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ABSTRACT: There is a need for greater knowledge about the medium- and long-term 
effects of prescribed fire management on soil in ecosystems prone to wildfires and more 
vulnerable to climate change. This study examined the short- and medium-term effects 
of prescribed fire on soil chemical properties and chemical fractions of soil organic matter 
(SOM) in two positions of the landscape in a high-elevation grassland environment. 
The ecosystem is located in the mountain peaks of southeastern Brazil associated with 
the Atlantic Forest biome. Prescribed fire was conducted in 2017 to reduce understory 
vegetation and thus prevent potential severe wildfires. Soil samples were collected at 
the layers of 0.00-0.10, 0.10-0.20, and 0.20-0.40 m, at eight composite sampling. The 
composite samples were collected on five different occasions: before the prescribed 
fire, and 10, 30, 90, and 240 days after the prescribed fire. Soil chemical properties, 
total organic carbon, labile C, and chemical fractionation of SOM were analyzed. All soil 
properties investigated were affected by the prescribed fire, with variations in landscape 
position, duration of effect, and soil layer. In the backslope area, the medium-term effect 
of fire was negative and induced soil degradation and induced soil degradation. In the 
footslope area, the system showed greater resilience to the effects of fire, as indicated 
by the recovery of the soil’s chemical properties. These results can help assess the 
suitability of controlled burning of vegetation for managing risks of fire in mountainous 
regions, such as high-elevation grasslands.
Keywords: Histosols, soil indicators, organic matter, soil management, Campos de 
Altitude.
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INTRODUCTION
Large areas of savannah and forests are affected annually by wildfires in various regions 
of the world. Fire is an important factor in environmental changes in an ecosystem and 
can affect nutrient compartments and soil organic matter dynamics (Alcañiz et al., 2018; 
Ayoubi et al., 2021; Babur et al., 2022). In the Atlantic Forest Biome, the areas most 
affected by the fire are the high-elevation grasslands, an ecosystem restricted to the 
mountains of the Southeast region with significant ecological relevance, due to their 
high degree of endemism and biodiversity. This ecosystem is subject to a greater effect 
of climate change than in the lower parts of the continent. They have soils characterized 
by a great accumulation of organic matter and peatland (Soares et al., 2016; Silva Neto 
et al., 2018) and, for this reason, are unstable and may be more sensitive to changes 
caused by ecological management with fire (Saenger et al., 2015; Assis and Mattos, 
2016). Despite their greater vulnerability, biological importance, and role in maintaining 
ecosystem services, studies on the impacts of prescribed fires on soil properties conducted 
in Brazilian tropical mountains are rare.

Prescribed fire is the planned use of fire for the purpose of conservation, research and 
management of combustible materials in fire-prone environments/ecosystems. To allow 
this practice to be carried out, predefined goals, environmental conditions, and techniques 
are required in a specific fire plan (Brasil, 2018). In the prescribed fire, the fire pattern is 
predicted based on the local factors that influence its behavior and monitored until its 
extinction to achieve the planned goals. It is a strategy that can be used for the reduction 
or elimination of combustible material to prevent the occurrence of high-intensity and 
severe wildfires and has been used in different protected areas worldwide, such as 
in the USA (Hubbert et al., 2006; Knapp et al., 2009; Thompson et al., 2019), Europe 
(Fernandes et al., 2013; Inbar et al., 2014; Alcañiz et al., 2016), Australia (Andersen et al. 
2005; Bennet et al., 2014), and among other countries. In addition to reducing the risk 
of wildfires, prescribed fires can be useful for habitat restoration, increasing biodiversity, 
controlling competition among plant species and communities, and eliminating problems 
with diseases or insects (Hamman et al., 2008; Valkó et al., 2016).

Studies conducted in recent decades in different ecosystems around the world indicate 
that the effect of fire on soil properties is widely variable and depends on several factors 
such as the type, intensity, and duration of the fire and its position in the landscape 
(González-Pérez et al., 2004; Afifi and Oliveira, 2006; Neill et al., 2007; Shakesby, 
2011; Bento- Gonçalves et al., 2012; Brown et al., 2013; Inbar et al., 2014; Oliver et al., 
2015; Fultz et al., 2016; Alcañiz et al., 2018). Some studies found an increase in pH and 
nutrient availability after prescribed fire (Kennard and Gholz, 2001; Úbeda et al., 2005; 
Scharenbroch et al., 2012) and a reduction in soil organic matter (SOM) (Muqaddas et 
al., 2016), while others have found no significant changes (Meira-Castro et al., 2014; 
Valkó et al., 2016). In addition, little is known about the effect of prescribed fires on soil C 
compartments, especially in colloidal fractions, and on the quality and quantity of humic 
materials. Still, little research has been carried out concerning the long-term variations 
on the ground surface after burning in mountain area (Úbeda et al., 2005; Meira-Castro 
et al., 2014; Alcañiz et al., 2016; Valkó et al., 2016).

In Brazil, experiments with prescribed fires began in the 1980s in the IBGE reserve in 
Brasília and, the following decade, at the Parque Nacional das Emas conservation unit 
(CU) (França et al., 2007). In 2014, prescribed fire was implemented in three CUs located 
in the Cerrado Biome, which is highly affected by forest wildfires annually (Schmidt et 
al., 2016). All studies were concentrated in the Cerrado, with little information available 
on its use in soil and vegetation in other Brazilian biomes. Studies on high-elevation 
grassland environments are rare and report only the short-term impact of wildfires on 
vegetation (Safford, 2001; Aximoff and Rodrigues, 2011; Aximoff et al., 2016).
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In the high-altitude grasslands of the INP, the fire regime is variable, with the main 
cause being human activities for various purposes. The frequency of burning varied 
from 2 to 15 years in the different landscapes of the park. In the area of this study, 
a fire occurred ten years prior to sampling. The occurrence of fires in high-altitude 
fields is at the peak in the dry season (from June to September), resulting in fires 
of high intensity and severity (Aximoff et al., 2016).

There is a need for greater knowledge about the medium- and long-term effects 
of prescribed fire management on soil in ecosystems prone to wildfires and more 
vulnerable to climate change. Developing a better understanding of resilience and 
ability to respond to such disturbances is necessary. It is also necessary for forest 
management to identify points or positions in the landscape of greater vulnerability, 
considering the type and regime of fires (Piqué et al., 2011). In addition, it is important 
to identify the recurrence of the use of fire to complement the knowledge about 
the time required for a new burning to be carried out in the area so that there is no 
damage to the soil (Jones et al., 2015). In the current context of climate change, 
these studies are even more relevant, as it is predicted that the number and size 
of wildfires will increase, and wildfire regimes will change (with a higher number of 
high-severity wildfires during longer wildfire seasons) (Turco et al., 2017; Francos 
et al., 2018).

The main objective of this study was to determine the short- and medium-term effects of 
prescribed fire on soil chemical properties and organic matter fractions in two positions 
on the landscape in the high-elevation grassland environment of Itatiaia National Park  
(RJ, Brazil). As an initial hypothesis, it is assumed that the prescribed fire carried 
at the end of the wet season and beginning of the dry season, where there is high 
water content in the soil (February to April in the high-altitude fields of INP), will 
have a different impact based on the position in the landscape and on the affected 
soil layer.

MATERIALS AND METHODS

Study area

The study area is located in the Southeast Region of Brazil, in the Serra da Mantiqueira, 
Itatiaia massif, at the boundary of Minas Gerais and Rio de Janeiro States, within Itatiaia 
National Park, a full conservation unit covering an area of 225.54 km2. This study was 
undertaken in a zone at a higher altitude range, which is characterized by mountainous 
and rugged terrain (Figure 1), with altitudes ranging from 2,000 to 2,791 m, culminating in 
Agulhas Negras Peak (Barreto et al., 2013). The climate is classified as Cwa, a subtropical 
climate with hot and rainy summers and cold and dry winters, with an average annual 
temperature of 16 °C and an average annual rainfall of 2,300 mm. In the Agulhas Negras 
peak, frost occurs, and temperatures can reach -10 °C from June to August (Barreto  
et al., 2014).

