5°-9°
Main economic activity Agriculture (potatoes, corn, etc.), Agriculture (corn, etc.), Livestock (cattle
Livestock (cattle and sheep) and sheep)

Main species

Stipa ichu, Poa annua, Calamagrostis

Pennicetum clandestinum, Paspalum

intermedia vaginatum, Melinis minutiflora
Characteristics Wildfire Wildfire
Approximate duration 15:00-19: 00 h 14:30-18:00 h
Date 23 August 2022 30 August 2022
Affected area 94 ha. 13 ha.
Affected Vegetation Grassland Grassland

To establish a connection between this study’s findings and the local population’s
perceptions, interviews were conducted with residents of the communities of Macay and
Salloc during the fire season (August to December) in 2023. To limit data saturation, a
reduced number of interviews (10) were conducted in each peasant community during
the final period of the study (Figure 2). Data saturation refers to repetitive and consistent
information. Limiting data saturation could be an important criterion for determining the
number of interviewees necessary [51]. Indeed, a focus on particular details frustrates the
emergence of common patterns, shared meanings, and normative recommendations [52].
Open-ended questions were asked in structured interviews [17]. These were conducted
with individuals ranging from ages 22 to 70, all of whom were engaged in agriculture; 90%
were women and 10% men. The fact that a high percentage of people interviewed in homes
were women could be linked to the time of the interviews (8:00-12:00 h), which coincided
with household tasks. Throughout the interviews, information related to burning and
wildfires was collected, as all interviewees either had personal experience with conducting
burns or had been affected by a wildfire.
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Figure 2. Rainfall pattern 2022-2023 and sampling (S1, S2, S3, S4, S5) of soil properties in Cusco
performed during the dry season (T1), rainy season onset (T2), rainy season (T3) and dry season (T4).

2.2. Analyses of Physicochemical Properties of Soil

To assess the impact of fire on the physicochemical properties of soil, sampling points
were prioritized in the communities of Macay and Salloc. Pits were opened (30 x 30 cm
excavations) to a maximum depth of 10 cm. Samples were taken from the burned (3) and
unburned (1) areas; i.e., four points were established in each study area. Samples from
two depths (0 to 3 cm and 3 to 10 cm) were obtained; eight soil samples were collected at
each study area (Macay and Salloc). Soil sampling (S1, 52, S3, 54, and S5) was conducted
at different times, corresponding to the dry season (T1), the onset of the rainy season
(T2), rainy season (T3), and subsequent dry season (T4) on September 04—-07, December
04-05, March 0405, June 01-02, and August 29-30, (01, 15, 27, 39 and 51 weeks post-fire,
respectively) (Figure 2). Approximately % kg of the substrate was extracted using a metal
shovel. The material was collected and placed inside previously coded bags to be taken to
the laboratory for analysis. The samples were dried, some organic waste was subsequently
removed, and the samples were then sieved and stored for subsequent analysis. A detailed
description of the process is provided by Van Reeuwiik [53].

The sampling period was selected because of the potential influence of rainfall variabil-
ity on soil properties in the short and medium term, particularly given the morphology and
climatic characteristics of grassland ecosystems, which experience marked seasonal rainfall
patterns [54] leading to soil erosion processes in this ecosystem type [55]. The burned areas
studied have an average slope between 3% and 33%.

To maintain sample consistency and minimize potential variations that could affect
the results, two depths, at 3 and 10 cm, were considered when extracting subsamples from
both Macay and Salloc. This approach aligns with the method proposed by Hofstede [14].
During this process, the soil surface in contact with the ash layer was carefully scraped with
a razor to remove any carbonized residue. Soil samples were then collected in plastic bags
and transported to the soil laboratory at San Antonio Abad National University in Cusco.

Soil texture was determined using the hydrometer method [56], while soil pH was
measured with a pH meter following standard procedures [57]. Soil nitrogen concentration
(N) (%) was assessed using the Micro-Kjeldahl method [58], and soil organic matter (OM)
(%) was determined using the Walkley and Black method [59]. Potassium (K) (ppm) was
estimated using the NH4 method [60], while available soil phosphorus (P) (ppm) was
determined using the modified Olsen method [61]. Electrical conductivity (mmhos/cm)
(EC) was evaluated using a conductivity meter.
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2.3. Biomass Estimation

The modified K.W. Parker method [62], known as the “step transect,” involves col-
lecting samples along transects [63]. Triple steps were taken along these transects, and
the types of plants and vegetation cover were recorded. These observations were made in
both the burned and unburned areas of Macay and Salloc. In the center of each transect, a
1 m? quadrant was randomly established, and vegetation was cut and placed in paper bags.
Biomass was determined using the destructive harvesting method [64], which involves
cutting selected vegetation at ground level using a sickle [65]. Samples from each quadrant
were cut and placed in previously coded paper bags.

To estimate the richness of the vegetation based on the number of species and their
relative proportion in burned and unburned areas, the Shannon diversity index was
used [66,67]. The Shannon index normally varies from 1 to 5; values less than 1.6 are
referred to as low diversity, values between 1.6 to 3.5 are referred to as medium diversity,
and values greater than 3.5 as high diversity [11]. Subsequently, dry matter was obtained by
drying the samples in an oven at a temperature of 60 °C for 48 h, following the gravimetric
method, 60 °C x 48 h [68]. The weight was then determined using a precision scale.
Overall, this method was employed to document “floristic diversity” and estimate biomass
in areas affected and unaffected by fire. Floristic diversity is a pivotal component within
Andean ecosystems; the term refers to the array of plant species within a specific locale [69].
Characteristics of the transects considered for biomass estimation in communities are
described in Table 2.

Table 2. Characteristics of the transects established for biomass estimation in the communities of

Macay and Salloc.
Ch L. Macay Salloc
aracteristics Unburned Area Burned Area Unburned Area Burned Area
Number of transects 2 2 2 2
Longitudinal dimension of the transects 300 m. 300 m. 100 m. 100 m.
Elevation masl. 3177 3187 3105 3106
33° 31° 3° 5°
Number of quadrants 2 2 2 2
Quadrant dimension 1 m? 1 m? 1m? 1m?

2.4. Statistical Analysis

An exploratory data analysis was conducted previously to assess the data distribution
and identify outliers. Although no outliers were detected, the data nonetheless did not
exhibit a normal distribution. Non-parametric statistics were therefore employed. To assess
the effects of fire on soil physicochemical properties (pH, electrical conductivity, nitrogen,
organic matter, phosphorus, potassium) and biomass accumulation, the Mann-Whitney
U test was used [70]. This non-parametric test was used to compare the medians of two
independent samples and ascertain whether they were equal. A significance level of 0.05
was employed for all analyses using the R software 4.3.2 v.

2.5. Estimation of Severity of the Burned Areas

Finally, Sentinel-2 scenes more approximate to daytime wildfires that occurred in
Macay and Salloc were collected to estimate wildfire severity. Satellite scenes for 17 August
2022 (prior to burning) and 27 August 2022 (after burning) were collected for Macay, while
satellite scenes for 27 August 2022 (prior to burning) and 1 September 2022 (after burning)
were collected for Salloc. For the preliminary delineation of the affected burned area (pixels
identified as burned), the Normalized Burned Ratio (NBR) [71] for each Sentinel-2 scene
acquired was computed. The NBR employs reflectivity data from the near-infrared and
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short-wave infrared bands. It is used to map burned regions. Its calculation is outlined as

follows:
_ pNIR —pSWIR

~ pNIR + pSWIR

where pNIR and pSWIR correspond to 8 A and 12 bands, respectively, of the Sentinel-2
images. Its calculation allows the estimation of the severity of the fire from the difference
between the NBR prior to burning and the NBR after burning (ANBR). dNBR values
ranging from 0.1 to 1.3 indicate burned areas at varying degrees of severity. A value of 0.1
corresponds to low-severity burned areas, while a value of 1.3 represents high-severity
burned areas [71]. In this paper, ANBR values lower than 0.1 are considered unburned,
dNBR values between 0.1 and 0.27 are considered low severity, ANBR values between
0.27 and 0.44 are considered moderate -low severity, dNBR values between 0.44 and 0.66
are considered moderate-high severity, and dNBR values higher than 0.66 are considered
high severity. A similar scale of ANBR values is proposed in studies of wildfires using
satellite images [47,72-76].

