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Since fire is still necessary for rotational shifting cultivation (RSC), the vertical
distribution and slope effect on soil properties and soil surface loss after a fire
remain unclear. To address these research gaps, the study aims to achieve the
following objectives: 1) investigating post-fire soil properties and soil surface loss
in RSC, and 2) assessing the vertical distribution and slope effect on soil properties
and soil surface loss in RSC. Soil samples were collected from two stages of RSC:
6 years (RSC-6Y) and 12 years (RSC-12Y), located in ChiangMai Province, Northern
Thailand. A continuous 15-year left fallow field (CF-15Y) was used as the reference
site. Soil samples were collected from the upper, middle, and lower slopes at
depths of 0–5, 5–10, 10–20, and 20–30 cm at five different time points: before
burning, 5 min, 3 months, 6 months, and 9 months post-fire. The results indicated
that older fallow fields had a tendency to accumulate more soil organic carbon
(SOC) and soil organic nitrogen (STN). The color of the ash was altered by the fire,
resulting in dark reddish-brown ash with higher levels of pH, organic matter (OM),
electrical conductivity, total nitrogen, and soil nutrients when compared to gray
and white ashes. The combustion of OM during the fire was found to release soil
nutrients, which could explain the increase after burning. SOC stock increased at
deeper layers (5–10 cm) with higher values than pre-burning levels, especially at
lower slope positions, while STN stock decreased at the surface soil post-fire but
increased in deeper layers at all slope positions. The average soil surface loss
ranged from 1.6 to 3.1 cm, with the highest loss observed 9 months after the fire
(during the rainy season) at the upper slope. In terms of the impact of slope on soil
properties following the fire event, our study indicated a significant correlation
between lower slopes and variables including SOC, STN, electrical conductivity,
nitrate–nitrogen (NO3-N), ammonium nitrogen (NH4-N), exchangeable calcium,
and exchangeable magnesium. Further study is required to investigate and
develop appropriate post-fire management strategies to effectively reduce
nutrient loss and minimize soil surface erosion.
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1 Introduction

Shifting cultivation is indeed one of the most complex and
diverse forms of agriculture globally, with multiple aspects of land
use systems developing since as early as 10,000 BC (Thrupp et al.,
1997). The hill tribe population in Thailand traditionally depends on
shifting agriculture. Prior to the 1960s, two major types of shifting
cultivation were commonly practiced: pioneer and rotational. The
pioneer shifting system was practiced by Hmong, Lahu, Lisu, Akha
and Yao tribes, where fields were cleared, burned, and cropped until
crop production decreased, indicating low soil fertility. People then
abandoned the fields and relocated to a new site. In the rotational
system, fields were cut, burned, cropped for one season, abandoned
for recovery, and then returned for cropping, usually practiced by
Karen and Lua tribes (Bass and Morrison, 1994; Rerkasem and
Rerkasem, 1994). Currently, the practice of pioneer shifting
cultivation has been restricted to forested areas due to the
increase in population density and forest conservation policy,
which have made this practice impossible in Thailand. Moreover,
voluntary village relocation is extremely rare, and long fallow
shifting cultivation has mostly disappeared. As a result, shifting
cultivation in Thailand now mainly consists of the rotational system
(Arunrat et al., 2022a; 2023).

The practice of rotational shifting cultivation (RSC) is reported
to cause anthropogenic forest disturbances and soil degradation
(Curtis et al., 2018), as it reduces both above and below ground
biomass from natural vegetation (van Straaten et al., 2015).
Furthermore, the use of fire for land preparation in RSC can
have a negative impact on the topsoil (Pennington et al., 2001).
Fire tends to decrease soil carbon by burning organic matter (OM)
and reducing OM inputs (Jhariya and Singh, 2021), leading to
reduced soil water and available nutrients (Phillips et al., 2000).
After a fire, soil pH and electrical conductivity (ECe) often increase
(Arunrat et al., 2021). Lauber et al. (2009) revealed that soils with
close to neutral pH typically exhibit higher bacterial diversity
compared to more acidic or basic soils. Additionally, soil
nitrogen can be lost through volatilization (Zavala et al., 2014),
which in turn can decrease soil microbial activity (Fierer et al., 2012).
However, Christensen and Muller (1975) indicated that a rapid
increase in nitrogen mineralization rates can promote increased
microbial activity during the initial post-fire periods. Post-fire soil
nutrients can be lost through leaching, soil erosion, and runoff (Faria
et al., 2015), or increased from chars and ashes (Alcañiz et al., 2016).
A reduction in the fallow cycle can cause a decline in soil fertility,
increase soil loss, and decrease crop production. Gafur et al. (2000)
found that approximately 27% of the soil nutrients were removed
from the topsoil (10 cm) due to soil loss in shifting cultivation in
Bangladesh, while these nutrients were deposited in the watershed.
Mishra and Ramakrishnan (1983) investigated total sediment yields
in shifting cultivation in northeastern India and found 49.7 and
56.3 t ha-1 year-1 in 10 and 5 fallow years, respectively. Thus, the
changes in soil surface after a fire need to be investigated, but there is
still a lack of studies on this aspect in Thailand.

Soil organic carbon (SOC) serves as both a source and sink of
CO2, storing the largest pool in terrestrial ecosystems, which is two-
thirds larger than the atmosphere (Smith, 2004). Lal (2003) revealed
that even a small percentage change in soil carbon can significantly
alter CO2 concentrations in the atmosphere. However, RSC and

shortened cultivation cycles have been shown to have negative
impacts on soil fertility, OM content, and erosion occurrence
(McDonald et al., 2002; Gafur et al., 2003). Wairiu and Lal
(2003) used SOC concentration as an indicator for soil erosion
on sloping lands, showing that slash-and-burn agriculture resulted
in higher losses of SOC in the topsoil than natural forest due to
strong erosion. On the other hand, previous studies have reported
the positive effects of biochar and ash after fire, which can increase
SOC, soil fertility, and crop productivity (Lehmann et al., 2003;
Dempster et al., 2012; Agegnehu et al., 2015; Reed et al., 2017;
Moragues-Saitua et al., 2023). Although soil erosion can lead to
carbon loss in eroded areas (Haj-Amor et al., 2022), it can also
induce carbon sink due to the movement of carbon from eroded soil
surface areas to depositional positions (Van Oost et al., 2007).
Moreover, SOC can be transported to deeper soil layers due to
intrinsic factors (e.g., climate, parent material, and topography) and
extrinsic factors (e.g., vegetation, practice, and land use) (Teng et al.,
2017). Deep SOC is important because it has a high potential for
storage, with unsaturated carbon concentrations and slow turnover
times (Trumbore, 2009). It has been reported that most deep SOC
comes from vertical transport of dissolved organic carbon, carbon
input by root penetration, and clay-bound organic carbon (Rumpel
and Kögel-Knabner, 2011). However, the vertical dynamics of SOC
and soil nutrients at the soil surface (0–30 cm) in RSC remain poorly
understood. This lack of understanding is attributed to the fact that
most of the root zone of upland rice is typically concentrated at the
soil surface in RSC.