Effects of prescribed fire on soil properties were evaluated in the upper and lower slope 
positions (backslope and footslope) in an area of approximately 42 ha (22° 22’ 17.1” S 
and 44° 41’ 32.5” W), with an average altitude of 2,470 m and slope ranging from 3 to 
30 %. There is a flat relief on the footslope with the predominance of Typic Haplosaprists 
(Soil Survey Staff, 2014), (Organossolo Fólico Sáprico típico - Santos et al., 2018), with 
impeded imperfect drainage. On the backslope, the average slope is 25 %, with the 
occurrence of Lithic Udifolists associated with Lithic Dystrudepts and Lithic Udorthents 
(Soil Survey Staff, 2014), (Neossolos Litólicos Hísticos típicos – Santos et al., 2018) and 
rock outcrops.
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Physiognomy, defined as altitude fields, is composed of a mosaic with different plant 
forms and variable structures and may contain variable densities of pteridophytes, 
herbs, shrubs, and trees, distributed in a graminoid matrix, small fragments of 
dense Ombrophylous Forest (Umbrophylous Forest), and islands of vegetation on 
rocks (Figure 2). In the study area, the vegetation was classified as fire-prone. On 
the backslope, the vegetation is composed of grassy and herbaceous species with 
a predominance of Cyperaceae and Poaceae, with Cortaderia modesta, Chusquea 
spp., and Machaerina ensifolia showing the highest dominance (Schmidt et al., 
2016). On footslope, there is a greater diversity of groups of plant species, with a 
predominance of shrubs, including species of the genera Baccharis, Vernonia, and 
Myrtaceae (Safford et al., 2001; Silva Neto et al., 2018) 

The prescribed fire was carried out in April 2017, with air temperatures ranging 
between 14 and 18 °C, relative humidity between 60 and 90 %, weak winds (3 to 
13 km h1), and cloud cover between 0 and 70 %, that is, adequate conditions for 
controlled burning (Figure 2). Firebreaks around the study area were previously 
built by removing vegetation and fire defense (crew) to prevent fire escape. The 
purpose of the burning was to construct a firebreak (preventive protection line) to 
prevent the spread of wildfires. The fire started at the highest points of the terrain, 
with the fire front spreading predominantly against the wind and contrary to the 
slope (backfire). For the backfire, the propagation speed was less than 1.0 m min-1, 
with a maximum flame length of 1.5 m, and for the headfire, the propagation speed  
was >1.0 and <2.0 m min-1, with a maximum flame length of 3.0 m.

Figure 1. Location of the study area in the upper part of the Itatiaia National Park in the Southeastern region of Brazil.
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Soil sampling, laboratory, and data analysis

Soil samples were collected before the prescribed fire (control of the original condition), 
and 10, 30, 90, and 240 days after the prescribed fire (DAPF). On each collection date, 
samples were collected at four points (pseudo-replicates) spaced 15–30 m apart at each 
slope position. At each point, three soil pits of 0.40 m depth were opened and samples 
were collected at layers of 0.00-0.10, 0.10-0.20 and 0.20-0.40 m. The collection of 
the three soil pits (at each sampling point) and their respective depths comprised one 
composite sample. The samples were placed in plastic bags, taken to the laboratory, 
and air-dried and sieved (2 mm mesh).

Chemical characterization of the soil was performed through the following analyses: pH 
in water (1:2.5), sorption complex (Ca2+, Mg2+, Al3+, K+, Na+, H+Al) (KCl 1 mol L-1) and  
P (Mehlich-1). The cation exchange capacity (CEC) and base saturation (V%) were 
calculated (Teixeira et al., 2017). The C and N contents were quantified by dry combustion 
in a CHN elemental analyzer (TrueSpec Series: Carbon, Hydrogen, Nitrogen Elemental, 
Macro). Chemical fractionation of humic substances was performed according to the 
method recommended by the International Humic Substances Society, adapted by 
Benites et al. (2003), to assess the C content of the humin (C-Hum), humic acid (C-HA), 
and fulvic acid (C-FA) fractions to determine the C-FA/C-HA and C-Hum/C-AE ratios (AE, 
alkaline extract = C-HA+C-FA).

Figure 2. Prescribed fire carried out in high-elevation Grassland Ecosystem within the Itatiaia 
National Park (RJ, Brazil). Source: Irgílio Ferraz.
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Soil labile organic carbon (LOC) was obtained by the organic matter OM oxidation 
method (POXC) in reaction with KMnO7 0.2 mol L-1 established by the methodology 
developed by Culman et al. (2012), in which 0.5 g (± 0.01 g) of sample was mixed with 
8 mL of distilled water, subjected to manual shaking and left at rest for 16 h; after this 
period, 2 mL of KMnO7 0.2 mol L-1 solution was added to each sample and subjected to 
horizontal shaking for 10 min. After the procedure, sample readings were performed 
using spectrometry based on a KMnO7 concentration curve previously calibrated  
at 550 nm.

Statistical analyses

Descriptive statistical analysis (mean and standard deviation) and multivariate 
analysis (principal component analysis) were used for data analysis, as this was a 
measurement study. Analyses were performed using R (R Development Core Team, 
2018). Statistical treatment in the Principal component analysis (PCA) was performed 
using the CANOCO statistical package (Braak and Smilauer, 2002).

RESULTS

Soil chemical properties

Chemical properties of the soil before and after the prescribed fire (PF) in the three layers 
of the footslope and backslope areas are shown in figures 4 and 5. In both landscape 
positions (backslope and footslope), the variations in the evaluated chemical properties 
were higher in the surface layer (0.00-0.10 m), indicating that it is more sensitive to the 
effects of fire. For the pH, small variations were observed in both landscape positions. 
In the footslope area, before the prescribed fire (BPF), the mean was 3.7±0.02, with 
reductions at 10 days after pre-scribe fire (DAPF) (pH = 3.7±0.02) and 240 DAPF  
(pH = 3.6±0.03), resulting in 4 % decrease when analyzing BPF and 240 DAPF. In the 
backslope area, the mean pH decreased by 5 % (BPF to 240 DAPF), from 3.9±0.02 
(before PF) to 3.7±0.03 (Figure 3).

For basic cations (Ca2+, Mg2+, Na+ and K+), different patterns of variation were 
observed in the landscape compartments (Figure 3). In the footslope area, 
the contents of Ca2+, Na+ and K+ decreased immediately after the prescribed 
fire, with mean of Ca2+ = 0.6±0.1 cmolc kg-1, Na+ = 0.17±0.04 cmolc kg-1 and  
K+ = 0.60±0.28 (before PF), and Ca2+ = 0.2±0.01 cmolc kg-1, Na+ = 0.06±0.01 cmolc kg-1  
and K+ = 0.21±0.06 cmolc kg-1 (10 DAPF). After this stage, the contents of these 
nutrients gradually increased, reaching a mean of Ca2+ = 0.5±0.1 cmolc kg-1,  
Na+ = 0.18±0.02 cmolc kg-1 and K+ = 0.71±0.25 cmolc kg-1 (240 DAPF). The variation 
in percentage of these properties (before PF to 240 DAPF) were respectively -16, 
5, and 18 %, respectively. For Mg2+, a different pattern was observed, with a trend 
of increasing over the standard time observed in both the footslope and backslope 
areas. In the footslope area, the mean of Mg2+ increased 140 %, from 0.5±0.1 (before 
PF) to 1.2±0.1 cmolc kg-1 (240 DAPF), and in the backslope area 75 %, from 0.8±0.1 
(before PF) to 1.4±0.1 cmolc kg-1 (240 DAPF). In the backslope, Ca2+ contents also 
decreased immediately after the prescribed fire (0.2±0.1 cmolc kg-1), followed by an 
increase until 240 DAPF (0.5±0.1 cmolc kg-1), with a mean value decreasing 17 % 
(BPF to 240 DAPF). For Na+ in the backslope area, a 129 % increase was observed at 
240 DAPF, with the mean ranging from 0.07±0.01 (before PF) to 0.16±0.01 cmolc kg-1  
(240 DAPF). For K+, there was a trend of increase after the prescribed fire in the 
backslope area, ranging from 0.22±0.05 (before PF) to 0.60±0.14 cmolc kg-1 (240 
DAPF), a 124 % increase.
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In general, for the sum of bases (SB), the same pattern was verified in the backslope 
and footslope area (Figure 4), with a mean of 1.83±0.42 (footslope, before PF) and 
1.43±0.15 cmolc kg-1 (backslope, before PF), decreasing to 1.26±0.14 (footslope,  
10 DAPF) and 1.34±0.09 cmolc kg-1 (backslope, 10 DAPF), then increasing until the 
end of the evaluated period, with a mean of 2.50±0.36 (footslope, 240 DAPF) and  
2.52±0.24 cmolc kg-1 (backslope, 240 DAPF). In the footslope area, for potential acidity, 
there was a reduction until 30 DAPF, followed by an increase until 240 DAPF, with a 
mean of 23.0±0.95 cmolc kg-1 (before PF), decreasing to 14.5±1.77 cmolc kg-1 (30 DAPF), 
reaching the highest value at 240 DAPF (H+Al = 44.0±2.89 cmolc kg-1). Conversely, base 
saturation increased in this part of the landscape, with a mean of 8.2±1.9 % (before PF), 
increasing to 11.2±2.8 % (30 DAPF), then decreased until 240 DAPF (SB = 5.5±1.2 %). In 
the backslope area, H+Al increased over time, with a mean ranging from 11.8±0.75 cmolc 
kg-1 (before PF) to 39.6±2.38 cmolc kg-1 (240 DAPF), and the V% decreased immediately 
after the fire, from 10.8±1.3 % (before PF) to 6.6±0.5 % (30 DAPF), followed by an increase 
until 90 days (V= 9.6±2.3 %) and a subsequent reduction at 240 DAPF (V= 6.3±0.9 %).