NBR (1)

3. Results
3.1. Perception of the Population

Local people mention two primary reasons for using fire: (a) to clear land to expand
agricultural areas (eliminating weeds and stubble) and (b) to rejuvenate grasslands during
the latter part of the year. Burnings are typically organized by smaller community groups,
which assume the primary coordinating role. There is also a consensus among the intervie-
wees that burning enhances the fertility of uncultivated soils. Nevertheless, it is also noted
that the time required for complete recovery of grasslands after burning or wildfire can
vary between one and four years. A brief overview of interviews is presented in Table 3.

Table 3. Synthesis of social perspectives and perceptions gathered from interviews conducted around
Macay and Salloc during the 2023 fire season.

Question Social Opinion
Residents dedicated to activities such as agriculture or livestock are the ones who use
Who is involved in fire use? fire. This occurs mainly in the morning to avoid intense winds (a potential factor in fire

What is the objective of burning?

expansion), which occur mainly in the afternoon.
Eliminating weeds and stubble to expand cropland. Renewing grasslands. Limiting the
uncontrolled growth of vegetation.

What is the season in which the June, July, August, and September (for preparing the ground for the next agricultural

burnings take place?

campaign). April, May, October, and November (for grassland renewal).

Who usually participates during Families take responsibility for managing the fire to prevent its spread, along with

the burning?

Does the burning of grasslands improve

people who have expertise in burning practices.

Yes, grassland burning enhances soil fertility by providing ash that can act as a fertilizer.

soil fertility?

After a fire, what is the process of The post-fire recovery of grassland can vary in both quantity and quality. Sometimes,
grassland recovery, in terms of both the grassland remains unchanged, while in other cases, there is a decrease in quantity
quantity and quality and what is the (likely due to root damage). Full recovery may take several years, typically ranging from
typical timeframe for this recovery? one to four years after the fire.

3.2. Wildfire Severity

dNBR values ranging from 0.1 to 1.3 indicate burned areas at varying degrees or
levels of severity (Figure 3a,b). Our results indicate that the wildfire in Macay reached
levels between low and moderate-high severity (Figure 3a), while the wildfire in Salloc
mainly reached levels between low and moderate-low severity (Figure 3b). The slightly
higher levels of fire severity in Macay compared to Salloc can be associated with terrain
morphology. A greater slope is clearly identified in the area of the Macay fire (10-50°)
compared to Salloc (2-5°) (Figure 3c,d). Slope can be considered an important variable in
wildfire studies because wildfire severity on vegetation cover tends to be higher in areas
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with steeper slopes [77,78]. This is consistent with areas (density of pixels identified in the
satellite image as burned area) with slopes of around 30° (Figure 3c). However, this is not
observed in an analysis of the burned area in Salloc, which is relatively flat (Figure 3d).
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Figure 3. Delimitation by Differenced Normalized Burned Area Index (ANBR) [71] for wildfires in the
communities of (a) Macay and (b) Salloc. Locations of transects for biomass estimation are graphed
for Macay (a) and Salloc (b). The density of pixels identified in the satellite image according to the
dNBR level and slope for the wildfires that occurred in (c) Macay and (d) Salloc.

3.3. Changes in Soil Properties

Figures 4 and 5 summarize the effects of wildfire severity on the physicochemical
properties of soil at depths of 0-3 and 3-10 cm, as sampled (51, 52, S3, 54, S5) in Macay and
Salloc during the 2022-2023 period (T1, T2, T3, T4, see Figure 2).

An average of subsamples was considered for each stage to illustrate changes in soil
properties (Figures 4 and 5). For example, the results for Macay indicate that surface
alkalinity levels (0-3 cm), estimated from pH, exhibit a slight increase in the burned surface
compared to the unburned surface between the end of the 2022 dry season and the onset
of the rainy season in 2022-2023 (Figure 4a). In contrast, alkalinity levels on the burned
surface show a decrease between the 2023 dry season and the onset of the rainy season in
2023-2024 relative to the unburned surface (Figure 4a). It is important to note that a clear
difference between burned and unburned surfaces at a depth of 3-10 cm is not observed
(Figure 4a).
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Figure 4. Variations in (a) pH, (b) electrical conductivity, (c) organic matter, (d) nitrogen, (e) phospho-
rus, and (f) potassium properties at depths of 0-3 cm and 3-10 cm in Macay. The climatic seasonal
periods associated with the samples (S1, 52, S3, S4, and S5) are detailed in Figure 2. Thresholds (high,
adequate, low) linked to soil fertility in the Andean region [79] are also graphed.

After the wildfire, EC levels (0-3 cm) on burned surfaces exhibit a slight increase
persisting up to a year later compared to unburned surfaces, which can be characterized as
slightly saline or salt-free. Conversely, EC levels for depths between 3 and 10 cm do not
show changes (Figure 4b). Similar to EC values, organic matter (OM) at the surface level
(0-3 cm) of burned surfaces demonstrates a predominant increase when compared with
unburned surfaces over the course of the year; however, these changes are not observed
when OM at a depth of 3-10 cm is analyzed (Figure 4c). A pattern comparable to that of
OM is also observed when nitrogen (N) and phosphorus (P) are analyzed at the surface
level (0-3 cm) and subsurface (3-10 cm) (Figure 4d,e). A different trend is noted when
potassium (K) is evaluated; indeed, a slight increase is noticeable both at the surface level
(0-3 cm) and subsurface (3-10 cm) (Figure 4f).

In contrast to Macay (Figure 4), the results for Salloc indicate that both surface alkalinity
levels (0-3 cm) and subsurface alkalinity levels (3—10 cm), estimated from pH, exhibit a
slight reduction on burned surfaces compared to unburned surfaces (Figure 5a). Similarly
to Macay, EC levels (0-3 cm) for Salloc on burned surfaces show a slight increase persisting
up to a year later compared to unburned surfaces, which can also be characterized as
slightly saline or salt-free. Additionally, EC levels for depths between 3 and 10 cm also
exhibit a slight increase during the 2022-2023 period for Salloc (Figure 5b). Organic matter
(OM) at the surface level (0-3 cm) of burned surfaces demonstrates a predominant increase
(during the T1-T3 period) when compared with unburned surfaces throughout the year.
Although less pronounced, these changes are also observed when OM at a depth of 3-10 cm
is analyzed (during the T1-T4 period) for the community of Salloc (Figure 5c). A pattern
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similar to that of OM is observed when nitrogen (N), phosphorus (P), and potassium
(K) are analyzed at the surface level (0-3 cm) and subsurface (3-10 cm) (Figure 5d-f).
However, none of the changes detected in pH levels, organic matter, electrical conductivity,
phosphorus, nitrogen, and potassium are statistically significant.
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Figure 5. Variations in (a) pH, (b) electrical conductivity, (c) organic matter, (d) nitrogen, (e) phospho-
rus, and (f) potassium properties at depths of 0-3 cm and 3-10 cm in the community of Salloc. The
climatic seasonal periods associated with the samples (S1, S2, S3, S4, and S5) are detailed in Figure 2.
Thresholds (high, adequate, low) linked to soil fertility in the Andean region [79] are also graphed.

To propose a fertility interpretation linked to unburned and burned areas for the
communities of Macay and Salloc (Figures 4 and 5), thresholds related to conditions of
greater or lesser fertility in soils intended for the production of Andean cultivated pastures
and natural pasture were considered [79]. At both surface and subsurface levels (up to
10 cm deep), in both burned and unburned areas, properties such as pH, organic matter,
nitrogen, and potassium would exhibit values close to adequate levels that contribute to
soil fertility for much of the year in the community of Macay (Figure 4). However, electrical
conductivity and phosphorus do not predominantly present favorable fertility conditions
when a depth of 3-10 cm is analyzed (Figure 4b-e); indeed, an increase to adequate levels
for fertility conditions is only detected when the surface level (0-3 cm) is analyzed. Similar
patterns in pH, organic matter, nitrogen, and potassium, as well as electrical conductivity
and phosphorus values, are also observed for Salloc (Figure 5a—f).