To this end, understanding the variations in soil properties and
soil surface loss in RSC is crucial for assessing dynamics and
developing appropriate management strategies. A fallow period is
necessary for recovering soil nutrients; however, it is unknown how
long it takes to reach the initial level, as it varies depending on factors
such as topography, weather conditions, soil types, and land
management. To date, there are limited studies on soil properties
and soil surface loss before and after burning in RSC in Thailand.
Furthermore, the variation of soil properties and soil surface loss
throughout the cultivation cycle has not been reported. Therefore,
the objectives of this study are 1) to investigate post-fire soil
properties and soil surface loss in RSC and 2) to assess the
vertical distribution and slope effect on soil properties and soil
surface loss in RSC. This study provides the crucial knowledge on
soil properties and soil surface loss dynamics, leading to the
development of proper post-fire landmanagement strategies in RSC.

2 Material and methods

2.1 Study area and field selection

The research was carried out in Ban Mae Pok, Ban Thab
Subdistrict, Mae Chaem District, Chiang Mai Province, located in
Northern Thailand, as shown in Figure 1. The study sites are situated
in a mountainous area, with an elevation ranging from 700 to
1,000 m a.s.l. The rainy season usually starts from May until
October. Winter season occurs from October to February,
whereas summer season is from February to May (Trisurat et al.,
2010; Department of Mineral Resources, 2015). Based on data from
the Thai Meteorological Department’s weather stations in Doi Ang
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Khang and Mueang Chiang Mai, the total rainfall during March to
December 2022 was 2,227.5 mm. The highest amount of rainfall
occurred in September (525.6 mm), while the lowest was recorded in
November (16.0 mm). Soils in the highlands of Thailand (with
slopes greater than 35%) are classified as slope complex series,
which mostly includes mountainous areas (LDD, 1992; USAID,
1993). The topsoil (0–10 cm) is sandy loam, and the subsoils
(10–30 cm) are sandy clay loam and sandy loam, mostly
composed of reddish-brown lateritic soil. The soil pH varies from
5.63 to 6.65, and the OM content ranges from 2.75% to 5.53%
(Arunrat et al., 2022a).

In this study, two RSC fields were selected, which were
previously used for upland rice cultivation and then left fallow to
allow for the recovery of secondary forest vegetation (Figure 1). The
RSC-12Y (18°23′12.03″N, 98°11′39.56″E), at an elevation of 692 m
a.s.l and with a slope gradient of 28% was left fallow for 12 years after
upland rice harvesting, and in 2022, it was cleared, burnt, and
cultivated with upland rice. The RSC-6Y (18°23′11.5″N,
98°11′33.56″E), at an elevation of 729 m a.s.l and with a slope
gradient of 31% was left fallow for 6 years after upland rice
harvesting, and in 2022, it was also cleared, burnt, and cultivated
with upland rice. We also used a reference site, the 15-year
continuous left fallow (CF-15Y) (18°23′10.11″N, 98°11′44.29″E),
at an elevation of 640 m a.s.l and with a slope gradient of 30%, where

no cultivation or burning was carried out and the soil properties
continued to recover naturally.

To grow upland rice in RSC-6Y and RSC-12Y fields, upland rice
seeds (~125.0 kg ha-1) were dropped by hand using spades or
planting sticks to dig shallow holes. The water source was rainfall
only. Upland rice was harvested by hand, and the residues were left
in the fields. The fields were then abandoned to allow for the
recovery of secondary forest vegetation.

2.2 Experimental design and fire
measurements

In 2022, the RSC-12Y (75 m × 170 m) and RSC-6Y (45 m ×
150 m) fields were selected to cultivate based on the village rotation
cycle. The boundaries of each RSC field were marked, and grasses,
shrubs, woods, and saplings were cut and left in the field to dry in the
sunlight for around 30–45 days. Firebreaks were created around the
fields with a width of 5–7 m to prevent the spread of fire during
burning. Each RSC field was divided into three slope positions -
upper slope, middle slope, and lower slope (Figure 1). At each RSC
field, the 20 iron sticks (30 cm length) with label scale were installed
in 20 positions to measure the soil surface changes by installing at
0 cm of soil surface. Two transects were established vertically,

FIGURE 1
Study area. The aerial image was taken from Google Earth on 29 July 2023.

Frontiers in Environmental Science frontiersin.org03

Arunrat et al. 10.3389/fenvs.2023.1213181

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1213181


spanning from the upper to the lower slope positions, and nine
additional transects were marked horizontally. At the intersection of
these vertical and horizontal transects, iron sticks were installed, with
spacing of approximately 35 m × 20 m and 25 m × 15 m for RSC-12Y
and RSC-6Y, respectively (Figure 1). Three plots were marked for
measuring fire temperature, soil temperature, and soil sampling.

The burning of the RSC fields started at 3:00 p.m. and ended at
around 5:00 p.m. after obtaining permission from the Mae Chaem
District Office. During the burning process, the fire temperature at
each pit of each RSC field was measured using an infrared
thermometer (PONPE 470IR). Soil temperature and moisture
were measured before (pre-burning) and 5 min after burning at
each pit of each RSC field at the depth of 5, 10, 20, and 30 cm using a
Thermocouple Type K (PONPE 422 PR) and moisture meter,
respectively. The fire temperature, soil temperature, and soil
moisture of RSC fields were presented in Supplementary Table S1.

2.3 Soil and ash sampling and analysis

Soil samples were collected from the upper slope, middle slope,
and lower slope of RSC-12Y and RSC-6Y fields at depths of 0–5,
5–10, 10–20, and 20–30 cm at five different time points: before
burning (March 2022), 5 min after burning (March 2022), 3 months
after burning (June 2022), 6 months after burning (September 2022),
and 9 months after burning (harvest, December 2022). Soil samples
from the CF-15Y field were collected at four time points: March
2022, 3 months after RSC fields burning, 6 months after RSC fields
burning, and 9 months after RSC fields burning.

A total of 360 soil samples were collected from the RSC fields, with
2 RSC fields, 3 plots, 4 depths, 5 time points, and 3 slope positions. In
addition, 48 soil samples were taken from the CF-15Y site, with 1 CF
site, 3 plots, 4 depths, and 4 time points. At each slope position of each
RSC field, soil samples were collected from the same three plots at each
time point. At each plot (20 × 20 m), soil samples of each depth were
taken from five pits and mixed to obtain one composite sample per
depth per plot. Stones, grasses, roots, and residues were removed
manually, and around 1 kg of soil was placed in a plastic bag. Ash
colors were determined using theMunsell soil color charts after the fire.
A steel spoon was used to meticulously collect ash of each color from
the respective sample plots. The chemical properties of ash were
provided in Supplementary Table S2. Furthermore, a steel soil core
(5.0 cm width × 5.5 cm length) was used to collect a soil sample from
each depth to determine soil bulk density after drying at 105 °C for 24 h.