Regarding Al3+ contents, in the footslope, there was a reduction from 3.8±0.3 (before 
PF) to 3.1±0.2 cmolc kg-1 (between 30 and 90 DAPF), resulting in values similar to the 
initial ones at 240 DAPF (Al3+ = 3.7±0.3 cmolc kg-1), a 2 % decrease from BPF to 240 
DAPF. In the backslope area, Al3+ contents increased over time, with a mean ranging 
from 2.2±0.1 (before PF) to 3.6±0.2 cmolc kg-1 (240 DAPF, 64 % increase from BPF to 240 
DAPF. For available phosphorus (P), there was no clearly discernible pattern for available 
P in the two landscape compartments (footslope and backslope). In the footslope, the 
mean contents ranged from 4.6±1.5 (10 DAPF) to 7.7±3.0 mg kg-1 (240 DAPF), and in 
the backslope, between 3.4±0.5 (10 days) and 7.6±2.0 mg kg-1 (before PF) (Figure 4).

Figure 3. Mean and standard deviation (SD) for pH and soil nutrients, before and at 10, 30, 90 and 240 days after the prescribed 
fire in footslope and backslope area in the Itatiaia National Park (RJ, Brazil).
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CHN and labile organic carbon (LOC)

Total C, H, N, and LOC contents showed a distinct pattern over time between landscape 
positions (Figure 5). In the footslope area, the same pattern was observed for C, H and 
N, with reduction immediately after the prescribed fire, with mean decreasing from  
C of 229±27 g kg-1, H of 38.6±3.1 g kg-1 and N of 12.7±1.7 g kg-1 (before PF) to 166±12, 
32.3±1.9 and 8.5±0.8 g kg-1 (10 DAPF), respectively. From 10 days, C, H and N contents 
increased at 240 DAPF (C = 220±16 g kg-1, H = 37.4±1.9 g kg-1 and N = 12.9±1.4 g kg-1).  
The variation (BPF to 240 DAPF) in percentage value was respectively -4, -3  
and +2 %. Similar patterns were also observed in the backslope area for these 
elements, increasing until 30 DAPF, with means of C = 157±5 g kg-1, H = 29.1±0.6 g kg-1  
and N = 7.9±0.4 g kg-1 (before PF), increasing to C = 205±17 g kg-1, H = 36.8±1.6 g kg-1 
and N = 10.8±0.8 g kg-1 (30 DAPF), and decreasing until 240 DAPF (C = 178±19 g kg-1, 
H = 32.0±2.1 g kg-1, N = 9.7±1.1 g kg-1). The variation (BPF to 240 DAPF) in percentage 
value was respectively +15, +10, and +23 %.

For the C:N ratio, there was no clearly discernible pattern in the two landscape positions, 
with a mean of 17.6±0.7 in the footslope area and 18.6±0.5 in the backslope area. 
However, at 240 DAPF, the ratio remained lower than that observed before the fire for the 
two landscape positions. For the labile organic carbon (LOC) content, the same pattern 
of variation over time was verified in the two landscape positions. Before the prescribed 
fire, the mean of LOC were 3.4±0.3 (footslope) and 3.2±0.1 g kg-1 (backslope), oscillating 
until 90 DAPF and decreasing at 240 DAPF (LOC = 2.4 ± 0.3 g kg-1 in the footslope;  
LOC = 2.0±0.2 g kg-1 in the backslope). The decrease (BPF to 240 DAPF) in percentage 
was 29 (footslope) and 38 % (backslope) (Figure 5).

Figure 4. Mean and standard deviation (SD) for sum of bases (SB), base saturation (V%), potential acidity (H+Al), aluminum (Al3+) 
and available phosphorus (P), before and at 10, 30, 90 and 240 days after the prescribed fire in the footslope and backslope area in 
the Itatiaia National Park (RJ, Brazil).
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Chemical fractions of soil organic carbon

For the carbon in the humic fractions (humin, fulvic acid, and humic acid), different 
patterns were found between the different landscape compartments (Figure 6). In the 
footslope area, C-Hum decreased immediately after the prescribed fire, with a mean 
decreasing from 195±28 (before PF) to 113±19 g kg-1 (10 DAPF), and then increased 
until 240 days (C-Hum = 194±33 g kg-1), without variation in the percentage value from 
BPF to 240 DAPF. In the backslope area, there was a trend of increase over time (23 % 
from BFP to 240 DAPF), with mean between 116±13 g kg-1 (before PF) and 142±11 g kg-1 
(240 DAPF). The C-AF also showed a reduction after the pre-scribed fire in the footslope 
and backslope area, with a mean before PF of 14.4±3.0 (footslope) and 14.3±0.7 g kg-1 
(backslope), decreasing at 10 DAPF to 10.8±06 (footslope) and 10.8±0.4 g kg-1 (backslope). 
After that, there was a trend of increase over time, reaching at 240 DAPF the mean of  
C-AF = 15.3±2.0 (footslope) and C-AF = 14.1±0.9 g kg-1 (backslope), the variation 
(BPF to 240 DAPF) of percentage value was +6.5 (footslope), and -1 % (backslope). For 
C-AH, only the footslope area showed reduction after the prescribed fire, with a mean 
ranging from 46.6±0.7 (before PF) to 37.2±0.6 g kg-1 (10 DAPF), and then increasing 
until 240 DAPF (C-AH = 43.9±1.3 g kg-1), with a decrease of 6 % (from BPF to 240 DAPF). 
In the backslope area, the C-AH increased until 90 DAPF, from 33.7±1.2 (before PF) to  
41.3±2.0 g kg-1 (90 DAPF), and then decreasing until 240 DAPF (C-AH = 37.5±0.4 g kg-1), 
an increase of 11 % (from BPF to 240 DAPF).

Figure 5. Mean and standard deviation (SD) for C, N, H, C:N ratio and labile organic carbon (LOC) before and at 10, 30, 90 and 240 
days after the prescribed fire in backslope and footslope area in the Itatiaia National Park (RJ, Brazil).

40

30

20

10

0

50

40

30

20

10

0

50

40

30

20

10

0

20

15

10

5

0

20

15

10

5

0

20

15

10

5

0

5

4

3

2

1

0

5

4

3

2

1

0

5

4

3

2

1

0

50

10

5

0

15

10

5

0

15

10

5

0

15

10 30 90 2400Backslope Time (days)

C:
N

C:
N

C:
N

LO
C 

(g
 k

g-1
)

LO
C 

(g
 k

g-1
)

Footslope

LO
C 

(g
 k

g-1
)

H 
(g

 k
g-1

)
H 

(g
 k

g-1
)

H 
(g

 k
g-1

)

N 
(g

 k
g-1

)
N 

(g
 k

g-1
)

N 
(g

 k
g-1

)

C 
(g

 k
g-1

)
C 

(g
 k

g-1
)

300

C 
(g

 k
g-1

)

250

200

150

100

50

0

300

250

200

150

100

50

0

300

250

200

150

100

50

0

0.20-0.40 cm

0.00-0.10 m

0.10-0.20 m



Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

10Rev Bras Cienc Solo 2023;47:e0230009

Ratios between the humic fractions (C-HA:C-FA and C-Hum:C-AE) used to interpret the data 
obtained from the chemical fractionation of organic carbon showed different patterns in the 
footslope and backslope areas. In the footslope, the C-HA:C-FA ratio tended to decrease until  
90 DAPF, increasing after 240 DAPF, with mean of 3.4±0.6 (before PF), 2.5±0.3 (90 DAPF) and 3.0±0.4 
(240 DAPF). On the other hand, the C-Hum:C-AE ratio in the footslope decreased immediately after 
the fire and then increased until 240 DAPF, with means of 3.2±0.3 (before PF), 2.4±0.4 (10 DAPF)  
and 3.3±0.6 (240 DAPF). In the backslope, the C-HA:C-FA ratio increased after fire, between 10 
and 30 DAPF, and then decreased between 90 and 240 DAPF, with mean of 2.4±0.1 (before 
PF), 3.5±0.4 (10 DAPF) and 2.7±0.2 (240 DAPF). For the C-Hum:C-AE ratio, there was no clearly 
discernible pattern in the backslope, with a mean between 2.4±0.3 (before PF) and 2.8±0.1 
(240 DAPF) (Figure 6).

Principal Component Analysis (PCA)

The PCA considering all soil properties showed a clear difference between the landscape 
positions (Figures 7 and 8), indicating that the effects of fire on the soil were different in the 
footslope and backslope areas. On the footslope, the principal component 1 (PC1) explained 
53.9 % of the total variance, and the principal component 2 (PC2) explained 21.2 %. The PC1 
and PC2 together, explained 75.1 % of the variance in the original data (Figure 7). The positive 
axis of PC1 is defined by the following properties: C, N, H, C-Hum, C-FA, C-Hum:C-AE, and SB; 
whereas the negative axis is defined by the C:N ratio, C-HA:C-FA, pH, and Al3+. In the case of 
PC2, the positive axis is mainly represented by Al3+, H+Al, and C-HA, whereas the negative 
axis is mainly represented by V%, Mg and LOC. Two groups were clearly identified, separating 
the sampling times: 1) before PF and 240 days after PF; and 2) 10, 30, and 90 days after PF. 
These results indicate that 240 days after the prescribed fire, the soil properties in the footslope 
are similar to the soil properties before the fire, demonstrating the high resilience of this area.