At a more superficial level (0-3 cm), higher values of soil properties are observed
in unburned areas compared to burned areas during T4 (one year after the fire) in Salloc
(Figure 5). However, this pattern is not observed in Macay (Figure 4). This discrepancy
may be due to the slight slope of the terrain in Salloc, which limits surface drainage during
the rainy season, compared to Macay, where the slope is steeper (Table 1, Figure 3). Finally,



Fire 2024, 7, 259

11 of 19

it is worth mentioning that the soil texture in our study areas was characterized as sandy
loam between periods T1 and T4.

3.4. Performance of Dry Biomass

The herbaceous species (exotic, native, or endemic) identified in both burned and
unburned areas for the communities of Macay and Salloc are described in Table S1. The
vegetation of this herbaceous grassland comprises a variety of plants and grasses [80,81]
(Table S1). The performance of dry biomass for Macay and Salloc (in grams per square me-
ter) after the wildfire is detailed in Table 4. For comparison, both burned and unburned sites
were analyzed for both communities. Our results indicate a reduction in the performance
of dry biomass one year later (Table 4).

Table 4. Biomass estimated (g/ m?) for both burned and unburned sites in both communities between
2022 and 2023.

Peasant Peasant
Commu- Commu- Macay Salloc
nity nity
Number of g/m? Number of g/m?
Plant Species  Transect1 Transect2  Plant Species  Transect1 Transect2

Unburned Unburned

area 2020 area 2022 10 286 307 10 154 160

Burned Burned

area 2023 area 2023 18 12 69 13 % 5

On average, the biomass in burned areas is reduced to 30.1% of the biomass in un-
burned areas in Macay (an approximate reduction of the fuel load of around 206 g/m?). A
similar pattern is observed in Salloc, where the biomass over burned areas is reduced to 46%
of the biomass in unburned areas between 2022 and 2023 (an approximate reduction of fuel
load of around 171 g/ m?) (Table 4). In contrast, an increase in the number of herbaceous
plant species in burned areas relative to unburned areas was identified in both Macay and
Salloc (Table S1).

To evaluate a longer period of vegetation recovery, a wildfire that occurred in Macay in
2020 in a similar ecosystem was also considered. Burned and unburned areas were selected
and compared. Our results indicate vegetation recovery of up to 78%, relative to unburned
areas, three years after the wildfire in 2020 (Table 4).

Precipitation between October and December 2022 was lower than in other years
(Figure 2), indicating a delay in the onset of the rainy season during the 2022-2023 period
(October-November). Our results indicate that the rainy season lasted until May, but rainfall
was well below average between January and April.

The Shannon Diversity Index results indicate mainly that the burned area in Macay
shows slightly greater species richness than the unburned area, which presents low diversity
(Table 5). In contrast, the fire did not affect species richness in Salloc (Table 5).

Table 5. Shannon Diversity Index estimated for Macay and Salloc for unburned and burned areas.

Shannon Diversity Index Macay Salloc
Transect a 1.772 1.541

Unburned area
Transect b 1.338 1.338
Transect ¢ 2.294 1.428

Burned area
Transect d 2.036 1.567
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4. Discussion

Soil properties such as pH, electrical conductivity (EC), organic matter (OM), nitrogen
(N), phosphorus (P), and potassium (K) in Macay and Salloc (except for pH in Salloc)
exhibit a slight increase between the onset and culmination of the rainy season because of
several factors. One contributing factor is the formation of ash and combustion residues,
which may contain alkaline substances such as carbonates and oxides, thereby causing
pH levels to rise [82,83]. The authors note that another factor contributing to pH increases
could be the severity of the wildfire. However, grasslands or shrublands typically exhibit
low to moderate fuel loads, leading to potential fire activity of relatively moderate severity
compared to fire that occurs in forest ecosystems with a high fuel load [83].

Given the low fuel load of the grasslands, our results show that the wildfires that
occurred in the communities of Macay and Salloc were mainly characterized by low to
moderate levels of severity. Therefore, this suggests the contribution of ash from the wild-
fire at the surface level of the soil. It is essential to recognize that this varies depending on
soil depth and the severity of the fire, as pH levels can experience a significant increase [84].
Indeed, our results are more sensitive to changes at the surface level (3 cm) than the subsur-
face level (10 cm). Our pH values are consistent with studies conducted by Huaman [85]
and Alva and Manosalva [86] in central and northern Peru, respectively.

EC levels are high in burned areas following a fire because of the release of soluble
inorganic ions from burned soil organic matter and the incorporation of ash into the
soil [13,87-89]. It is possible that the presence of base cations in the ash, such as calcium,
magnesium, and potassium, has also contributed to an elevation in EC [90]. Our findings
suggest that the increase in EC is a result of the incorporation of ash between the onset
and culmination of the rainy season, but EC subsequently returns to values more similar
to those observed in unburned areas. Therefore, these alterations would be temporary, as
the salts incorporated into the soil quickly diminish due to rainfall and runoff during the
rainy period [91]. Soil EC levels that are excessively high or low can limit crop growth [92],
but the EC values estimated in the soil after the wildfire suggest low salt conditions,
consistent with studies conducted by Huaman [85] and Pacheco [93] in central and southern
Peru, respectively.

The impact of fire on soil properties is typically contingent upon factors such as
intensity, duration, and frequency of the fire, which collectively constitute wildfire sever-
ity [26,31]. Very severe wildfires can lead to a decrease in organic matter compared to initial
values, resulting in soil degradation [94]. However, a notable increase in organic matter
can also be observed in the surface levels of the soil after a fire. This increase can enhance
both the quantity and quality of grassland production throughout the year [95]. Organic
matter levels in this study were also found to be higher in burned areas than in unburned
areas. This is consistent with comments from people interviewed in our study who said
burning can improve soil fertility. Our findings align with results obtained by Alva and
Manosalva [86] in northern Peru.

In the medium term (1-5 years), fire impacts on perennial forests, different aged forests,
and pastures in the tropical Andes can be characterized by a decrease in the availability of
N, P, and K [96]. The results for N, P, and K in this study indicate that wildfires did not have
a negative effect on the physicochemical properties of the soils, and soil quality remained
unaltered a year post-fire. This could be attributed to the potentially low severity of
wildfires because of minimal fuel loading from grasslands. For example, temperatures not
exceeding 400 °C (estimated from experimental fire) can increase nitrogen levels [97]. This
notable increase in nitrogen can mitigate the impact of leaching and subsequent drainage
by rainfall, which may otherwise result in a nitrogen deficit in the soil. Meanwhile, an
increase in phosphorus in burned areas compared to unburned areas was identified after
the wildfire, possibly as an impact of the wildfire. Mineralization of organic phosphorus,
along with the presence of ash derived from vegetation combustion, can also influence this
process [11,82]. These elements have a beneficial impact on the soil, improving its fertility
through the properties of ash [98].
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Fire can cause a change in potassium (K) content in Peruvian Andean ecosystems.
For example, Pacheco [93] suggests a potential decrease in potassium of around 25%;
however, its classification level remains unchanged, as it remains above the optimal level.
Non-significant changes in potassium are also documented by Alva and Manosalva [86].
Nonetheless, our study observed an increase in potassium levels in the burned areas of both
communities, which is consistent with findings from studies conducted in other regions of
Peru [85,99].

Land use change and human-induced fires have transformed landscapes [25], but the
most traditional and modern human uses of fire typically do not have significant direct
impacts on soils in areas with low fuel loads. There is uncertainty about the impacts of
wildfire on soil properties, as different fuel loads (forest, shrubland, or grass) and other
factors can play specific roles. Despite the common occurrence of wildfires in Andean
countries, relatively little is known about the short-term impact of wildfires on grasslands.
Moreover, fire can induce substantial soil alteration through indirect effects, including
changes in vegetation restoration [96]. In this study, at the end of the dry period in 2023,
both communities in Cusco exhibited adequate levels of nutrients for plant development. In
addition, the delay in the start of the rainy season does not suggest significant soil leaching
processes between September and November.