Soil texture was determined using the hydrometer method, while
soil pH and ash pH were measured using a pH meter with a 1:1 and
1:10 suspension of solids in water, respectively (National Soil Survey
Center, 1996). Electrical conductivity (ECe) was determined by
measuring the saturation paste extracts using an EC meter
(USDA, 1954). The cation exchange capacity (CEC) was
measured by the NH4OAc pH 7.0 method. Total nitrogen (TN)
was analyzed using the micro-Kjeldahl method. Ammonium
nitrogen (NH4-N) and nitrate–nitrogen (NO3-N) were measured
by the KCL extractionmethod. The exchangeable calcium (exch.Ca),
magnesium (exch.Mg), and potassium (exch.K) values were
analyzed using atomic absorption spectrometry with NH4OAc
pH 7.0 extraction. Available phosphorus (avail.P) was measured
using the molybdate blue method (Bray II extraction) (Bray and

Kurtz, 1945). Organic carbon (OC) content was analyzed following
the method of Walkley and Black (1934) using potassium
dichromate (K2Cr2O7) in sulfuric acid, and the results were
reported as organic matter (OM) by multiplying with 1.724.

2.4 Soil organic carbon and total nitrogen
estimation

The SOC stock was estimated using the following equation:

SOCstock � ∑n

i�1 BDi × Li × OCi × 10, 000( ) (1)

where SOCstock is the soil organic carbon stock (Mg C ha-1), OCi is
the organic carbon content (%), BDi is the soil bulk density (Mg m-

3), Li is the soil thickness m), and i represents the ith layer.
The STN stock was calculated using the following equation:

STNstock � ∑
n

i�1 BDi × Li × TNi × 10, 000( ) (2)

where STNstock is the soil total nitrogen (Mg N ha-1), TNi is the total
nitrogen content (%), BDi is the soil bulk density (Mg m-3), Li is the
soil thickness m), and i represents the ith layer.

To eliminate the potential impact of varying soil bulk density
over time, which could lead to errors in estimating SOC stock, we
employed the equivalent soil mass approach (Ellert and Bettanym,
1995) to adjust the SOC stock calculations using the following
equation:

Soil mass � BD × L (3)
where Soil mass is the mass of the soil sample (kg soil m-2).

The adjusted soil thickness m) for each RSC field was calculated
using the following equation (Arunrat et al., 2021):

Adjusted soil thickness � Massinitial −Massend
BD

(4)

whereMassinitial is the soil mass at the commencement of the study
(March 2022), and Massend is the soil mass at the end of study
(December 2022).

2.5 Soil surface loss measurement

At each RSC field, the level of soil surface changes was recorded
by measuring the label scale on 20 iron sticks. The 0 cm of soil
surface level was recorded before burning in March 2022, and the
label scales were recorded again at 5 min after burning in March
2022, 3 months after burning in June 2022, 6 months after burning
in September 2022, and at harvest in December 2022. For the CF-15
site, a total of 20 iron sticks were also installed to monitor the level of
soil surface at four time points: March 2022, 3 months after RSC
fields burning, 6 months after RSC fields burning, and 9 months
after RSC fields burning.

2.6 Statistical analysis

Statistical analysis was performed using the R environment
(v.4.0.2). Soil physiochemical properties were compared among
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TABLE 1 Variation in soil properties: bulk density (BD) (Mgm-3), electrical conductivity (ECe) (dS m-1), organic matter (OM) (%), organic carbon (OC) (%), total nitrogen (TN) (%), and proportion of sand, silt and clay (%) with land
use, position, soil depth, and chronological time of burning.

Variable Category pH (1:1) ECe BD OM OC TN %Sand %Silt %Clay

Mean std Mean std Mean std Mean std Mean std Mean std Mean std Mean std Mean std

RSC field CF-15Y 4.83b 0.02 0.12c 0.11 1.36b 0.05 4.27a 0.28 2.47a 0.16 0.23a 0.07 26.43a 4.41 45.55b 3.88 28.03a 7.09

6-year fallow 5.37a 0.15 0.23b 0.26 1.40a 0.06 3.34b 0.26 1.94b 0.15 0.13c 0.04 17.42b 4.35 45.89b 6.23 36.70b 8.72

12-year fallow 5.25a 0.18 0.33a 0.30 1.35c 0.05 3.49b 0.29 2.02b 0.17 0.17b 0.07 20.40c 4.31 47.46a 3.79 32.17c 7.11

Position Lower slope 5.46a 0.03 0.32a 0.32 1.37 0.06 3.74a 0.28 2.17a 0.16 0.17a 0.06 19.53a 3.99 46.33b 5.06 34.14a 7.40

Middle slope 5.17b 0.02 0.20b 0.21 1.37 0.06 3.33b 0.04 1.93b 0.02 0.13b 0.05 19.24a 4.43 47.68a 5.19 33.10b 7.75

Upper slope 5.30b 0.07 0.33a 0.30 1.38 0.06 3.18b 0.16 1.84b 0.09 0.15a 0.07 18.17b 5.11 46.05b 5.14 35.80c 9.20

Soil depth 0-5 cm 5.49a 0.48 0.45a 0.38 1.31d 0.04 6.52a 1.49 3.78a 0.86 0.22a 0.09 24.45a 5.08 50.90a 3.03 24.68a 4.38

5-10 cm 5.10b 0.15 0.21b 0.14 1.36c 0.04 3.87b 0.52 2.25b 0.30 0.20a 0.07 20.48b 4.50 49.08a 3.13 30.47b 3.60

10-20 cm 4.92b 0.58 0.14c 0.08 1.40b 0.05 2.56c 0.04 1.49c 0.02 0.15b 0.04 19.30bc 3.53 45.54b 2.63 35.16c 4.32

20-30 cm 5.08b 0.12 0.11c 0.05 1.41a 0.05 1.85d 0.08 1.07d 0.05 0.13c 0.03 16.02d 4.03 40.60c 3.60 43.38d 6.52

Condition Pre-burning 4.98D 0.14 0.12D 0.08 1.36B 0.05 3.71C 0.70 2.15C 0.41 0.19A 0.07 20.15A 5.33 46.19C 4.35 33.66C 8.34

Post-burning 5 mins 5.46A 0.10 0.25C 0.27 1.36B 0.06 3.09D 0.15 1.79D 0.09 0.17AB 0.08 20.20A 5.86 46.35C 4.46 33.53C 8.94

3 months 5.31C 0.31 0.31B 0.29 1.35B 0.05 3.71C 0.68 2.15C 0.40 0.16C 0.04 17.98C 3.63 48.24A 5.63 33.78C 8.07

6 months 5.15C 0.28 0.36A 0.32 1.35B 0.05 3.73B 0.22 2.16B 0.13 0.18BC 0.05 18.16C 3.67 47.28B 5.52 34.56B 8.00