Figure 6. Mean and standard deviation (SD) for carbon in humic fractions, before and at 10, 30, 90 and 240 days after the prescribed 
fire in footslope and backslope area in the Itatiaia National Park (RJ, Brazil). C-Hum: carbon in humin fraction; C-FA: carbon in fulvic 
acids; C-HA: carbon in humic acids; AE: alkaline extract (C-FA+C-HA).
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In the backslope area, the principal component 1 (PC1) explained 41.1 % of the total 
variance, and the principal component 2 (PC2) explained 20.6 %. Together, they explain 
61.7 % of the variance in the original data (Figure 8). The positive axis of PC1 is defined 
by the properties SB, C, N, H, C-Hum, and K, whereas the negative axis is defined by the 
pH and C:N ratio. In PC2, the positive axis is mainly represented by V%, P, LOC, C-FA, Ca2+, 
and pH, whereas the negative axis is mainly represented by H+Al, Al3+, C-HA:C-FA, Na+, 
and Mg2+. There was no clear pattern of distribution/grouping of the evaluation times, 
but it was possible to observe that the soil layers before the fire differed from the others 
on the negative axis of PC1 and the positive axis of PC2. Conversely, the soil layers at 
240 days showed positive values for PC1 and negative for PC2. This indicates that 240 
days after the fire, the properties of the soil in the backslope area were in contrast with 
those observed before the fire. In summary, the results of the PCA indicate that the 
effects of fire on soil are different in different landscape compartments (backslope and 
footslope). These results are important for the management of prescribed fires in high-
elevation grasslands (Campos de Altitude).

DISCUSSION
For the two landscape compartments, small variations in pH were observed over time, 
with a slight reduction at 240 DAPF. This result is contrary to that observed in the 
literature. Many authors have reported an increase in pH after prescribed fires due to 
OH losses, SOM oxidation, and the release of cations in the ashes (Switzer et al., 2012; 
Muqaddas et al.,2016; Alcañiz et al., 2018). However, there are studies in which the pH 
remained unchanged after controlled burning (Lavoie et al., 2010; Switzer et al., 2012; 
Meira-Castro et al., 2014).

Figure 7. Principal component analysis in samples collected in the footslope area before and at 10, 30, 90, 240 days after the 
prescribed fire in the Itatiaia National Park (RJ, Brazil). Arrows indicate the chronological sequence.
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The reduction in Ca2+, Na+ and K+ availability 10 days after the prescribed fire, observed 
in both slope positions, resulted in lower pH, SB, and V% (Figures 4 and 5). This reduction 
probably resulted from changes in humified organic matter due to the action of fire, 
as indicated by the lower C contents in the humic fractions (C-Hum, C-FA, and C-HA)  
(Figure 7). In a study on the characterization of organic matter in soils under high-
elevation grasslands in the state of Minas Gerais, Benites et al. (2001) reported the 
effect of fire on the transformation of humic substances, with the loss of oxygenated 
groups, dehydration, and condensation. With the reduction of the functional groups of 
humic substances, basic cations such as Ca2+, Na+ and K+ can be displaced and leached 
from the system. However, after 30 days, the Ca2+ (in both the slope area and layers) 
and K+ (in both areas on the surface layer) increased, probably because of the effect 
of the ashes produced by vegetation burning. It is already known in the literature that 
the prescribed fire alters the distribution and amount of nutrients in the soil (Alcañiz et 
al., 2018). Several studies have reported an increase in the concentrations of available 
cations immediately after the prescribed fire due to the release of ash from organic 
matter and its incorporation into the soil (Shakesby, 2011; Alcañiz et al., 2016, 2018).

Concentrations of cations observed in this study are also related to the contribution 
of alkaline rocks (nepheline syenite) in the crystalline basement of this region, whose 
mineralogical composition commonly results in soils with Mg2+ > Ca2+ (Soares et al., 2016; 
Silva Neto et al., 2018). Among the alkaline rocks of the Itatiaia complex, nepheline syenites 
have mafic minerals, such as pyroxenes, amphiboles, and biotite, and the accessory 
minerals are magnetite, ilmenite, titanite, apatite, and zircon at lower frequencies 
(Enrich et al., 2005). This may explain the differentiated pattern observed for Mg2+, which 
increased at all depths analyzed after the prescribed fire until the end of the evaluation 
period (240 days). The increase in Mg2+ availability was also reflected by the increase 
in SB after the fire.

Figure 8. Principal component analysis in samples collected in the backslope area before and at 10, 30, 90, 240 days after the 
prescribed fire in the Itatiaia National Park (RJ, Brazil). Arrows indicate the chronological sequence.
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High potential acidity (H+Al) results from the high concentrations of H+ due to the high 
organic matter content (Pereira et al., 2005). In soils with an organic constitution, most 
of the acidity results from the content of H+ derived from organic acids and hydrolysis 
of other compounds, unlike what occurs in mineral soils, where this acidity is due to the 
hydrolysis of Al3+ ions (Ebeling et al., 2008; Silva et al., 2008). In both areas (footslope 
and backslope), a sharp increase in this parameter was observed at 240 DAPF, which may 
be due to the effect of seasonality. The increase in the frequency and intensity of rainfall 
in the study area between September and November (Figure 3) favors the humification 
process, as can be observed by the increasing trend in the C-Hum, C-FA, and C-HA. Higher 
moisture/hydromorphism conditions lead to slow decomposition of the plant material 
and permanence of humic substances that are distributed along the profile (Silva, 2009; 
Scheer et al., 2011). Higher C-Hum:C-AE ratio (C-Humin:C-Alkaline Extract) corroborates 
this interpretation, indicating the predominance of the Hum fraction. In addition, in a 
study evaluating seasonal changes in acidic peatlands of the Atlantic Forest in southern 
Brazil, Etto et al. (2014) pointed out that rainfall can also influence microbial diversity 
due to increased groundwater level and alteration of soil redox state, as oxygen plays 
an essential role in driving changes in the structure and composition of the microbial 
community (Song et al., 2008).

As for the variations in Al3+ content, different patterns were observed in the two slope 
positions. In the footslope area, there was a reduction trend after the prescribed fire, 
followed by an increase at 240 DAPF (Figure 5). This reduction may be due to the effect 
of the ash after the fire, which can reduce the Al3+ content in the soil. The chemical 
composition of ash can neutralize soil acidity due to the high levels of calcium and 
magnesium oxides, hydroxides, and carbonates, acting as soil corrective and fertilizer 
(Demeyer et al., 2001; Park et al., 2005; Shi et al., 2017). In a study conducted by 
Fonseca et al. (2017), in Montesinho Natural Park, a plateau area in Northeastern Portugal, 
the results for Al3+ and exchangeable acidity were similar and decreased during the 
experimental period. Regarding the variations in Al3+ in the backslope, there is a trend 
of increase in the content of this element over time, in parallel with the reduction in pH, 
probably due to the release of Al complexed by organic matter (OM) after the fire. Organic 
matter can complex Al3+ and reduce its negative effects on plants (Salet, 1998; Ebeling 
et al., 2008). Because of its high OM content, soils can complex Al3+ in their carboxylic 
and phenolic radicals, thus reducing the effect of Al3+ toxicity on plants (Valladares et al., 
2008). Another significant effect of the rainy season on soil properties after a prescribed 
fire was related to labile organic carbon (LOC) content. A sharp reduction in the LOC 
was observed at 240 DAPF in both landscape compartments (footslope and backslope). 
In a study conducted by Muqaddas et al. (2016) in a tall high forest area in Southeast 
Queensland, the LOC contents were lower in the two yearly burning areas compared to 
the four yearly burning areas and, according to the authors, this reduction in the two 
yearly burning areas was equal to 48 % compared to the unburned area. According 
to Arocena e Opio (2003), the reduction in the labile compartment of C and N may be 
partially due to the loss of the biome of the forest/litter and soil C and N during the fire.

Various forms of carbon, including hydrocarbons and particulate fractions of SOM, are 
produced in an ecosystem after the passage of fire, as well as thermal changes in previous 
forms of C already existing in the ecosystem (González-Pérez et al., 2004). More recalcitrant 
structures (derived from carbohydrates, lipids, alkylated macromolecules, and peptides), 
formed after the action of fire, were observed in a study conducted by Vergnoux et al. 
(2011) in natural ecosystem areas and simulations with soil in the laboratory. According 
to the authors, some of these newly formed structures, which are initially not humified, 
may become extractable as the humic fraction.