Despite some temporal variations in soil properties at the most superficial level
(0-3 cm) and the documented objective of burning by peasant communities to improve soil
fertility (as stated in interviews), seasonal changes in the physical and chemical properties
of soils do not suggest that grassland burning makes a substantial positive and prolonged
contribution to soil fertility in our study area. Optimal soil fertility conditions typically
support healthy plant growth and development, leading to greater productivity [100].
Nevertheless, wildfires in grassland ecosystems can serve other purposes, such as stimu-
lating the regeneration of specific plant species, maintaining diversity, or acting as a tool
for reclaiming encroached grasslands [26,101]. Indeed, one-year post-fire suggests that
wildfires stimulated the growth of other herbaceous species in Cusco. Our findings in the
community of Macay indicate that the areas affected by the fire presented greater species
richness than areas not affected by the fire. This is consistent with the study carried out
in Peru by De la Cruz and Condor [11]. In contrast, species richness diversity remains
low in burned and unburned areas in Salloc. This suggests that environmental variability
linked to the different elevations or slopes can play an important role in the presence and
abundance of Andean vegetation species [102].

Overall, results are consistent with the comments from individuals interviewed across
the study areas, who anticipate varying responses from the grasslands, in terms of both
quantity and quality, in the coming months because of burning practices [16,17]. Our
findings also indicate vegetation recovery of up to 78% approximately three years after the
wildfire. This aligns closely with the grassland recovery timeframe (1-4 years) reported by
the local population during the interviews.

The multifaceted nature of wildfires, which encompasses climate-sensitive hazards
and social, economic, and political factors, often complicates stakeholder efforts to reach
a common understanding of how to address the problem and propose adequate solu-
tions [103]. Current international governmental strategies are oriented towards adopting
prevention measures and establishing control plans that include initiatives for impact
mitigation training, and alternative methods to reduce fuel load by prescribed burns [104].
In Peru, however, existing measures are predominantly punitive, encompassing both im-
prisonment and significant monetary fines [48,49], with a focus on short-term reactive
management once a fire occurs. This reactive approach involves actions such as hiring
personnel, procuring equipment to respond to wildfire emergencies, and providing fire-
fighting training. Implementing policies in Peru that incorporate the use of fire by farming
communities represents a significant challenge for decision-makers [46,105]. Furthermore,
there exists a wide range of sectoral, disciplinary, and personal perspectives among those
involved in the different stages of wildfire management, who have yet to find a coordinated
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space for joint action. Further research is needed in Peru to understand how people use
fire (controlled burns or prescribed fire) and what role the institutions involved should
play [17,46].

The Intergovernmental Panel on Climate Change (IPCC) has projected that by the
end of this century, temperatures in tropical regions could potentially increase by up to
4.8 °C [106]. This underscores the importance of implementing appropriate measures and
strategies in the management of fire use, known as corrective management, instead of
solely prioritizing wildfire management, which involves both prospective and reactive
approaches, by government authorities in Peru. The concepts of corrective, prospec-
tive, and reactive management of disaster risk are documented in Peruvian law under
SINAGERD [82].

5. Conclusions

This study analyzed the effects of fire on soil properties in herbaceous grasslands and
its social context in Cusco, in southern Peru. Two wildfires that occurred in grasslands
during 2022 in two peasant communities in Cusco were studied. Andean grassland ecosys-
tems are fragile environments facing significant threats, necessitating better management
strategies. The results indicate that the values of various soil properties initially increased
after the fire, between the second and third seasons of analysis (the beginning of the rainy
season and the rainy season), then showed a gradual reduction, mainly due to associated
factors such as rainfall and runoff contributing to the leaching process. The values of
electrical conductivity, organic matter, and NPK continued to increase in the four seasons
due to the incorporation of ash into the soil resulting from the wildfires. Our findings
suggest that changes in soil properties could be linked to diverse vegetation, physical,
and climate factors. It is important to note that factors such as fuel load and fire severity
level can play an important role in changes in soil properties [107]. The low fuel load from
grasslands in the Peruvian Andes may have contributed to the stimulation of regenera-
tion of other herbaceous species after the rainy season, which has also been described in
other investigations [26,101]. Another highlight is that the load of vegetative fuel from the
Andean grasslands after burning will fully recover within 4 years. Similar findings are
also documented in central Peru by De la Cruz and Condor [11]. This timeframe was also
described by the local population during the interviews.

Given local people’s burning practices and interests, research is needed to compare
burn severities through controlled burns on grasslands. This should be approached cau-
tiously, as fire behavior and combustion dynamics may modulate burn severity differently
(whether it involves grassland fuels or other fuels). Our results can help decision-makers
formulate policies, regulations, and proposals for reducing wildfire impacts, as well as for
restoring vegetation in the Andean region of Cusco, which is an important international
tourism destination.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/fire7070259 /s1, Table S1: Description of the herbaceous species
identified in both burned (burn) and unburned (unb) areas for the Macay and Salloc communities.

Author Contributions: Conceptualization, R.Z., M.R. and Y.C.; methodology, J.L., FA., Y.P; validation,
AM.,, S.A,; investigation, M.R., R.Z., Y.C.; writing—original draft preparation, R.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank the National Meteorology and Hydrology
Service (SENAMHI) in Peru for providing the temperature and precipitation datasets (www.senambhi.


https://www.mdpi.com/article/10.3390/fire7070259/s1
https://www.mdpi.com/article/10.3390/fire7070259/s1
www.senamhi.gob.pe
www.senamhi.gob.pe

Fire 2024, 7, 259 15 of 19

gob.pe). The authors would also like to thank PP068 (Budget program of Peru: Reduction of
vulnerability and attention to emergencies due to disasters). The first author would like to express
their gratitude to Barbara Fraser for their invaluable contribution in suggesting enhancements to
English grammar. The authors also acknowledge the European Space Agency for providing the
Sentinel datasets https://firms.modaps.eosdis.nasa.gov/download/ (accessed on 15 May 2024).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Oliveras, I; Girardin, C.; Doughty, C.E.; Cahuana, N.; Arenas, C.E.; Oliver, V.; Huaraca Huasco, W.; Malhi, Y. Andean Grasslands
Are as Productive as Tropical Cloud Forests. Environ. Res. Lett. 2014, 9, 115011. [CrossRef]

2. Gonzalez, O.; Diaz, C.; Britto, B. Assemblage of Nectarivorous Birds and Their Floral Resources in an Elfin Forest of the Central
Andes of Peru. Ecol. Apl. 2019, 18, 21. [CrossRef]

3. Montesinos-Tubée, D.B.; Jans, H. Treasures of Peru. The Alpine Gardener. J. Alp. Gard. Soc. 2015, 83, 174-191.

4. Hughes, C.E. The Tropical Andean Plant Diversity Powerhouse. New Phytol. 2016, 210, 1152-1154. [CrossRef] [PubMed]

5. Wilcox, B. The Puna High Elevation Grassland of the Andes. Rangel. Arch. 1984, 6, 99-101.

6. Adams, J.; Samimi, C.; Mitterer, C.; Bendix, J.; Beck, E. Comparison of Pasture Types in the Tropical Andes: Species Composition,
Distribution, Nutritive Value and Responses to Environmental Change. Basic Appl. Ecol. 2022, 59, 139-150. [CrossRef]

7. Potschin, M.; Haines-Young, R.; Fish, R.; Turner, R K.; Egoh, B.N.; Bengtsson, J.; Lindborg, R.; Bullock, ].M.; Dixon, P.; Rouget, M.
The Importance of Grasslands in Providing Ecosystem Services. In Routledge Handbook of Ecosystem Services; Routledge: London,
UK, 2023. [CrossRef]

8. Modernel, P.; Rossing, W.A.H.; Corbeels, M.; Dogliotti, S.; Picasso, V.; Tittonell, P. Land Use Change and Ecosystem Service
Provision in Pampas and Campos Grasslands of Southern South America. Environ. Res. Lett. 2016, 11, 113002. [CrossRef]

9. Parr, C.L.; Lehmann, C.E.R.; Bond, W.J.; Hoffmann, W.A.; Andersen, A.N. Tropical Grassy Biomes: Misunderstood, Neglected,
and under Threat. Trends Ecol. Evol. 2014, 29, 205-213. [CrossRef] [PubMed]

10. Borgnia, M.; Vila, B.L.; Cassini, M.H. Foraging Ecology of Vicuiia, Vicugna Vicugna, in Dry Puna of Argentina. Small Rumin. Res.
2010, 88, 44-53. [CrossRef]