9 months 5.18B 0.34 0.37A 0.32 1.43A 0.05 3.87A 0.23 2.24A 0.14 0.10D 0.03 18.52B 3.74 45.38D 5.30 36.09A 7.86

a-e, A-E Uppercase letters denote significant statistical differences (p ≤ 0.05), as analyzed by using One-way ANOVA and repeated measures One-way ANOVA with post-hoc Tukey’s HSD
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the CF-15, RSC-6Y, and RSC-12Y sites with varying positions and
soil depths using Analysis of Variance (ANOVA). When the
ANOVA result was significant at p ≤ 0.05, the Tukey Honestly
Significant Difference (HSD) test was employed to perform multiple
post hoc mean comparisons. The effect of the area position on soil
properties was explained by Redundancy Analysis (RDA). The
impact of each RSC field’s slope position on soil properties was
analyzed using RDA, focusing on the position-based variation rather
than individual layers. To ensure the integrity of our analysis, all
explanatory variables underwent transformation and
standardization through the application of the Hellinger method.
Addressing concerns related to non-significant variables and
collinearity, we adopted the forward selection method for
variable selection. The R packages “tidyverse,” “agricolae,”
“vegan,” “fastDummies,” and “ggplot2” were used for data
arrangement, ANOVA and post hoc tests, data transformation,
and data visualization.

3 Results

3.1 Variation of soil physical properties

The soil bulk densities among all fallow soils exhibited
significant differences, with RSC-6Y showing the highest bulk
density at 1.40 Mg m-3. The OM percentage was notably elevated
in CF-15Y, while no significant difference in OM content was
observed between the remaining RSC-6Y and RSC-12Y fields. Silt
content was highest across all fallow soils, whereas the clay
percentage in RSC-6Y was comparatively elevated compared to
the other two sites (Table 1).

The topography positions have an impact on the soil physical
properties in all RSC fields. The highest OM content was
observed in the lower slope with 3.74%. Among the three
types of soil particles, silt occupied the largest portion, and it
was the richest in the middle slope with 47.68%. The percentages
of sand in the lower and middle slopes were not significantly
different, while the highest percentage of clay was found in the
upper slope (Table 1).

The levels of OM exhibited significant differences after burning,
displaying a pronounced decrease after 5 min of burning.
Subsequently, there was a significant increase that persisted until
9 months after the fire, surpassing the pre-fire levels. However, soil
bulk density and soil texture remained unaltered following the fire
(Table 1).

3.2 Variation of soil chemical properties

The variation in soil chemical properties is influenced by the
differences in fallow period. While CF-15Y exhibited a low pH value
of 4.83, there was no significant difference in pH between RSC-6Y
and RSC-12Y. It is important to note that there was a notable
difference in ECe among the three types of fallow soil. TN had the
highest proportion in CF-15Y, while its content was comparatively
lower in RSC-6Y (Table 1). CEC was significantly higher in CF-15Y
compared to RSC-6Y and RSC-12Y. There was no significant
difference in available P between CF-15Y and RSC-6Y, while its

content varied significantly in the 6- and 12-year fallow soils.
Available K was most abundant in RSC-12Y, whereas RSC-6Y
exhibited the highest available Ca content. Additionally, available
Mg content was significantly higher in RSC-6Y compared to the
other two types of fallow soil. It is worth mentioning that NH4-N
and NO3-N levels differed significantly between CF-15Y and RSC-
6Y, with both constituents being most abundant in RSC-12Y
(Table 2).

Topography, especially hillslopes, can have a significant impact
on soil chemical properties. Soil pH was observed to be highest in the
lower slope, whereas ECe exhibited relatively lower values in the
middle slope. TN content was comparatively lower in the middle
slope (Table 1). The upper slope had the highest concentration of
available P, while the middle slope exhibited comparatively lower
levels of available K. Available Ca andMgwere most abundant in the
lower slope (Table 2).

After burning, the soil pH showed a significant increase at the 5-
min post-burning stage, reaching a value of 5.46. The highest ECe
was observed 9 months after burning. TN content exhibited a
continuous decline after the fire (Table 1). Available P content
was notably high 5 min after burning, with a value of 11.18 mg kg-1,
while a remarkably high level of available K was found at the 3-
month post-burning stage. Notably, available Ca contents in all
post-burning stages displayed significant differences. A significant
increase in available Mg was observed 3 months after burning,
reaching a value of 100.51 mg kg-1. Both NH4-N and NO3-N
contents in all post-burning stages were also significantly
different (Table 2).

3.3 Variation of soil organic carbon and soil
total nitrogen stocks

The results of the ANOVA analysis indicated that there were
significant differences in SOC and STN due to various factors,
including RSC field, time point, topography position, and soil
depth (Table 3). Significant differences in STN were observed for
all individual variables, except for the interaction with the
topography position. This indicates that the effect of each
variable is not dependent on the topography level, and each
variable has a separate impact on STN (Table 3).

SOC and STN levels can exhibit seasonal variability due to a
range of factors across different slope positions. In CF-15Y, the SOC
was highest at the 3-month stage after the fire, measuring
90.30 Mg C ha-1, while it was lowest at the 6-month stage
(Figure 2; Table 4). Across all slopes of RSC-12Y, there was no
significant difference in SOC between the pre-burning stage and the
5-min post-burning stage. However, in the three slopes of RSC-12Y,
the highest SOC was observed at the 9-month post-burning stage.
The amount of SOC was notably high in the lower slope of the RSC-
6Y field 9 months after burning, totaling 95.48 Mg C ha-1 (Figure 3;
Table 4). In CF-15Y, there was no significant difference in STN
between the 3-, 6-, and 9-month stages, but the highest STN was
recorded at the 9-month stage, reaching 10.16 Mg N ha-1. Among
the three slopes of RSC-12Y, the STN was highest at the 6-month
post-burning stage (Figure 4; Table 5). Notably, the STN was
remarkably high in the middle slope of RSC-6Y at the 5-min
post-burning stage (Figure 5; Table 5).
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TABLE 2 Variation in soil properties: cation exchange capacity (CEC) (meq 100 g-1); available P (mg kg-1); exchangeable K, Ca, and Mg (mg kg-1), NH4-N, and NO3-N (mg kg-1) content with land use, position, soil depth, and
chronological time of burning.