It is important to highlight that the comparison of the studies cited in the present study 
should be done with caution, owing to the different soil thicknesses analyzed in each case, 
as well as the different environments in each study. It is also important to note that it is 
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not possible to generalize the effects of prescribed fire on soil chemical properties and 
organic matter because many of the variations are associated with intensity, frequency, 
slope in the landscape, soil moisture, soil type, and degree of combustion of the material 
in the aerial part (Knicker, 2007; Muqaddas et al., 2016).

For the two slope positions, the results also showed an inversely proportional relationship 
between the available P and the Al3+, which was also shown in the PCA (Figures 7 and 8). 
This pattern can be explained by both P adsorption by Al3+ complexes and organic matter 
in the carboxyl groups of peat (Bloom, 1981; Bedrock et al., 1997) and the precipitation 
of amorphous Al hydroxyphosphate (Bloom, 1981; Sanyal and De Datta, 1991; Giesler 
et al., 2002). Some studies also indicate that there may be a contribution of the ashes 
from the burned vegetation, which promotes an increase in phosphorus content in the 
surface layer after burning. In addition, the phosphorus content tends to increase in the 
soil due to the mineralization of the organic forms of which this element is part (Úbeda 
et al., 2005; Pereira et al., 2012; Fonseca et al., 2017). On the other hand, the study 
conducted by Alcañiz et al. (2016) (in the coastal mountains of Catalonia, Spain) reports 
an increase in P content after the fire, but a year later, the content were lower than 
those recorded before the fire.

The impacts of fire on the total C, H, and N contents were different in the two slope 
positions. Although higher contents of these elements were observed at the end of 
the evaluation period (240 days) in both cases, the footslope area seems to be more 
resilient to the effects of fire. After the reduction at 10 days post-fire, the contents of 
C, H, and N increased linearly until 240 days post-fire. The soil-landscape relationship 
may explain this result – besides being a slope section with the addition of materials 
from the higher parts (sediments, organic matter, water, etc.), in the footslope area, the 
soils are strongly influenced by the presence of high groundwater level (hydromorphic 
environment with poor drainage) (Soares et al., 2016; Silva Neto et al., 2018). In this 
area, soils in the footslope position, Typic Haplosaprists, are formed under hydromorphic 
conditions, which reduce the decomposition of organic matter to the detriment of its 
transformation under anaerobic conditions (Silva et al., 2013; Weissert and Disney, 2013; 
Bispo et al., 2015; Silva Neto et al., 2019, 2020). In addition, they form as a result of 
a decrease in decomposition rates at low temperatures, while maintaining a constant 
supply of organic matter (Benites et al., 2007; Silva et al., 2009; Benavides e Vitt, 2014; 
Cooper et al., 2015).

Several studies have reported losses of C and N in soils of organic constitution due to 
the effect of fire (Turetsky et al., 2011, 2015; Brown et al., 2015) attributed mainly to 
volatilization. However, in environments such as the high-elevation grasslands of the 
INP, where peat horizons show significant variations in thickness and distribution, the 
effect of combustion during fires is spatially variable. In addition, low-intensity fires, as in 
the prescribed fire, are commonly of low severity because they are used only to reduce 
the accumulation of fuel biomass and are applied under specific weather conditions to 
avoid high severity. In most cases, the soil changes produced by this type of fire are 
only transient.

These results indicate that the slope position controls the changes in the chemical 
properties of the soil after a prescribed fire in the high-elevation grasslands of the INP. As 
demonstrated by PCA, despite the variations at 240 DAPF, the chemical properties of the 
soil in the footslope area were similar to those observed before the prescribed fire. This 
result is of great relevance for fire management in the INP, as it indicates greater system 
resilience in this part of the landscape. On the other hand, in the backslope area, at the 
end of the evaluation period (240 days), the results showed antagonistic properties to 
those observed before the fire, probably due to pedological and hydro geomorphological 
differences. These factors are interdependent and can increase or mitigate the effects 
of fires. At this position, the soils are shallow, less thick, and better drained than those 
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from the footslope. However, with a larger slope, they are more susceptible to erosive 
processes, and rock outcrops are common. Further studies are needed, especially to 
determine the medium- and long-term effects of different landscape positions and the 
use of this management tool more effectively.

CONCLUSIONS
Slope position controls the effects of the prescribed fire on the soil. In the backslope 
position, the fire produced negative effects in the medium term and could induce soil 
degradation, and the system had greater resilience to the effects of fire, which was 
indicated by the recovery of soil chemical properties. Until 240 days after the fire, 
its effects are still present in the soil, especially in backslope areas, which are more 
susceptible to degradation by fire and, for this reason, need more time to restore the 
conditions observed prior to the fire.

This study contributes to assessing the suitability of controlled burning of vegetation for 
managing risks of fire in mountainous regions, such as the high-elevation grasslands. The 
results in the time period greater than 240 days, showed that under the conditions of 
the study, and in the two areas (footslope and backslope), periodic prescribed burns can 
positively impact the conservation of this ecosystem. This ecological benefit overcomes 
the chemical changes that are generated.

ACKNOWLEDGMENTS
This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior – Brazil (CAPES) – Finance Code 001, Council for Scientific and Technological 
Development (CNPq) and Carlos Chagas Filho Foundation for Research Support of the 
State of Rio de Janeiro (FAPERJ)

AUTHOR CONTRIBUTIONS
Conceptualization:  Ana Paula Pessim de Oliveira (equal) and  Lúcia Helena Cunha 
dos Anjos (lead).

Formal analysis:  Ana Paula Pessim de Oliveira (equal),  Eduardo Carvalho da 
Silva Neto (equal),  Hugo de Souza Fagundes (equal),  Lúcia Helena Cunha dos Anjos 
(equal),  Otavio Augusto Queiroz dos Santos (equal),  Robson Altiellys Tosta Marcondes 
(equal) and  Yan Vidal de Figueiredo Gomes Diniz (equal).

Funding acquisition:  Lúcia Helena Cunha dos Anjos (lead).

Investigation:  Ana Paula Pessim de Oliveira (equal),  Eduardo Carvalho da Silva 
Neto (equal),  Lúcia Helena Cunha dos Anjos (equal) and  Marcelo Souza  
Motta (equal).

Methodology:  Ana Paula Pessim de Oliveira (equal),  Eduardo Carvalho da Silva 
Neto (equal),  Lúcia Helena Cunha dos Anjos (equal),  Marcos Gervasio Pereira 
(equal),  Otavio Augusto Queiroz dos Santos (equal) and  Robson Altiellys Tosta 
Marcondes (equal).

Project administration:  Ana Paula Pessim de Oliveira (equal),  Lúcia Helena 
Cunha dos Anjos (lead),  Marcelo Souza Motta (equal) and  Marcos Gervasio  
Pereira (equal).

Resources:  Lúcia Helena Cunha dos Anjos (lead).

https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0001-6986-1376
https://orcid.org/0000-0003-0862-1023
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0001-9554-303X
https://orcid.org/0000-0002-9512-5847
https://orcid.org/0000-0001-5373-9966
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0001-6986-1376
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0001-5603-8161
https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0001-6986-1376
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0002-1402-3612
https://orcid.org/0000-0001-9554-303X
https://orcid.org/0000-0002-9512-5847
https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0001-5603-8161
https://orcid.org/0000-0002-1402-3612
https://orcid.org/0000-0003-0063-3521


Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

16Rev Bras Cienc Solo 2023;47:e0230009

Supervision:  Lúcia Helena Cunha dos Anjos (lead) and  Marcelo Souza  
Motta (equal).

Writing – original draft:  Eduardo Carvalho da Silva Neto (equal),  Ana Paula 
Pessim de Oliveira (equal),  Lúcia Helena Cunha dos Anjos (equal),  Marcos Gervasio 
Pereira (equal) and  Rafael Coll Delgado (equal).

Writing – review & editing:  Eduardo Carvalho da Silva Neto (equal),  Ana Paula 
Pessim de Oliveira (equal),  Lúcia Helena Cunha dos Anjos (equal),  Marcos Gervasio 
Pereira (equal) and  Rafael Coll Delgado (equal).

REFERENCES
Afif KE, Oliveira JA. Efectos del fuego prescrito sobre el matorral en lãs propiedades del suelo. 
Invest Agrar Sist Recur For. 2006;15:262-70.