11.  De La Cruz-Arango, J.; Céndor Alarcén, R. Dynamics of Post-Fire Natural Regeneration of High Andean Ecosystems in the
District of Chiara. Ayacucho-Peru. J. Selva Andin. Biosph. 2023, 11, 6-21. [CrossRef]

12. Osman, K. Soils: Principles, Properties and Management; Springer: Dordrecht, The Netherlands, 2013. [CrossRef]

13.  Alcaniz, M.; Outeiro, L.; Francos, M.; Farguell, J.; Ubeda, X. Long-Term Dynamics of Soil Chemical Properties after a Prescribed
Fire in a Mediterranean Forest (Montgri Massif, Catalonia, Spain). Sci. Total Environ. 2016, 572, 1329-1335. [CrossRef] [PubMed]

14. Hofstede, R.G.M. The Effects of Grazing and Burning on Soil and Plant Nutrient Concentrations in Colombian Paramo Grasslands.
Plant Soil 1995, 173, 111-132. [CrossRef]

15. Zubieta, R.; Prudencio, F.; Ccanchi, Y.; Saavedra, M.; Sulca, J.; Reupo, J.; Alarco, G. Potential Conditions for Fire Occurrence in
Vegetation in the Peruvian Andes. Int. |. Wildl. Fire 2021, 30, 836—-849. [CrossRef]

16.  SERFOR. Plan de Prevencion y Reduccion de Riesgos de Incendios Forestales 2019-2022; Servicio Nacional Forestal y de Fauna Silvestre:
Lima, Peru, 2018.

17.  Alvarez, S. Percepciéon Frente a La Ocurrencia de Incendios Forestales En Los Pobladores de La Comunidad Chanka, Huanoquite-
Paruro y Del Centro Poblado Arin-Huaran, Calca-Calca. Tesis para Optar el Titulo Profesional de Antropéloga, Universidad
San Antonio Abad del Cusco, Cusco, Pert, 2022. Available online: http://hdlhandle.net/20.500.12918/7125 (accessed on
1 June 2024).

18. INEL Censo Nacional 2017: XII de Poblacion, VII de Vivienda y II de Comunidades Indigenas; Instituto Nacional de Estadistica e
Informatica: Lima, Peru, 2018.

19.  Wurzinger, M.; Gutiérrez, G. Alpaca Breeding in Peru: From Individual Initiatives towards a National Breeding Programme?
Small Rumin. Res. 2022, 217, 106844. [CrossRef]

20. Stavi, I. Wildfires in Grasslands and Shrublands: A Review of Impacts on Vegetation, Soil, Hydrology, and Geomorphology.
Water 2019, 11, 1042. [CrossRef]

21. Fernandes, PM.; Davies, G.M.; Ascoli, D.; Fernandez, C.; Moreira, F,; Rigolot, E.; Stoof, C.R.; Vega, ].A.; Molina, D. Prescribed
Burning in Southern Europe: Developing Fire Management in a Dynamic Landscape. Front. Ecol. Environ. 2013, 11, e4—el4.
[CrossRef] [PubMed]

22. Fonseca, F; de Figueiredo, T.; Nogueira, C.; Queirés, A. Effect of Prescribed Fire on Soil Properties and Soil Erosion in a
Mediterranean Mountain Area. Geoderma 2017, 307, 172-180. [CrossRef]

23.  Dunson, C.P.; Oswald, B.P; Farrish, K. The Effects of Prescribed Burning on Soil Water Infiltration Rates and Other Select Soil
Physical and Chemical Properties in East Texas. Master’s Thesis, Stephen F Austin State University, Nacogdoches, TX, USA, 2021.

24. Oliveira, A.PPD,; Silva, E.C.D.; Marcondes, R.A.T,; Pereira, M.G.; Motta, M.S.; Diniz, Y.V.D.EG.; Fagundes, H.D.S.; Delgado, R.C.;

Santos, O.A.Q.D.; Anjos, L.H.C.D. Slope Position Controls Prescribed Fire Effects on Soil: A Case Study in the High-Elevation
Grassland of Itatiaia National Park. Rev. Bras. Ciéncia Solo 2023, 47, €0230009. [CrossRef]


www.senamhi.gob.pe
www.senamhi.gob.pe
www.senamhi.gob.pe
https://firms.modaps.eosdis.nasa.gov/download/
https://doi.org/10.1088/1748-9326/9/11/115011
https://doi.org/10.21704/rea.v18i1.1302
https://doi.org/10.1111/nph.13958
https://www.ncbi.nlm.nih.gov/pubmed/27159523
https://doi.org/10.1016/j.baae.2022.01.005
https://doi.org/10.4324/9781315775302-37
https://doi.org/10.1088/1748-9326/11/11/113002
https://doi.org/10.1016/j.tree.2014.02.004
https://www.ncbi.nlm.nih.gov/pubmed/24629721
https://doi.org/10.1016/j.smallrumres.2009.11.009
https://doi.org/10.36610/j.jsab.2023.110100006x
https://doi.org/10.1007/978-94-007-5663-2
https://doi.org/10.1016/j.scitotenv.2016.01.115
https://www.ncbi.nlm.nih.gov/pubmed/26848014
https://doi.org/10.1007/BF00155524
https://doi.org/10.1071/WF21029
http://hdl.handle.net/20.500.12918/7125
https://doi.org/10.1016/j.smallrumres.2022.106844
https://doi.org/10.3390/w11051042
https://doi.org/10.1890/120298
https://www.ncbi.nlm.nih.gov/pubmed/38527078
https://doi.org/10.1016/j.geoderma.2017.06.018
https://doi.org/10.36783/18069657rbcs20230009

Fire 2024, 7, 259 16 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

Santin, C.; Doerr, S.H. Fire Effects on Soils: The Human Dimension. Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 20150171.
[CrossRef]

Alcafiiz, M.; Outeiro, L.; Francos, M.; Ubeda, X. Effects of Prescribed Fires on Soil Properties: A Review. Sci. Total Environ. 2018,
613-614,944-957. [CrossRef]

Santana, N.A.; Morales, C.A.S.; Silva, D.A.A.D.; Antoniolli, Z.1; Jacques, R.J.S. Soil Biological, Chemical, and Physical Properties
After a Wildfire Event in a Eucalyptus Forest in the Pampa Biome. Rev. Bras. Cienc. Solo 2018, 42, €0170199. [CrossRef]

Araya, S.N.; Meding, M.; Berhe, A.A. Thermal Alteration of Soil Physico-Chemical Properties: A Systematic Study to Infer
Response of Sierra Nevada Climosequence Soils to Forest Fires. Soil 2016, 2, 351-366. [CrossRef]

Pardini, G.; Gispert, M.; Dunj6, G. Distribution Patterns of Soil Properties in a Rural Mediterranean Area in Northeastern Spain.
Mt. Res. Dev. 2004, 24, 44-51. [CrossRef]

Gomez-Rey, M.X.; Couto-Vazquez, A.; Garcia-Marco, S.; Gonzalez-Prieto, S.J. Impact of Fire and Post-Fire Management Techniques
on Soil Chemical Properties. Geoderma 2013, 195-196, 155-164. [CrossRef]

Fernandez-Garcia, V.; Marcos, E.; Fernandez-Guisuraga, ] M.; Taboada, A.; Sudrez-Seoane, S.; Calvo, L. Impact of Burn Severity
on Soil Properties in a Pinus Pinaster Ecosystem Immediately after Fire. Int. J. Wildl. Fire 2019, 28, 354-364. [CrossRef]
Benhalima, Y,; Santos, E.; Aran, D.; Fonseca, M.; Abreu, M.M.; Duarte, L; Acacio, V.; Nunes, L.; Lerma, V.; Rego, F. Preliminary
Evaluation of Physical Characteristics of Soils from Mediterranean Cork Oak Forests: Post Fire Long Term Assessment. Rev.
Ciéncias Agrdrias 2022, 45, 700-703.