Variable Category CEC Avail. P Exch. K Exch. Ca Exch. Mg NH4-N NO3-N

mean std mean std mean std mean std mean std mean std mean std

RSC field CF-15Y 13.29a 3.26 3.16b 3.35 135.90b 61.85 106.67b 133.94 61.12b 67.76 18.83b 6.90 11.73b 4.68

6-years fallow 9.22b 2.59 5.62b 9.18 140.12b 67.91 234.80a 272.62 93.86a 64.81 15.03b 11.40 10.28b 7.24

12-years fallow 9.01b 1.98 8.50a 15.92 156.20a 91.96 115.92b 152.14 69.84b 53.27 23.89a 20.22 19.21a 20.19

Position Lower slope 9.10 2.0 6.39ab 7.53 129.58b 69.02 206.21a 296.45 82.20 65.77 22.08 19.74 19.72a 24.21

Middle slope 9.13 2.24 6.00b 11.69 124.82b 75.36 170.05ab 215.10 79.70 68.58 18.30 18.37 11.96b 8.69

Upper slope 9.08 2.64 9.00a 17.70 189.02a 82.90 146.96b 149.85 82.50 44.59 18.71 12.59 13.50b 10.52

Soil depth 0-5 cm 11.73a 3.60 17.72a 19.84 216.01a 89.91 426.15a 287.01 153.13a 62.42 33.83a 24.70 22.27a 25.34

5-10 cm 9.45b 2.15 5.23b 6.24 137.91b 60.79 124.84b 86.88 76.59b 43.02 17.90b 9.37 15.40b 10.00

10-20 cm 8.63b 1.78 2.01c 1.55 114.58c 43.80 62.45c 41.12 46.26c 27.74 13.59c 5.01 11.08c 5.79

20-30 cm 8.61b 2.0 1.26c 1.10 117.86c 68.11 40.61c 21.09 37.83c 22.31 12.68 4.43 8.99c 3.99

Condition Pre-burning 9.78 2.27 1.42E 1.48 138.28D 67.54 112.39E 113.07 65.70C 43.21 14.80E 7.80 14.71D 26.30

Post-burning 5 mins 10.68 3.05 11.18A 15.72 171.72B 100.43 228.79A 293.68 90.37B 67.79 21.44B 22.10 8.65E 8.18

3 months 9.81 2.53 9.46B 17.09 177.65A 84.36 219.11B 279.63 100.51A 72.37 24.87A 20.83 16.98B 12.54

6 months 9.04 1.60 8.77C 14.37 157.56C 75.06 192.38C 232.80 92.75B 62.50 20.73C 15.17 17.86A 12.39

9 months 8.25 1.44 5.61D 9.20 100.83E 48.04 123.12D 149.00 59.36D 40.00 16.55D 15.38 15.27C 12.01

a-e, A-E Uppercase letters denote significant statistical differences (p ≤ 0.05), as analyzed by using One-way ANOVA and repeated measures One-way ANOVA with post-hoc Tukey’s HSD
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TABLE 3 Results of one-way repeated measures ANOVA for soil organic carbon (SOC) and total nitrogen (STN) according to RSC field, time point, topography
position, soil depth, and their interactions among variables

Variable df SOC STN

MSE F p MSE F p

RSC field (L) 2 117.30 48.05 *** 15.47 218.31 ***

Time point (T) 4 398.20 163.19 *** 4.44 62.66 ***

Topography position (P) 2 231.70 94.97 *** 2.87 40.48 ***

Soil depth (D) 3 1620.40 664.04 *** 15.84 223.58 ***

L × T 4 41.90 17.15 *** 0.28 3.99 ***

L × P 2 120.60 49.42 *** 0.17 9.66 0.09

L × D 6 126.00 51.64 *** 0.69 9.95 ***

T × P 8 43.30 17.76 *** 0.71 2.36 ***

T × D 12 138.10 56.59 *** 0.32 4.52 ***

P × D 6 42.80 17.53 *** 0.42 5.95 ***

L × T × P 7 18.50 7.58 *** 0.12 1.63 0.13

L × T × D 12 13.70 5.61 *** 0.18 2.55 ***

L × P × D 6 84.10 34.46 *** 0.44 6.27 ***

T × P × D 24 11.20 4.61 *** 0.10 1.34 0.14

L × T × P × D 21 23.10 9.47 *** 0.11 1.59 0.05

Error 288 2.40 0.07

df: degree of freedom (n-1), MSE: Mean sum of squares, ** values are significant at 0.05, *** values are significant at 0.001

FIGURE 2
Soil organic carbon (Mg C ha-1) of 0–5, 5–10, 10–20, and 20–30 cm soil depth during pre-burning, and different time post-burning: 5-min, 3-
month, 6-month, and 9-month under 6-year and 12-year left fallow for all slope positions compared with continues fallow 15-year. a–b and x–z denote
significant differences among time period of each field (p ≤ 0.05).
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TABLE 4 Average soil organic carbon (Mg C ha-1) of sample soil: CF-15Y, RSC-12Y and RSC-6Y fields with different left fallow period (year) of RSC, position, soil
depth, and chronological time of burning

RSC field Soil depth (cm) Time period

pre-burning 5- minutes 3-months 6- months 9- months

CF-15Y 0-5 33.90 - 33.45 29.21 29.74

5-10 18.87 - 18.54 16.28 16.44

10-20 22.96a - 23.12a 19.35b 18.77b

20-30 14.55 - 15.19 13.19 15.36

Total 90.27Aa - 90.30Aa 78.03Ab 80.31Ab

RSC-12Y Upper slope 0-5 22.51a 20.27a 15.16b 16.16b 16.79b

5-10 15.21 15.04 12.89 14.57 14.84

10-20 15.67a 15.80a 24.07b 24.75b 25.58b

20-30 10.57a 10.44a 17.77b 23.30c 24.64c

Total 63.96Ba 61.55Aa 69.88Eb 78.78Ab 81.85Ac

Middle slope 0-5 28.25a 24.87a 21.43b 21.88b 21.29b

5-10 10.99a 10.71a 14.11b 14.30b 15.18b

10-20 15.15a 14.75a 16.18a 19.89b 21.28b

20-30 10.07a 9.99a 12.47ab 14.66b 17.57b

Total 64.45Ba 60.32Aa 64.19Ca 70.74Bb 75.32Bb

Lower slope 0-5 27.57a 22.20b 20.26b 22.39b 24.38b

5-10 11.43a 11.36a 13.74a 18.12b 21.15b

10-20 16.39a 16.29a 18.80a 23.83b 34.28c

20-30 11.53a 11.43a 14.66ab 16.21b 27.73c

Total 66.92Ca 61.27Ab 67.47Bc 80.55Cd 107.54Ce

RSC-6Y Upper slope 0-5 22.33 19.37 20.17 21.42 22.17

5-10 8.99a 8.95a 15.21b 15.49b 15.61b

10-20 13.51a 13.37a 16.43b 17.09bc 19.65c

20-30 9.35a 9.46a 9.77a 14.89b 18.40c

Total 54.18Da 51.15Ba 61.57Db 68.88Dc 75.83Bd

Middle slope 0-5 23.14a 19.80b 19.62b 20.44a 21.05a

5-10 12.93a 12.74a 15.08b 14.94ab 16.58b

10-20 19.22 19.22 21.12 21.27 22.61

20-30 12.56a 12.59a 15.89ab 15.53ab 17.95b

Total 67.85Ca 64.34Ca 71.71Eb 72.18Bb 78.18Dc

Lower slope 0-5 27.50a 21.52b 19.72b 20.35b 21.65b

5-10 15.57 15.31 12.46 14.49 16.12

10-20 21.33a 20.90a 27.68b 29.56b 31.90b

20-30 10.47a 10.39a 24.10b 23.90b 25.81b

Total 74.88Ea 68.12Db 83.95Fc 88.30Ed 95.48Ee

A-F denotes significant differences among fields and positions (p ≤ 0.05), a-c indicates significant differences among time period of each field (p ≤ 0.05), analyzed by post-hoc Tukey’s HSD
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The vertical distribution of SOC and STN stocks is important
aspect of soil health and productivity (Figure 3, Figure 5). In CF-
15Y, the highest SOC values were observed in March and at the 3-
, 6-, and 9-month post-burning stages, specifically within the
0–5 cm depth, with corresponding values of 33.90, 33.45, 29.21,
and 29.74 Mg C ha-1. Similarly, SOC was also the highest in