Alcañiz M, Outeiro L, Francos M, Farguell J, Úbeda X. Long-term dynamics of soil chemical 
properties after a prescribed fire in a Mediterranean forest (Montgrí Massif, Catalonia, Spain). 
Sci Total Environ. 2016,572:1329-35. https://doi.org/10.1016/j.scitotenv.2016.01.115

Alcañiz M, Outeiro L, Francos M, Úbeda X. Effects of prescribed fires on soil properties: A review. 
Sci Total Environ. 2018;613:944-57. https://doi.org/10.1016/j.scitotenv.2017.09.144

Andersen AN, Cook GD, Corbett LK, Douglas MM, Eager RW, Smith JR, Setterfield SA, Williams 
RJ, Woinarski JCZ. Fire frequency and biodiversity conservation in Australian tropical savannas: 
implications from the Kapalga fire experiment. Austral Ecol. 2005;30:155-67. https://doi.
org/10.1111/j.1442-9993.2005.01441.x

Arocena JM, Opio C. Prescribed fire-induced changes in properties of sub boreal forest soils. 
Geoderma. 2003;113:1-16. https://doi.org/10.1016/S0016-7061(02)00312-9

Assis MV, Mattos EA. Vulnerabilidade da vegetação de campos de altitude às mudanças 
climáticas. Oecol Aust. 2016;20:162-74. https://doi.org/10.4257/oeco.2016.2002.03

Aximoff I, Nunes-Freitas AF, Braga JMA. Regeneração natural pós-fogo nos campos de altitude 
no Parque Nacional do Itatiaia, Sudeste do Brasil. Oecol Aust. 2016;20:200-18. https://doi.
org/10.4257/oeco.2016.2002.05

Aximoff I, Rodrigues RC. Histórico dos incêndios florestais no Parque Nacional do Itatiaia. Cienc 
Florest. 2011;21:83-92. https://doi.org/10.5902/198050982750

Ayoubi S, Rabiee S, Mosaddeghi MR, Abdi MR, Afshar FA. Soil erosion and properties as affected 
by fire and time after fire events in steep rangelands using 137Cs technique. Arab J Geosci. 
2021;14:113. https://doi.org/10.1007/s12517-020-06351-1

Babur E, Dindaroglu T, Danish S, Häggblom MM, Ozlu E, Gozukara G, Uslu OS. Spatial 
responses of soil carbon stocks, total nitrogen, and microbial indices to post‐wildfire in the 
Mediterranean red pine forest. J Environ Manage. 2022;320:115-39. https://doi.org/10.1016/j.
jenvman.2022.115939

Barreto CG, Campos JB, Roberto DM, Schwarzstein NT, Alves GSG, Coelho W. Plano de manejo 
do Parque Nacional do Itatiaia. Encartes 1,2,3 e 4 - Análise da Unidade de Conservação. 
Brasília, DF: ICMBio; 2013, Available from: https://www.terrabrasilis.org.br/ecotecadigital/index.
php/estantes/planos-manejo/2546-plano-de-manejo-do-parque-nacional-do-itatiaia-volume-1-
encartes-1-2-3-e-4. 

Barreto CG, Campos JB, Roberto DM, Roberto DM, Schwarzstein NT, Alves GSG, Coelho W. Plano 
de manejo do Parque Nacional do Itatiaia. Brasília, DF: Instituto Chico Mendes de Conservação 
da Biodiversidade; 2014. 

Bedrock CN, Cheshire MV, Shand CA. The involvement of iron and aluminum in the bonding 
of phosphorus to soil humic acid. Commun Soil Sci Plant Anal. 1997;28:961-71. https://doi.
org/10.1080/00103629709369846

Benavides JC, Vitt DH. Response curves and the environmental limits for peat-forming species in 
the northern Andes. Plant Ecol. 2014;215:937-52. https://doi.org/10.1007/s11258-014-0346-7

https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0001-5603-8161
https://orcid.org/0000-0001-6986-1376
https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0002-1402-3612
https://orcid.org/0000-0002-3157-2277
https://orcid.org/0000-0001-6986-1376
https://orcid.org/0000-0001-6571-8986
https://orcid.org/0000-0003-0063-3521
https://orcid.org/0000-0002-1402-3612
https://orcid.org/0000-0002-3157-2277
https://doi.org/10.1016/j.scitotenv.2017.09.144
https://doi.org/10.1016/j.jenvman.2022.115939
https://doi.org/10.1016/j.jenvman.2022.115939


Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

17Rev Bras Cienc Solo 2023;47:e0230009

Benites VM, Madari B, Machado PLOA. Extração e fracionamento quantitativo de substâncias 
húmicas do solo: um procedimento simplificado de baixo custo. Rio de Janeiro: Embrapa Solos; 
2003. (Comunicado técnico, 16).

Benites VM, Schaefer CEGR, Mendonça ES, Martin Neto L. Caracterização da matéria 
orgânica e micromorfologia de solos sob campos de altitude no Parque Estadual da Serra 
do Brigadeiro (MG). Rev Bras Cienc Solo. 2001;25:661-74. https://doi.org/10.1590/S0100-
06832001000300015

Benites VM, Schaefer CEGR, Simas FNB, Santos HG. Soils associated with rock outcrops in the 
Brazilian mountain ranges Mantiqueira and Espinhaço. Rev Bras Bot. 2007;30:569-77. https://
doi.org/10.1590/S0100-84042007000400003

Bennet L, Aponte C, Baker TG, Tolhurst KG. Evaluating long-term effects of prescribed fire 
regimes on carbon stocks in a temperate eucalypt forest. Forest Ecol Manag. 2014;328:219-28. 
https://doi.org/10.1016/j.foreco.2014.05.028

Bento-Gonçalves A, Vieira A, Úbeda X, Martin D. Fire and soils: Key concepts and recent 
advances. Geoderma. 2012;191:3-13. https://doi.org/10.1016/j.geoderma.2012.01.004

Bispo DFA, Silva AC, Matosinhos CC, Silva MLN, Barbosa MS, Silva BPC, Barral UM. 
Characterization of headwaters peats of the Rio Araçuaí, Minas Gerais State, Brazil. Rev Bras 
Cienc Solo. 2015;39:475-89. https://doi.org/10.1590/01000683rbcs20140337

Bloom PR. Phosphorus adsorption by an aluminium–peat complex. Soil Sci Soc Am J. 
1981;45:267-72. https://doi.org/10.2136/sssaj1981.03615995004500020008x

Braak CJF, Smilauer P. CANOCO Reference manual and CanoDraw for Windows User’s Guide: 
Software for Canonical Community Ordination (version 4.5). Ithaca, NY: Microcomputer Power; 
2002. Available from: https://www.canoco.com.

Brasil. Projeto de Lei Nº 11.276: Institui a Política Nacional de Manejo Integrado do Fogo; e 
altera as Leis nºs 7.735, de 22 de fevereiro de 1989, 12.651, de 25 de maio de 2012 (Código 
Florestal), e 9.605, de 12 de fevereiro de 1998. Brasília, DF: Câmara dos Deputados; 2018, 
Available from: https://www.camara.leg.br/propostas-legislativas/2190265.

Brockway DG, Gatewood RG, Paris RB. Restoring fire as an ecological process in shortgrass 
prairie ecosystems: initial effects of prescribed burning during the dormant and growing 
seasons. J Environ Manage. 2002;65:135-52. https://doi.org/10.1006/jema.2002.0540

Brown LE, Palmer SM, Johnston K, Holden J. Vegetation management with fire modifies 
peatland soil thermal regime. J Environ Manage. 2015;154:166-76. https://doi.org/10.1016/j.
jenvman.2015.02.037

Brown SP, Callaham MA, Oliver AK, Jumpponen A. Deep ion torrent sequencing identifies soil 
fungal community shifts after frequent prescribed fires in a southeastern US forest ecosystem. 
FEMS Microbiol Ecol. 2013;86:557-66. https://doi.org/10.1111/1574-6941.12181

Certini G. Effects of fire on properties of forest soils: a review. Oecologia. 2005;143:1-10. https://
doi.org/10.1007/s00442-004-1788-8

Cooper DJ, Kaczynski K, Slayback D, Yager K. Growth and organic carbon production in 
peatlands dominated by Distichia muscoides, Bolivia, South America. Arct Antarct Alp Res. 
2015;47:505-10. https://doi.org/10.1657/AAAR0014-060

Costa EM, Anjos LHC, Pinheiro HSK, Gelsleichter YA, Marcondes RAT. Spatial Bayesian belief 
networks: A participatory approach for mapping environmental vulnerability at the Itatiaia 
National Park, Brazil. Environm Earth Sci. 2020;79:359. https://doi.org/10.1007/s12665-020-
09099-9

Culman SW, Snapp SS, Freeman MA, Schipanski ME, Beniston J, Lal R, Wander MM. 
Permanganate oxidizable carbon reflects a processed soil fraction that is sensitive to 
management. Soil Sci. 2012;76:494-504. https://doi.org/10.2136/sssaj2011.0286

Demeyer A, Nkana JV, Verloo MG. Characteristics of wood ash and influence on soil properties 
and nutrient uptake: An overview. Bioresource Technol. 2001;77:287-95. https://doi.
org/10.1016/S0960-8524(00)00043-2

https://doi.org/10.1016/j.foreco.2014.05.028


Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

18Rev Bras Cienc Solo 2023;47:e0230009

Ebeling AG, Anjos LHCD, Perez DV, Pereira MG, Valladares GS. Relação entre acidez e outros 
atributos químicos em solos com teores elevados de matéria orgânica. Bragantia. 2008;67:429-
39. https://doi.org/10.1590/S0006-87052008000200019

Enrich GER, Azzone RG, Ruberti E, Gomes CB, Comin-Chiaramonti P. Itatiaia, Passa Quatro and 
São Sebastião island, the major alkaline syenitic complexes from the Serra do Mar region. In: 
Comin-Chiaramonti P, Gomes Cb, editors. Mesozoic to Cenozoic Alkaline Magmatism in the 
Brazilian Platform. São Paulo: Edusp/Fapesp; 2005. p. 419-42. 