Sulaeman, D.; Sari, E.N.N.; Westhoff, T.P. Effects of Peat Fires on Soil Chemical and Physical Properties: A Case Study in South
Sumatra. IOP Conf. Ser. Earth Environ. Sci. 2021, 648, 12146. [CrossRef]

Fadaei, Z.; Kavian, A.; Solaimani, K.; Sarabsoreh, L.Z.; Kalehhouei, M.; Zuazo, V.H.D.; Rodrigo-Comino, J. The Response of Soil
Physicochemical Properties in the Hyrcanian Forests of Iran to Forest Fire Events. Fire 2022, 5, 195. [CrossRef]

Zomer, M.A.; Ramsay, PM. Post-Fire Changes in Plant Growth Form Composition and Diversity in Andean Paramo Grassland.
Appl. Veg. Sci. 2021, 24, €12554. [CrossRef]

Camargo-Garcia, J.C.; Dossman, M.A.; Rodriguez, J.A.; Arias, L.M.; Galvis-Quintero, ].H. Cambios En Las Propiedades Del Suelo,
Posteriores a Un Incendio En El Parque Nacional Natural de Los Nevados, Colombia. Acta Agron. 2012, 61, 151-165.

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. J. Agric. For. 2015, 5, 69-78. [CrossRef]

Minervini, M.G.; Morras, H.J.M.; Taboada, M.A. Efectos Del Fuego En La Matriz Del Suelo. Consecuencias Sobre Las Propiedades
Fisicas y Mineralogicas. Ecol. Austral 2018, 28, 012-027. [CrossRef]

Mataix-Solera, J.; Cerda, A.; Arcenegui, V.; Jordan, A.; Zavala, L.M. Fire Effects on Soil Aggregation: A Review. Earth-Sci. Rev.
2011, 109, 44-60. [CrossRef]

Di Bella, C.M.; Jobbagy, E.G.; Paruelo, ].M.; Pinnock, S. Continental Fire Density Patterns in South America. Glob. Ecol. Biogeogt.
2006, 15, 192-199. [CrossRef]

Astete, F; Bastante, J. Machupicchu Investigaciones Interdisciplinarias; Direccién desconcentrada de Cultura de Cusco, Ministerio de
Cultura: Lima, Peru, 2020; ISBN 978-612-4375-13-2.

SENAMHI. Caracterizacion Climdtica de Las Regiones Apurimac y Cusco. Informe Final de Investigacion Del Estudio Bi-Regional
Disciplinario. Proy; Programa Adaptacion al Cambio Climatico PACC: Cusco, Peru, 2012.

MINAM. Memoria Descriptiva Del Mapa Nacional de Ecosistemas Del Perii; Ministerio del Ambiente: Lima, Peru, 2019.

Zubieta, R.; Prudencio, F; Alarco, G.; Reupo, J. Ocurrencia de Incendios Forestales En El Perti Durante Eventos El Nifio. Boletin
Técnico EI Nifio. Inst. Geofisico Del Perii 2019, 6, 6-9.

Ccanchi, Y. Evaluacion de Sequias y Del Riesgo Potencial a La Ocurrencia de Incendios Forestales En Ecosistemas Altoandinos
Mediante Uso de Sensores Remotos. Tesis para Optar el Titulo Profesional de Ingeniero Agricola, Universidad Nacional Agraria,
Lima, Perq, 2021. Available online: https://hdl.handle.net/20.500.12996 /5195 (accessed on 1 June 2024).

Zubieta, R.; Ccanchi, Y.; Martinez, A.; Saavedra, M.; Norabuena, E.; Alvarez, S.; Ilbay, M. The Role of Drought Conditions on the
Recent Increase in Wildfire Occurrence in the High Andean Regions of Peru. Int. |. Wildl. Fire 2023, 32, 531-544. [CrossRef]
Zubieta, R.; Ccanchi, Y.; Liza, R. Performance of Heat Spots Obtained from Satellite Datasets to Represent Burned Areas in
Andean Ecosystems of Cusco, Peru. Remote Sens. Appl. Soc. Environ. 2023, 32, 101020. [CrossRef]

MINAGRI. D. S. 16-2002-AG. Aprueban Reglamento de Manejo de los Residuos Sélidos del Sector Agrario. Available on-
line: https:/ /busquedas.elperuano.pe/normaslegales/aprueban-reglamento-de-manejo-de-los-residuos-solidos-del-se-decreto-
supremo-n-016-2012-ag-866098-1/ (accessed on 25 August 2021).

Ley que Modifica Diversos Articulos del Cédigo Penal y la Ley General del Ambiente, Articulo 310. 2008. Ley 29263. 2008.
Available online: https://diariooficial.elperuano.pe/Normas/obtenerDocumento?idNorma=2 (accessed on 15 July 2024).
Carlotto, V.S.; Cardenas, J.D. Revisién y Actualizacion Del Cuadrangulo de Cusco (28-s). Escala 1:50 000, Instituto Geologico
Minero Metalurgico. 2003. Available online: https://hdl.handle.net/20.500.12544 /2115 (accessed on 12 June 2024).

Guest, G.; Bunce, A.; Johnson, L. How Many Interviews Are Enough?: An Experiment with Data Saturation and Variability. Field
Methods 2006, 18, 59-82. [CrossRef]


https://doi.org/10.1098/rstb.2015.0171
https://doi.org/10.1016/j.scitotenv.2017.09.144
https://doi.org/10.1590/18069657rbcs20170199
https://doi.org/10.5194/soil-2-351-2016
https://doi.org/10.1659/0276-4741(2004)024[0044:DPOSPI]2.0.CO;2
https://doi.org/10.1016/j.geoderma.2012.12.005
https://doi.org/10.1071/WF18103
https://doi.org/10.1088/1755-1315/648/1/012146
https://doi.org/10.3390/fire5060195
https://doi.org/10.1111/avsc.12554
https://doi.org/10.5923/j.ijaf.20150502.01
https://doi.org/10.25260/EA.18.28.1.0.127
https://doi.org/10.1016/j.earscirev.2011.08.002
https://doi.org/10.1111/j.1466-822X.2006.00225.x
https://hdl.handle.net/20.500.12996/5195
https://doi.org/10.1071/WF21129
https://doi.org/10.1016/j.rsase.2023.101020
https://busquedas.elperuano.pe/normaslegales/aprueban-reglamento-de-manejo-de-los-residuos-solidos-del-se-decreto-supremo-n-016-2012-ag-866098-1/
https://busquedas.elperuano.pe/normaslegales/aprueban-reglamento-de-manejo-de-los-residuos-solidos-del-se-decreto-supremo-n-016-2012-ag-866098-1/
https://diariooficial.elperuano.pe/Normas/obtenerDocumento?idNorma=2
https://hdl.handle.net/20.500.12544/2115
https://doi.org/10.1177/1525822X05279903

Fire 2024, 7, 259 17 of 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Smyth, H.J.; Morris, PW.G. An Epistemological Evaluation of Research into Projects and Their Management: Methodological
Issues. Int. ]. Proj. Manag. 2007, 25, 423-436. [CrossRef]

Van Reeuwijk, L.P. Procedures for Soil Analysis, 3rd ed.; International Soil Reference and Information Center (ISRIC): Wageningen,
The Netherlands, 1992; p. 34.

Espinoza Villar, ].C.; Ronchalil, J.; Guyot, J.L.; Cochonneau, G.; Naziano, F.; Lavado, W.; De Oliveira, E.; Pombosa, R.; Vauchel,
P. Spatio-Temporal Rainfall Variability in the Amazon Basin Countries (Brazil, Peru, Bolivia, Colombia, and Ecuador). Int. J.
Climatol. 2009, 29, 1574-1594. [CrossRef]

Bendix, J.; Rollenbeck, R.; Fabian, P.; Emck, P.; Richter, M.; Beck, E. Climate Variability. In Gradients in a Tropical Mountain Ecosystem
of Ecuador; Beck, E., Bendix, J., Kottke, I., Makeschin, F., Mosandl, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; pp.
281-290. [CrossRef]

Bouyoucos, G.J. Hydrometer Method Improved for Making Particle Size Analyses of Soils1. Agron. J. 1962, 54, 464—465. [CrossRef]
Sadzawka, A.; Carrasco, M.; Grez, R.; Mora, M.; Flores, H.; Neaman, A. Métodos de Anilisis de Suelos Recomendados Para Los Suelos
de Chile; Revision Instituto de Investigaciones Agropecuarias: Santiago, Chile, 2006; p. 34.