RSC-6Y and RSC-12Y fields. It is noteworthy that SOC was
higher at the pre-burning stage compared to the post-burning
stages in RSC-6Y and RSC-12Y soils (Table 4). At the depth
of 10–20 cm in RSC-6Y and RSC-12Y fields, SOC stocks
were significantly higher in the lower slope than the surface
layer (Figure 3). The STN stock in CF-15Y significantly
increased at 9 months post-burning, particularly at a soil
depth of 10–30 cm. Although STN stocks in the RSC-6Y site
slightly increased at a soil depth of 10–30 cm at 3 and 6 months
after burning, STN stock significantly declined at 9 months after
the fire for all soil depths. At deeper layers (10–30 cm)
of the upper slope, higher STN stocks were observed
compared to the middle and lower slope positions. Moreover,
the RSC-12Y field exhibited its highest STN stock at a soil depth
of 10–20 cm, both in the upper and lower slope positions
(Figure 5; Table 5).

3.4 Multivariable analysis

Redundancy analysis revealed that there were varying
relationships between SOC and STN and soil properties in
different topographic positions (Figures 6A,B). In Figure 6A,
the RDA plot explains 51.88% of the variation in the position of
RSC-6Y (adj. R2 = 0.48). Three topographic positions were
separated along the first axis, with middle and upper slope
areas (21.2%) separated from the lower slope area, while the
second axis separated the middle slope area (30.6%) from the
other two positions. Figure 6A clearly illustrates the significant
impact of slope position on the SOC in the RSC-6Y site. The

FIGURE 3
Variation of soil organic carbon (Mg C ha-1) with soil depth in
different area position under 6-year and 12-year left fallow compared
with continues fallow 15-year.

FIGURE 4
Soil total nitrogen (Mg N ha-1) of 0–5, 5–10, 10–20, and 20–30 cm soil depth during pre-burning, and different time post-burning: 5-min, 3-month,
6-month, and 9-month under 6-year and 12-year left fallow for all slope positions compared with continues fallow 15-year. a–b, i–ii, and x–z denote
significant differences among time period of each field (p ≤ 0.05).
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TABLE 5 Average soil total nitrogen (Mg N ha-1) of sample soil: CF-15Y, RSC-12Y and RSC-6Y fields with different left fallow period (year) of RSC, position, soil
depth, and chronological time of burning

RSC field Soil depth (cm) Time period

pre-burning 5- minutes 3-months 6- months 9- months

CF-15Y 0-5 2.43 - 2.18 2.20 2.41

5-10 1.48a - 1.44a 1.54a 1.81b

10-20 2.11a - 1.97a 2.55b 3.12c

20-30 2.01a - 2.01a 2.20a 2.81b

Total 8.03Aa - 7.59Aa 8.49Aa 10.16Ab

RSC-12Y Upper slope 0-5 1.61a 1.20a 1.06ab 0.89b 0.62b

5-10 1.41 1.32 1.35 1.46 0.99

10-20 2.75a 2.75a 2.03ab 2.48a 1.72b

20-30 2.30a 2.44a 1.43b 1.63b 1.10b

Total 8.07Aa 7.71Aa 5.87Bb 6.46Ab 4.43Bb

Middle slope 0-5 1.51a 1.10a 0.85ab 0.74b 0.51b

5-10 1.21a 2.43b 1.12a 1.30a 0.90a

10-20 2.45a 2.40a 1.13b 1.54b 1.05b

20-30 1.73a 1.82a 1.41a 1.41a 0.92b

Total 6.90Ba 7.75Aa 4.51Bb 4.99Bb 3.38Bb

Lower slope 0-5 1.98a 1.33b 1.49ab 1.56ab 1.08b

5-10 1.74a 1.57a 1.50a 1.60a 1.11b

10-20 2.25a 2.39a 2.43ab 2.65b 1.82a

20-30 1.93a 1.98a 1.98a 1.98a 1.38b

Total 7.91Aa 7.26Aa 7.40Aa 7.79Aa 5.40Bb

RSC-6Y Upper slope 0-5 1.34a 0.86a 0.62b 0.69b 0.46b

5-10 1.11 1.07 0.97 1.16 0.79

10-20 2.14a 2.14a 2.14a 2.22a 1.55b

20-30 1.64ab 1.83a 1.83a 1.88a 1.27b

Total 6.22Ba 5.89Bab 5.56Bab 5.96Bb 4.07Bb

Middle slope 0-5 1.23a 0.68ab 0.54b 0.45b 0.30b

5-10 0.91a 0.86a 0.76a 0.73a 0.48b

10-20 1.81a 1.95a 1.91a 1.90a 1.26b

20-30 1.06a 1.39a 1.44ab 1.53b 1.01a

Total 5.00Ba 4.88Ba 4.64Ba 4.62Ba 3.05Bb

Lower slope 0-5 1.73a 1.23b 0.91b 1.27ab 0.88b

5-10 1.47a 1.40a 1.19a 1.37a 0.94b

10-20 1.63a 1.75a 1.71a 1.95a 1.34b

20-30 1.27a 1.30a 1.44a 1.44a 0.94b

Total 6.10Ba 5.68Ba 5.26Ba 6.03Ba 4.10Bb

A-F denotes significant differences among fields and positions (p ≤ 0.05), a-c indicates significant differences among time period of each field (p ≤ 0.05), analyzed by post-hoc Tukey’s HSD
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results demonstrate that SOC is highly influenced by the lower
slope position, while the upper slope position exhibits an
opposite effect. The following factors have a similar trend as
SOC: pH and OM, while sand content and ECe have a less
pronounced effect. On the other hand, bulk density and exch.
K exhibit an opposing trend to SOC across the different slope
positions. Meanwhile, nitrogen compounds (STN, NO3-N and
TN) were closly associated with both upper and lower slope
position.