Etto RM, Cruz LM, Jesus EC, Galvão CW, Galvão F, Souza EM, Steffens MBR. Seasonal changes 
in dominant bacterial taxa from acidic peatlands of the Atlantic Rain Forest. Res Microbiol. 
2014;165:517-25. https://doi.org/10.1016/j.resmic.2014.05.036

Fernandes P, Davies GM, Fernández C, Moreira F, Rigolot E, Stoof C, Vega JA, Molina D. 
Prescribed burning in southern Europe: Developing fire management in a dynamic landscape. 
Front Ecol Environ. 2013;11:4-14. https://doi.org/10.1890/120298

Fonseca F, Figueiredo T, Nogueira C, Queirós A. Effect of prescribed fire on soil properties and 
soil erosion in a Medi-terranean mountain área. Geoderma. 2017;307:172-80. https://doi.
org/10.1016/j.geoderma.2017.06.018

França H, Ramos MB, Setzer A. O Fogo no Parque Nacional das Emas. 2007. Ministério do Meio 
Ambiente – MMA. Brasília, 140p.

Francos M, Úbeda X, Pereira P, Alcañiz M. Long-term impact of wildfire on soils exposed to 
different fire severities. A case study in Cadiretes Massif (NE Iberian Peninsula). Sci Total 
Environ. 2018;615:664-71. https://doi.org/10.1016/j.scitotenv.2017.09.311

Fultz LM, Moore-Kucera J, Dathe J, Davinic M, Perry G, Wester D, Schwilk DW, Ridebout-
Hanzak D. Forest wildfire and grassland prescribed fire effects on soil biochemical processes 
and microbial communities: two case studies in the semi arid southwest. Appl Soil Ecol. 
2016;99:118-28. https://doi.org/10.1016/j.apsoil.2015.10.023

Giesler R, Petersson T, Högberg P. Phosphorus limitation in boreal forests: effects of aluminum 
and iron accumulation in the humus layer. Ecosystems. 2002;5:300-14. https://doi.org/10.1007/
s10021-001-0073-5

González-Pérez JA, González-Vila FJ, Almendros G, Knicker H. The effects of fire on soil organic 
matter - a review. Environ Int. 2004;30:855-70. https://doi.org/10.1016/j.envint.2004.02.003

Granged AJP, Jordán A, Zavala LM, Muñoz-Rojas M, Mataix-Solera J. Short-term effects of 
experimental fire for a soil under eucalyptus forest (SE Australia). Geoderma. 2011;167-
168:125-34. https://doi.org/10.1016/j.geoderma.2011.09.011

Granged AJP, Zavala LM, Jordán A, Bárcenas-Moreno G. Post-fire evolution of soil properties 
and vegetation cover in a Mediterranean heathland after experimental burning: A 3-year study. 
Geoderma. 2011;164:85-94. https://doi.org/10.1016/j.geoderma.2011.05.017

Hamman ST, Burke IC, Knapp EE. Soil nutrients and microbial activity after early and 
late season prescribed burns in a Sierra Nevada mixed conifer forest. Forest Ecol Manag. 
2008,256:367-74. https://doi.org/10.1016/j.foreco.2008.04.030

Hubbert KP, Preisler HK, Wohlgemuth PM, Graham RC, Narog MG. Prescribed burning effectson 
soil physical properties and soilwater repellency in a steep chaparralwatershed, southern 
California, USA. Geoderma. 2006;130:284-98. https://doi.org/10.1016/j.geoderma.2014.12.001

Inbar A, Lado M, Sternberg M, Tenau H, Ben-Hur M. Forest fire effects on soil chemical and 
physicochemical properties, infiltration, runoff, and erosion in a semiarid Mediterranean region. 
Geoderma. 2014;221:131-8. https://doi.org/10.1016/j.geoderma.2014.01.015

Jones R, Chambers JC, Johson DW, Blank RR, Board DI. Effect of repeated burning on plant and 
soil carbon and nitrogen in cheatgrass (Bromus tectorum) dominated ecosystems. Plant Soil. 
2015;386:47-64. https://doi.org/10.1007/s11104-014-2242-2

Kennard DK, Gholz HL. Effects of high-intensity fires on soil properties and plant growth in a 
Bolivian dry forest. Plant Soil. 2001;234:119-29. https://doi.org/10.1023/A:1010507414994

https://doi.org/10.1016/j.foreco.2008.04.030
https://doi.org/10.1016/j.geoderma.2014.12.001


Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

19Rev Bras Cienc Solo 2023;47:e0230009

Knapp EE, Estes BL, Skinner CN. Ecological effects of prescribed fire season: A literature review 
and synthesis for managers. Washington, DC: United States Department of Agriculture; 2009. 
(JFSP Synthesis Reports, 4).

Knicker H. How does fire affect the nature and stability of soil organic nitrogen and carbon? A 
review. Biogeochemistry. 2007;85:91-118. https://doi.org/10.1007/s10533-007-9104-4

Lavoie M, Starr G, Mack MC, Martin TA, Gholz HL. Effects of a prescribed fire on understory 
vegetation, carbon pools, and soil nutrients in a longleaf pine-slash pine forest in Florida. Nat 
Areas J. 2010;30:82-94. https://doi.org/10.3375/043.030.0109

McNabb DH, Cromack JrK. Effects of prescribed fire on nutrients and soil productivity. In: 
Walstad JD, Radosevich SR, Sandberg DV, editors. Natural and prescribed fire in Pacific 
Northwest forests. Corvallis, OR: Oregon State University Press; 1990. p. 125-41.

Meira-Castro A, Shakesby RA, Marques JE, Doerr S, Meixedo JP, Teixeira J, Chaminé HI. Effects of 
prescribed fire on surface soil in a Pinus pinaster plantation, northern Portugal. Environ Earth 
Sci. 2014;73:3011-8. https://doi.org/10.1007/s12665-014-3516-y

Miranda HS, Sato MN, Neto WN, Aires FS. Fires in the Cerrado, the Brazilian savanna. In: 
Cochrane MA, editor. Tropical fire ecology. Berlin, Heidelberg: Springer; 2009. p. 427-50.

Muqaddas B, Chen C, Lewis T, Wild C. Temporal dynamics of carbon and nitrogen in the surface 
soil and forest floor under different prescribed burning regimes. Forest Ecol Manag. 2016; 
382:110-9. https://doi.org/10.1016/j.foreco.2016.10.010

Neill C, Patterson WA, Crary DW. Responses of soil carbon, nitrogen and cations to the 
frequency and seasonality of prescribed burning in a Cape Cod oak-pine forest. Forest Ecol 
Manag. 2007;250:234-43. https://doi.org/10.1016/j.foreco.2007.05.023

Oliver AK, Callaham MA, Jumpponen A. Soil fungal communities respond compositionally to 
recurring frequent pre-scribed burning in a managed south-eastern US forest ecosystem. Forest 
Ecol Manag. 2015;345:1-9. https://doi.org/10.1016/j.foreco.2015.02.020

Park BB, Yanai RD, Sahm JM, Lee DK, Abrahamson LP. Wood ash effects on plant and soil in 
a willow bioenergy plantation. Biomass Bioenerg. 2005;28:355-65. https://doi.org/10.1016/j.
biombioe.2004.09.001

Pereira MG, Anjos LHC, Valladares GS. Organossolos: Ocorrência, gênese, classificação, 
alterações pelo uso agrícola e manejo. In: Vidal-Torrado P, Alleoni LRF, Cooper M, Silva AP, 
Cardoso EJ, editors. Tópicos em ciência do solo. Viçosa, MG: Sociedade Brasileira de Ciência do 
Solo; 2005. v. 4. p. 233-76.

Pereira P, Úbeda X, Martin DA. Fire severity effects on ash chemical composition and 
water-extractable elements. Geoderma. 2012;191:105-14. https://doi.org/10.1016/j.
geoderma.2012.02.005

Piqué M, Castellnou M, Valor T, Pagés J, Larrañaga A, Miralles M, Cervera T. Integració del risc 
de grans incendis forestals (GIF) en la gestió forestal: Incendis tipus i vulnerabilitat de les 
estructures forestals al foc de capçades. Sèrie: Orientacions de gestió forestal sostenible per 
a Catalunya (ORGEST). Centre de la Propietat Forestal. Dept. d’Agricultura, Ramaderia, Pesca, 
Alimentació i Medi Natural. Barcelona: Generalitat de Catalunya; 2011.

R Development Core Team. R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing; 2018 [accessed on 2022 Oct 31]. Available 
from: http://www.R-project.org/.