Bremner, .M. Determination of Nitrogen in Soil by the Kjeldahl Method. J. Agric. Sci. 1960, 55, 11-33. [CrossRef]

Klute, A. Methods of Soil Analysis Part 1, 2nd ed.; CABI: Wallingford, UK, 1986.

Dorich, R.A.; Nelson, D.W. Direct Colorimetric Measurement of Ammonium in Potassium Chloride Extracts of Soils. Soil Sci. Soc.
Am. . 1983, 47, 833-836. [CrossRef]

Chowdhury, S.; Manjon-Cabeza, J.; Ibafiez, M.; Mestre, C.; Broncano, M.].; Mosquera-Losada, M.R; Plaixats, J.; 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]

Parker, K. The 3 Step Method for Measuring Condition and Trend of Forest Study; U.S. Deptepartment of Agriculture, Techniques and
Methods of Measuring Understory Vegetation; USDA: Washington, DC, USA, 1958.

Puma, E. Comparativo de Dos Métodos de Determinacion de La Condicion de Un Pastizal Tipo Pajonal de Pampa En CICAS LA RAYA-FAZ,;
Universidad San Antonio Abad del Cusco: Cusco, Peru, 2014.

Howard, J.; Hoyt, S.; Isensee, K.; Telszewski, M.; Pidgeon, E. (Eds.) Coastal Blue Carbon; Methods for Assessing Carbon Stocks
and Emissions Factors in Mangroves, Tidal Salt Marshes, and Seagrass Meadows. Conservation International. 2019. Available
online: https:/ /unesdoc.unesco.org/ark: /48223 /pf0000372868 (accessed on 1 June 2024).

Magwaza, L.S.; Tesfay, S.Z. A Review of Destructive and Non-Destructive Methods for Determining Avocado Fruit Maturity.
Food Bioprocess Technol. 2015, 8, 1995-2011. [CrossRef]

Shannon, C.E. A Mathematical Theory of Communication. Bell Syst. Tech. |. 1948, 27, 379-423. [CrossRef]

Pla, L. Biodiversidad: Inferencia Basada En El Indice de Shannon y La Riqueza. Interciencia 2006, 31, 583-590.

Cuniff, P. International. Official Methods of Analysis of AOAC International, 16th ed.; AOAC International: Rockville, MD, USA, 1997.
Pérez-Escobar, O.A.; Zizka, A.; Bermudez, M.A.; Meseguer, A.S.; Condamine, FL.; Hoorn, C.; Hooghiemstra, H.; Pu, Y.; Bogarin,
D.; Boschman, L.M,; et al. The Andes through Time: Evolution and Distribution of Andean Floras. Trends Plant Sci. 2022, 27,
364-378. [CrossRef] [PubMed]

Mann, H.B.; Whitney, D.R. On a Test of Whether One of Two Random Variables Is Stochastically Larger than the Other. Ann.
Math. Stat. 1947, 18, 50-60. [CrossRef]

Key, C.; Benson, N. Landscape Assessment (LA) Sampling and Analysis Methods; U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station: Fort Collins, CO, USA, 2005; pp. 1-51.

Adagbasa, E.; Adelabu, S.; Okello, T. Assessment of Short Term Inter-Annual Post Fire Vegetation Recovery Using Land Surface
Temperature (LST); University of the Free State: Bloemfontein, South Africa, 2018.

Picos, J.; Alonso, L.; Bastos, G.; Armesto, ]. Event-Based Integrated Assessment of Environmental Variables and Wildfire Severity
through Sentinel-2 Data. Forests 2019, 10, 1021. [CrossRef]

Fassnacht, EE.; Schmidt-Riese, E.; Kattenborn, T.; Herndndez, J. Explaining Sentinel 2-Based DNBR and RANBR Variability with
Reference Data from the Bird’s Eye (UAS) Perspective. Int. ]. Appl. Earth Obs. Geoinf. 2021, 95, 102262. [CrossRef]

Dindaroglu, T.; Babur, E.; Yakupoglu, T.; Rodrigo-Comino, J.; Cerda, A. Evaluation of Geomorphometric Characteristics and Soil
Properties after a Wildfire Using Sentinel-2 MSI Imagery for Future Fire-Safe Forest. Fire Saf. ]. 2021, 122, 103318. [CrossRef]
Borrelli, P.; Armenteras, D.; Panagos, P.; Modugno, S.; Schiitt, B. The Implications of Fire Management in the Andean Paramo:
A Preliminary Assessment Using Satellite Remote Sensing. Remote Sens. 2015, 7, 11061-11082. [CrossRef]

Lecina-Diaz, J.; Alvarez, A.; Retana, J. Extreme Fire Severity Patterns in Topographic, Convective and Wind-Driven Historical
Wildfires of Mediterranean Pine Forests. PLoS ONE 2014, 9, e85127. [CrossRef] [PubMed]

Edalati-nejad, A.; Ghodrat, M.; Sharples, J. The Effect of Downslope Terrain on Wildfire Dynamics in the Presence of a Cubic
Structure. Adv. For. Fire Res. 2022, 775-783. [CrossRef]

Farfan, R.; Farfan, E. Produccion de Pasturas Cultivadas y Manejo de Pastos Naturales Altoandinos; Instituto Nacional de Inno-
vacion Agraria: La Molina, Peru, 2012. Available online: http://repositorio.inia.gob.pe/handle/20.500.12955/417 (accessed on
1 June 2024).


https://doi.org/10.1016/j.ijproman.2007.01.006
https://doi.org/10.1002/joc.1791
https://doi.org/10.1007/978-3-540-73526-7_27
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.1017/S0021859600021572
https://doi.org/10.2136/sssaj1983.03615995004700040042x
https://doi.org/10.3390/su14074232
https://unesdoc.unesco.org/ark:/48223/pf0000372868
https://doi.org/10.1007/s11947-015-1568-y
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1016/j.tplants.2021.09.010
https://www.ncbi.nlm.nih.gov/pubmed/35000859
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.3390/f10111021
https://doi.org/10.1016/j.jag.2020.102262
https://doi.org/10.1016/j.firesaf.2021.103318
https://doi.org/10.3390/rs70911061
https://doi.org/10.1371/journal.pone.0085127
https://www.ncbi.nlm.nih.gov/pubmed/24465492
https://doi.org/10.14195/978-989-26-2298-9_118
http://repositorio.inia.gob.pe/handle/20.500.12955/417

Fire 2024, 7, 259 18 of 19

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

Parra, F; Torres, J.; Ceroni, A. Composicién Floristica y Vegetacion de Una Microcuenca Andina: El Pachachaca (Huancavelica).
Ecol. Apl. 2004, 3, 9-16. [CrossRef]

Tovar, O. Estudio Floristico de Los Pastizales de La Costa Norte Del Peru. Rev. Peru Biol. 2005, 12, 397-413. [CrossRef]
Romanya, J.; Khanna, PK.; Raison, R.J. Effects of Slash Burning on Soil Phosphorus Fractions and Sorption and Desorption of
Phosphorus. For. Ecol. Manag. 1994, 65, 89-103. [CrossRef]

Sanchez-Garcia, C.; Santin, C.; Neris, J.; Sigmund, G.; Otero, X.L.; Manley, J.; Gonzalez-Rodriguez, G.; Belcher, C.M.; Cerda, A;
Marcotte, A.L.; et al. Chemical Characteristics of Wildfire Ash across the Globe and Their Environmental and Socio-Economic
Implications. Environ. Int. 2023, 178, 108065. [CrossRef]

Giovannini, G.; Lucchesi, S. Modifications Induced in Soil Physico-Chemical Parameters by Experimental Fires at Different
Intensities. Soil Sci. 1997, 162, 479-486. [CrossRef]

Huaman, L.D. Efecto de La Quema En Las Propiedades Fisicoquimicas de Un Suelo Agricola En El Distrito de Sincos, Jauja,
2018. Tesis para optar el titulo profesional de Ingeniero Ambiental, Universidad Continental, Junin, Pert, 2021. Available online:
https:/ /hdlLhandle.net/20.500.12394 /11421 (accessed on 1 June 2024).

Alva, D.M.; Manosalva, H.I. Efecto Del Fuego En Las Propiedades Quimicas Del Suelo En El Cafién de Sangal, Cajamarca. Tesis
para Optar el Titulo Profesional de Ingeniero Ambiental, Universidad Privada del Norte, La Libertad, Peru, 2019. Available
online: https://hdlL.handle.net/11537 /21088 (accessed on 1 June 2024).