For the RSC-12Y, the RDA plot used two axes to explain
48.32% of the variation in the three topographic positions
(adj.R2 = 0.45, as shown in Figure 6B). The results indicate
that NO3-N, STN, SOC, exch. Ca, and NH4-N were highly
influenced by the lower slope position. On the other hand,
Exch. K, Avail. P, sand content, and ECe were positively
associated with the upper slope, while silt content and CEC
were associated with the middle slope.

3.5 Soil surface loss

In the RSC-6Y, noticeable soil surface loss occurred in the
middle and upper slopes 9 months after burning, even though the
losses in these two slopes at the same post-burning stage did not
display significant differences. In the RSC-12Y, the highest
amount of soil surface loss was observed in the upper slope at
the 9-month post-burning stage, totaling 4.98 cm lost. Notably,
soil surface loss in the same fallow was significantly lower in the
lower slope at all post-burning stages. In CF-15Y, a slight soil
surface gain of 0.6 cm was noted in June, whereas this fallow
experienced soil surface losses of 1.0 cm in September and 1.8 cm
in December (Figure 7).

4 Discussion

4.1 Effect of fallow periods on soil properties
and soil surface loss

The results indicate that the CF-15Y had the highest OM and
SOC stocks, particularly in the surface layer (0–5 cm) (Figure 2,
Figure 3; Table 4). This trend was also observed for STN stocks
(Figure 4, Figure 5; Table 5). Older fallow fields accumulate more
leaf litter and other organic debris from above and below-ground
biomass (Murovhi et al., 2012). In addition, the roots of weeds and
grasses are a significant source of OM in the surface layer (Arunrat
et al., 2023). This finding is consistent with Sharma et al. (2022), who
reported that higher OM inputs from persistent vegetation cover in
older fallow fields contribute to the higher OC content compared to

FIGURE 5
Variation of soil total nitrogen (Mg N ha-1) with soil depth in
different area position under 6-year and 12-year left fallow compared
with continues fallow 15-year.

FIGURE 6
Redundancy analysis (RDA) of soil samples (0–30 cm) using soil
properties response variables and quantitative explanatory variables
under (A) 6-year left fallow and (B) 12-year left fallow in different
position: lower, middle, and upper slopes.
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younger fallow fields. The lower soil pH in CF-15Y compared to
RSC-6Y and RSC-12Y (Table 3) suggests that it is rich in OM and
undergoes more organic acid production during decomposition
processes, which is consistent with Hong et al. (2019).

Currently, the fallow period of RSC fields has shortened due to
population pressures and forest laws and regulations. As a result,
most of the long-term fallow fields (>10 years) have become
secondary natural forests, making it difficult to identify evidence
of their previous boundaries. Thus, those fields eventually were no
longer RSC fields; instead, they became natural forests. The shorter
fallow cycle diminishes the ability of RSC to recover the ecosystem
due to the loss of soil fertility through runoff and leaching, as
observed in the current study (Figure 6). Prokop and Poreba (2012)
found that 32–79 Mg ha–1 year–1 of soils were lost in the short fallow
period of root crop cultivation on steep slopes in Northeast India.
On the other hand, the loss of soil under natural forest was reported
to range from 0.04 to 0.52 t ha-1 year-1 in Meghalaya, India (Saha
et al., 2011). Arunrat et al. (2022b) found that the average soil
erodibility at the topsoil (0–30 cm) of natural forest in northern
Thailand was 0.1337 t h MJ-1 mm-1, the lowest value compared to
crop lands. It takes several years for the restoration of topsoil
nutrients after the conversion of natural forest to cropland. In
northern Vietnam, Dung et al. (2008) estimated that the recovery
of nitrogen and phosphorus would require more than 30 years and
more than 6 years, respectively. In northern Thailand, Arunrat et al.
(2023) observed that SOC and STN stocks had not reached pre-fire
levels even after 2 years had passed. Meanwhile, a longer cycle
duration allowed the germination of weed seeds and regrowth,
which enhances the recovery of soil nutrients and reduces soil
loss (Figure 7). Yadav (2013) found that the losses of carbon and
nutrients in older fallow fields did not significantly affect crop
productivity compared to younger fallow fields. Nevertheless, the
findings of our current study, as depicted in Figure 7, demonstrate
that CF-15Y experienced soil loss during the rainy season, with soil

surface losses ranging from 1.0 to 1.8 cm. This phenomenon could
be attributed to the substantial rainfall and resultant runoff, which
likely led to soil deposition at the lowest slope position.

4.2 Effect of fire on soil properties and soil
surface loss

The effects of fire on soil are primarily confined to the upper
10 cm of soil, where it can reduce soil moisture and increase soil
temperature (Supplementary Table S1). This is because the increase
in soil temperature can be attributed to the removal of canopy cover,
loss of OM insulation, and deposition of black ash on the soil surface
caused by the fire, which subsequently led to higher rates of
evaporation (Cooperdock et al., 2020). The different heating
temperatures during the fire altered the color of the ash, resulting
in dark, reddish-brown ash that contained higher levels of pH,
organic matter, electrical conductivity, total nitrogen, and soil
nutrients (except available calcium) when compared to gray and
white ashes (Supplementary Table S2). Black ash, which is the
product of incomplete combustion of the litter containing a high
proportion of carbon, is typically produced at low temperatures
(<300 °C) (Úbeda et al., 2009). The reddish color of ash is due to the
oxidation of iron minerals at low temperatures (Markl et al., 2006),
while gray or white ash indicates high fire severity and more
complete combustion of litter, which occurs at temperatures
above 500 °C (Kuzyakov et al., 2018).

There is significant concern that shifting cultivation practices
could deplete soil carbon and consequently increase CO2 levels in
the atmosphere (Bruce et al., 1999). Detwiler (1986) estimated that
shifting cultivation could lead to an average loss of 40% of soil
carbon within 5 years. The current study found similar results to
previous research, which showed a decline in SOC stocks in the
surface layer (0–5 cm) at both RSC-6Y and RSC-12Y sites (as shown

FIGURE 7
Soil surface loss (cm) of lower, middle, and upper slope during different time post-burning: 5-min, 3-month, 6-month, and 9-month under 6-year
and 12-year left fallow compared with continues fallow 15-year.

Frontiers in Environmental Science frontiersin.org13

Arunrat et al. 10.3389/fenvs.2023.1213181

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1213181


in Figure 2, Figure 3). This decline can be attributed to the
combustion of OM in the soil, which is released into the
atmosphere as CO2. The decline in STN stock after a fire
(Figure 4, Figure 5) is attributed to the oxidation of OM through
oxidized nitrogen gases and dinitrogen (N2) (Saplalrinliana et al.,
2016). The decline in STN stocks continued even 9 months after
burning in both RSC-6Y and RSC-12Y sites, as shown in Figure 4,
Figure 5. This could be attributed to soil leaching and erosion caused
by heavy rainfall, as the soil was left uncovered after burning.
According to Bechmann (2014), nitrogen is highly susceptible to
loss through surface and subsurface runoff in sloped areas. This can
result in nutrient depletion and subsequently lead to reduced plant
growth and productivity. Soil pH and ECe can increase after burning
due to the release of basic cations (such as calcium, magnesium, and
potassium) and the accumulation of ash, which contains alkaline
materials (Table 1). The post-fire increase in ECe can also be
attributed to the leaching of salts from the ash and the
subsequent increased availability of nutrients that contribute to
ion exchange processes in the soil (Da Silva Neto et al., 2019).
The combustion of OM during a fire can release soil nutrients, such
as Avail. P, Exch. K, Exch. Ca, Exch. Mg, and NH4-N, which could
explain their increase after burning (Table 2). The increase in soil
nutrients can be attributed to the ash generated from the
combustion of vegetation, which contains essential nutrients that
can replenish the soil (Saplalrinliana et al., 2016).