Saenger A, Cécillon L, Poulenard J, Bureau F, Daniéli S, Gonzalez JM, Brun JJ. Surveying the 
carbon pools of mountain soils: a comparison of physical fractionation and Rock-Eval pyrolysis. 
Geoderma, 2015;241:279-88. https://doi.org/10.1016/j.geoderma.2014.12.001

Safford HDF. Brazilian Páramos III: Patterns and Rates of Postfire Regeneration in the Campos de 
Altitude. Biotropica. 2001;33:282-302. https://doi.org/10.1111/j.1744-7429.2001.tb00179.x

Salet RL. Toxidez de alumínio no sistema de plantio direto [thesis]. Porto Alegre: Universidade 
Federal do Rio Grande do Sul; 1998. 

Sanyal SK, De Datta SK. Chemistry of phosphorus transformations in soil. Adv Soil Sci. 
1991;16:1-120. https://doi.org/10.1007/978-1-4612-3144-8_1

http://www.R-project.org/


Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

20Rev Bras Cienc Solo 2023;47:e0230009

Scharenbroch BC, Nix B, Jacobs KA, Bowles ML. Two decades of low-severity prescribed fire 
increases soil nutrient availability in Midwestern, USA oak (Quercus) forest. Geoderma. 
2012;183:89-91. https://doi.org/10.1016/j.geoderma.2012.03.010

Scheer MB, Curcio GR, Roderjan CV. Funcionalidades ambientais de solos altomontanos na 
Serra da Igreja, Paraná. Rev Bras Cienc Solo. 2011;35:1113-26. https://doi.org/10.1590/S0100-
06832011000400005

Schmidt IB, Fonseca CB, Ferreira MC, Sato MN. Implementação do programa piloto de manejo 
integrado do fogo em três unidades de conservação do Cerrado. Biodiver Bras. 2016;6:55-70. 
https://doi.org/10.37002/biodiversidadebrasileira.v6i2.656

Shakesby RA. Post-wildfire soil erosion in the Mediterranean: Review and future research 
directions. Earth Sci Rev. 2011;105:71-100. https://doi.org/10.1016/j.earscirev.2011.01.001

Sherman LA, Brye KR, Gill DE, Koenig KA. Soil chemistry as affected by first-time prescribed 
burning of a grassland restoration on a coastal plain Ultisol. Soil Sci. 2005;170:913-27. https://
doi.org/10.1097/01.ss.0000196772.53574.a2

Shi R, Li J, Jiang J, Mehmood K, Liu Y, Xu R, Qian W. Characteristics of biomass ashes from 
different materials and their ameliorative effects on acid soils. J Environ Sci. 2017;55:294-302. 
https://doi.org/10.1016/j.jes.2016.07.015

Silva AC, Horák I, Cortizas AM, Vidal-Torrado P, Racedo JR, Grazziotti PH, Silva EB, Ferreira CA. 
Turfeiras da Serra do Espinhaço Meridional - MG. I - Caracterização e classificação. Rev Bras 
Cienc Solo. 2009;33:1385-98. https://doi.org/10.1590/S0100-06832009000500030

Silva EB, Silva AC, Grazziotti PH, Farnezi MMM, Ferreira CA, Costa HAO, Horak I. Comparação de 
métodos para estimar a acidez potencial mediante determinação do pH SMP em Organossolos 
da Serra do Espinhaço Meridional. Rev Bras Cienc Solo. 2008;32:2007-13. https://doi.
org/10.1590/S0100-06832008000500022

Silva ML, Silva AC, Silva BPC, Barral UM, Soares PGS, Vidal-Torrado P. Surface mapping, organic 
matter and water stocks in peatlands of the Serra do Espinhaço Meridional - Brazil. Rev Bras 
Cienc Solo. 2013;37:1149-57. https://doi.org/10.1590/S0100-06832013000500004

Silva Neto EC, Pereira MG, Anjos LHC, Calegari MR, Azevedo AC, Schiavo JA, Pessenda 
LCR. Phytoliths as paleopedological records of an histosol-cambisol-ferralsol sequence in 
Southeastern Brazil. Catena. 2020;193:104-42. https://doi.org/10.1016/j.catena.2020.104642

Silva Neto EC, Pereira MG, Carvalho MA, Calegari MR, Schiavo JA, Sá NP, Pessenda LCR. 
Palaeoenvironmental records of Histosol pedogenesis in upland area, Espírito Santo State (SE, 
Brazil). J South Am Earth Sci. 2019;95:102-31. https://doi.org/10.1016/j.jsames.2019.102301

Silva Neto EC, Santos JJS, Pereira MG, Maranhão DDC, Barros FC, Anjos LHC. Paleoenvironmental 
characterization of a high-mountain environment in the Atlantic forest in Southeastern Brazil. 
Rev Bras Cienc Solo. 2018;42:e0170415. https://doi.org/10.1590/18069657rbcs20170415

Soares PFC, Anjos LHCD, Pereira MG, Pessenda LCR. Histosols in an upper montane environment 
in the Itatiaia Plateau. Rev Bras Cienc Solo. 2016;40:e0160176. https://doi.org/10.1590/180696
57rbcs20160176 

Soil Survey Staff. Keys to soil taxonomy. 12th ed. Washington, DC: United States Department of 
Agriculture, Natural Resources Conservation Service; 2014.

Song Y, Deng SP, Acosta-Martínez V, Katsalirou E. Characterization of redox-related soil 
microbial communities along a river floodplain continuum by fatty acid methyl ester (FAME) and 
16S rRNA genes. Appl Soil Ecol. 2008;40:499-509. https://doi.org/10.1016/j.apsoil.2008.07.005

Switzer JM, Hope GD, Grayston SJ, Prescott CE. Changes in soil chemical and biological 
properties after thinning and prescribed fire for ecosystem restoration in a Rocky 
Mountain Douglas-fir forest. Forest Ecol Manag. 2012;275:1-13. https://doi.org/10.1016/j.
foreco.2012.02.025

Teixeira PC, Donagemma GK, Fontana A, Teixeira WG. Manual de métodos de análise de solo. 3. 
ed. rev e ampl. Brasília, DF: Embrapa; 2017.



Oliveira et al. Slope position controls prescribed fire effects on soil: a case study…

21Rev Bras Cienc Solo 2023;47:e0230009

Thompson EG, Coates TA, Aust WM, Thomas-Van Gundy MA. Wildfire and Prescribed Fire Effects 
on Forest Floor Properties and Erosion Potential in the Central Appalachian Region, USA. Forests. 
2019;10:490-3. https://doi.org/10.3390/f10060493

Turco M, Levin N, Tessler N, Saaroni H. Recent changes and relations among drought, 
vegetation and wildfires in the Eastern Mediterranean: The case of Israel. Glob Planet Change. 
2017;151:28-35. https://doi.org/10.1016/j.gloplacha.2016.09.002

Turetsky MR, Benscoter B, Page S, Rein G, van der Werf GR, Watts A. Global vulnerability of 
peatlands to fire and carbon loss. Nat Geosci. 2015;8:11-4. https://doi.org/10.1038/ngeo2325

Turetsky MR, Kane ES, Harden JW, Ottmar RD, Manies KL, Hoy E, Kasischke ES. Recent 
acceleration of biomass burning and carbon losses in Alaskan forests and peatlands. Nat 
Geosci. 2011;4:27-31. https://doi.org/10.1038/ngeo1027

Úbeda X, Lorca M, Outeiro L, Bernia S, Castellnou M. Effects of prescribed fire on soil quality in 
Mediterranean grassland (Prades Mountains, north-east Spain). Int J Wildland Fire. 2005;14:379-
84. https://doi.org/10.1071/WF05040

Valkó O, Deák B, Magura T, Török P, Kelemen A, Tóth K, Horváth R, Nagy DD, Debnár Z, Zsigrai 
G, Kapocsi I, Tóthmérész B. Supporting biodiversity by prescribed burning in grasslands—a 
multi-taxa approach. Sci Total Environ. 2016;572:1377-84. https://doi.org/10.1016/j.
foreco.2008.04.030

Valladares GS, Pereira MG, Anjos LHC, Ebeling AG. Caracterização de solos brasileiros com 
elevados teores de material orgânico. Magistra. 2008;20:95-104.

Vergnoux A, Di Rocco R, Domeizel M, Guiliano M, Doumenq P, Théraulaz F. Effects of forest 
fires on water extractable organic matter and humic substances from Mediterranean soils: 
UV–vis and fluorescence spectroscopy approaches. Geoderma. 2011;160:434-43. https://doi.
org/10.1016/j.geoderma.2010.10.014

Weissert LF, Disney M. Carbon storage in peatlands: A case study on Isle of Man. Geoderma. 
2013;204:11-9. https://doi.org/10.1016/j.geoderma.2013.04.016

https://doi.org/10.1016/j.foreco.2008.04.030
https://doi.org/10.1016/j.foreco.2008.04.030