Hernandez, T.; Garcia, C.; Reinhardt, I. Short-Term Effect of Wildfire on the Chemical, Biochemical and Microbiological Properties
of Mediterranean Pine Forest Soils. Biol. Fertil. Soils 1997, 25, 109-116. [CrossRef]

Verma, S.; Singh, D.; Singh, A K,; Jayakumar, S. Post-Fire Soil Nutrient Dynamics in a Tropical Dry Deciduous Forest of Western
Ghats, India. For. Ecosyst. 2019, 6, 6. [CrossRef]

Francos, M.; Stefanuto, E.B.; Ubeda, X.; Pereira, P. Long-Term Impact of Prescribed Fire on Soil Chemical Properties in a
Wildland-Urban Interface. Northeastern Iberian Peninsula. Sci. Total Environ. 2019, 689, 305-311. [CrossRef] [PubMed]

Certini, G. Effects of Fire on Properties of Forest Soils: A Review. Oecologia 2005, 143, 1-10. [CrossRef] [PubMed]
Patifio-Gutiérrez, S.E.; Dominguez-Rivera, 1.C.; Daza-Torrez, M.C.; Ochoa-Tocachi, B.F.; Oviedo-Ocana, E.R. Effects of Rainfall
Seasonality and Land Use Change on Soil Hydrophysical Properties of High-Andean Dry Paramo Grasslands. Catena 2024, 238,
107866. [CrossRef]

Ding, X.; Jiang, Y.; Zhao, H.; Guo, D.; He, L,; Liu, F,; Zhou, Q.; Nandwani, D.; Hui, D.; Yu, J. Electrical Conductivity of Nutrient
Solution Influenced Photosynthesis, Quality, and Antioxidant Enzyme Activity of Pakchoi (Brassica Campestris L. Ssp. Chinensis)
in a Hydroponic System. PLoS ONE 2018, 13, €0202090. [CrossRef] [PubMed]

Pacheco Isasi, A.E. Efecto Del Fuego Sobre Las Comunidades de Pastizales y Matorrales En El Anexo de Torotani, Distrito de
Polobaya, Arequipa, Octubre-Diciembre, 2018. Tesis para Optar el Titulo Profesional de Bidloga, Universidad Nacional de San
Agustin de Arequipa, Arequipa, Peru, 2019. Available online: http:/ /repositorio.unsa.edu.pe/handle/UNSA /9043 (accessed on
1 June 2024).

Novara, A.; Gristina, L.; Bodi, M.B.; Cerda, A. The Impact of Fire on Redistribution of Soil Organic Matter on a Mediterranean
Hillslope under Maquia Vegetation Type. L. Degrad. Dev. 2011, 22, 530-536. [CrossRef]

Mason, J.A.; Zanner, C.W. Grassland soils. In Encyclopedia of Soils in the Environment; Hillel, D., Ed.; Elsevier: Oxford, UK, 2005;
pp. 138-145. [CrossRef]

Bahr, E.; Chamba Zaragocin, D.; Makeschin, F. Soil Nutrient Stock Dynamics and Land-Use Management of Annuals, Perennials
and Pastures after Slash-and-Burn in the Southern Ecuadorian Andes. Agric. Ecosyst. Environ. 2014, 188, 275-288. [CrossRef]
Sala, M.; Rubio, J.L. Soil Erosion as a Consequence of Forest Fires; Sociedad Europea Para La Conservacion Del Suelo; Geoderma
Ediciones: Logrono, Spain, 1994; pp. 15-27.

Pretty, J. Agroecology: Ecological Processes in Sustainable Agriculture. Second Edition. By S. R. Gliessman. Boca Raton, FL, USA:
Lewis Publishers (CRC Press) (2007), Pp. 408, £29.99. ISBN 0-8493-2845-4. Exp. Agric. 2007, 43, 521. [CrossRef]

Hermitafio and Crisostommo, H. Efecto de La Quema de Pastizales En Las Propiedades de Los Suelos En Huamancaca Chico.
Huan-Cayo. 2020. Tesis para optar el titulo profesional de Ingeniero Ambiental, Universidad Continental, Huancayo, Peru, 2021.
Available online: https:/ /hdlLhandle.net/20.500.12394 /10349 (accessed on 1 June 2024).

Thompson, L.M.; Tomas, ].P.; Troeh, ER. Los Suelos y Su Fertilidad; Editorial Reverté: Barcelona, Spain, 1980.

Végvari, Z.; Valko, O.; Balazs, D.; Torok, P.; Konyhas, S.; Tothmérész, B. Effects of Land Use and Wildfires on the Habitat Selection
of Great Bustard (Otis Tarda L.)—Implications for Species Conservation. Land Degrad. Dev. 2016, 27, 910-918. [CrossRef]
Medrano, M.; Herndndez, J.; Corral, S.; Najera, J. Tree Diversity at Different Altitude Levels in the El Salto, Durango Region. Rev.
Mex. Cienc. For. 2017, 8, 57-68.

Tedim, F.; Leone, V. The Dilemma of Wildfire Definition: What It Reveals and What It Implies. Front. For. Glob. Change 2020,
3, 134. [CrossRef]

USDA. National Prescribed Fire Resource Mobilization Strategy; Forest Service U.S. Department of Agriculture: Washington, DC,
USA, 2023.

Corona, P,; Ascoli, D.; Barbati, A.; Bovio, G.; Colangelo, G.; Elia, M.; Garfi, V.; Iovino, E; Lafortezza, R.; Leone, V.; et al. Integrated
Forest Management to Prevent Wildfires under Mediterranean Environments. Ann. Silvic. Res. 2015, 39, 1-22. [CrossRef]


https://doi.org/10.21704/rea.v3i1-2.265
https://doi.org/10.15381/rpb.v12i3.2415
https://doi.org/10.1016/0378-1127(94)90161-9
https://doi.org/10.1016/j.envint.2023.108065
https://doi.org/10.1097/00010694-199707000-00003
https://hdl.handle.net/20.500.12394/11421
https://hdl.handle.net/11537/21088
https://doi.org/10.1007/s003740050289
https://doi.org/10.1186/s40663-019-0168-0
https://doi.org/10.1016/j.scitotenv.2019.06.434
https://www.ncbi.nlm.nih.gov/pubmed/31276998
https://doi.org/10.1007/s00442-004-1788-8
https://www.ncbi.nlm.nih.gov/pubmed/15688212
https://doi.org/10.1016/j.catena.2024.107866
https://doi.org/10.1371/journal.pone.0202090
https://www.ncbi.nlm.nih.gov/pubmed/30157185
http://repositorio.unsa.edu.pe/handle/UNSA/9043
https://doi.org/10.1002/ldr.1027
https://doi.org/10.1016/B0-12-348530-4/00028-X
https://doi.org/10.1016/j.agee.2014.03.005
https://doi.org/10.1017/S0014479707005364
https://hdl.handle.net/20.500.12394/10349
https://doi.org/10.1002/ldr.2495
https://doi.org/10.3389/ffgc.2020.553116
https://doi.org/10.12899/ASR-946

Fire 2024, 7, 259 19 0f 19

106. IPCC. Tropical Forests. In Climate Change 2022—Impacts, Adaptation and Vulnerability: Working Group 1I Contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2022; pp.
2369-2410. [CrossRef]

107. Carrién-Paladines, V.; Hinojosa, M.B.; Jiménez Alvarez, L.; Reyes-Bueno, F; Correa Quezada, L.; Garcia-Ruiz, R. Effects of the
Severity of Wildfires on Some Physical-Chemical Soil Properties in a Humid Montane Scrublands Ecosystem in Southern Ecuador.
Fire 2022, 5, 66. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1017/9781009325844.024
https://doi.org/10.3390/fire5030066

	Introduction 
	Materials and Methods 
	Study Area 
	Analyses of Physicochemical Properties of Soil 
	Biomass Estimation 
	Statistical Analysis 
	Estimation of Severity of the Burned Areas 

	Results 
	Perception of the Population 
	Wildfire Severity 
	Changes in Soil Properties 
	Performance of Dry Biomass 

	Discussion 
	Conclusions 
	References