The loss of soil surface in RSC areas is a major concern not
only for the loss of sediment but also for the decline in soil
nutrients, as evidenced in the current study (Figure 7; Table 2).
The burning of vegetation by fire strips away its protective cover,
leaving the soil susceptible to erosion by wind and water. In
addition, the heat generated by the fire can induce soil
hydrophobicity, making it more prone to water repellency and
erosion. Further, soil OM and structure loss due to burning can
make the soil more vulnerable to erosion and result in a decline in
soil nutrient availability. Our findings are also consistent with the
study by Dass et al. (2010) who reported that soil nutrient losses
of N, P, and K were primarily due to runoff and erosion in
southern Orissa, India. Following the 3-month period post-
burning, a discernible trend of rising SOC stocks was
observed, persisting through the upland rice harvest stage at
9 months after burning, as depicted in Figure 2 and detailed in
Table 1 (refer to OC values). The ash and charcoal left after
burning can act as a source of nutrients and OM, leading to
increased SOC levels. Chatterjee et al. (2022) reported an increase
in SOC in shifting cultivation systems in India during the crop
growing and fallow stages, which was attributed to the addition of
OM from the regrowth of vegetation. Weeds and grasses can help
to restore soil fertility during the fallowing phase (Xiao et al.,
2022).

4.3 Vertical distribution and slope effect on
soil properties and soil surface loss

The properties of soil can differ according to the depth in the soil
profile, primarily attributed to the accumulation of OM, changes in
soil texture and structure, and climate. Moreover, the topography of
the land can also play a significant role in soil properties and surface

loss, impacting factors such as soil erosion and nutrient availability.
In RSC-6Y, an increase in SOC stock was observed at deeper layers
(5–10 cm) after burning, resulting in higher levels than those before
burning. At a depth of 10–30 cm, SOC stocks were significantly
higher at lower slopes compared to the surface layer (Figure 3).
There are two possible reasons for the increase in SOC and STN in
deeper layer after a fire: ash deposition and vegetation changes.
During a fire, OM is burned, and carbon is released into the
atmosphere as CO2. However, some carbon remains in the form
of charcoal or ash, which contains high levels of carbon and other
plant nutrients, such as Ca, Mg, and K. When deposited in the soil,
ash can be incorporated into deeper layers over time through
erosion, bioturbation, or leaching (Bodí et al., 2014). After a fire,
some plant species may be replaced by others with higher root
biomass. These new plants can add OM to the soil through litterfall
and root exudates, contributing to an increase in SOC and STN.
They may also allocate more carbon to belowground biomass, such
as roots, resulting in an increase in SOC and STN in deeper soil
layers (Deng and Shangguan, 2017; Gross and Harrison, 2019).
Sheikh et al. (2009) reported that the decline in SOC and STN with
increasing soil depth could be attributed to the decomposition of
plant residues, which were primarily located on the soil surface. The
occurrence of heavy rainfall can lead to a decline in soil nutrients
from the topsoil to the subsoil layer due to leaching losses, which can
in turn promote the rapid growth of invasive weeds, as observed in
the study conducted by Wapongnungsang et al. (2019).

Soil surface loss after a fire in sloped areas can have significant
impacts on soil physicochemical properties (Figure 6). These
impacts can be far-reaching and have long-term consequences
for the growth and productivity of plants, as well as for the health
and functioning of ecosystem. In sloped areas, the upper slope
generally experiences greater erosion rates and soil surface loss
compared to the lower slope or foothill areas. This is because the
upper slope is more exposed to erosive forces such as rainfall and
surface runoff, and the steeper gradient of the slope increases the
velocity of water flowing over the soil surface. As a result, the
upper slope tends to have thinner topsoil and lower OM and TN
contents compared to the lower slope or foothill areas. The study
conducted by Neergaard et al. (2008) supports the current study,
as it revealed that the soil base-forming cations (K, Ca, Mg, and
Na) and ECe exhibited significantly higher values in downslope
soils when compared to upslope soils. Another possible
mechanism, as explained by Bruun et al. (2006), is the loss of
ash from the upper slope towards the foot of the slope. Gafur et al.
(2003) also found that soil nutrients were washed away from the
upper 10 cm and accumulated as sediments in the lower slope of
shifting cultivation. Li et al. (2019) reported that depositional
profiles at subsoil depth had significantly higher levels of SOC
compared to non-eroding or eroding profiles, indicating greater
SOC storage in those profiles. Furthermore, the slope can affect
the rates of water infiltration and runoff. As the slope increases,
the larger surface area and faster water flow lead to a decrease in
infiltration. This results in a reduction of soil moisture content in
deeper layers due to increased runoff and evaporation rates
(Florinsky, 2012). However, future research could explore the
vertical distribution and slope effects on soil properties and soil
surface loss in RSC. This includes investigating the long-term
effects of land use changes on soil properties, elucidating the

Frontiers in Environmental Science frontiersin.org14

Arunrat et al. 10.3389/fenvs.2023.1213181

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1213181


physical and chemical processes contributing to soil erosion, and
understanding how these processes vary across different slopes
and soil types, as well as the effects of soil microbial communities.
Such research efforts can provide a better understanding of the
relationships between slope, depth, soil properties, and erosion
rates, and inform sustainable land use and management practices
that promote soil health and productivity.

5 Conclusion

Our study found that the SOC stock increased at 6- and 9-
month post-burning, which were higher than the pre-burning
levels. At deeper layers (5–10 cm), there was an upward trend in
SOC stock resulting in higher values than pre-burning levels. The
depth of 10–20 cm showed an increase in SOC stocks at lower
slopes and higher than the surface layer. In contrast, STN stock
decreased at the surface soil post-fire, while it increased in deeper
layers at all slope positions. During the rainy season (September),
the highest soil surface losses were observed after the fire, with
the greatest losses occurring at the upper slope and the lowest at
the lower slope. Additionally, lower slopes were found to be
closely associated with SOC, STN, ECe, NO3-N, NH4-N, Exch.
Ca, and Exch. Mg. To mitigate the negative effects on soil
properties after fire, it is crucial to explore and implement
effective post-fire management strategies.
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