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ABSTRACT Despite vegetation in fire-prone landscapes having different fire adaptations, a change in the worldwide fire regime
could affect all ecosystem processes and systems. In this sense, soil systems play a key role in ecosystems, not only providing
inorganic nutrients to plants, but also serve as filter water and carbon storage. The aim of this research was to identify the effects of
wildfire on the chemical properties of young volcanic soils over the medium-term in two natural protected areas of Andean Mountain
range. A comparative statistical analysis was performed to identify significant differences in different soil parameters between forty-
eight unburned and burned soil samples. Therefore, significant differences were identified between evaluated samples in organic
matter, macronutrients, micronutrients, and cation exchange capacity. Whilst organic soil matter and potassium content substantially
increased due to incomplete vegetation combustion; the presence of calcium content and cation exchange capacity decreased with
the occurrence of fire. Our findings showed that there were significant differences between unburned soils or a soil that had been
burned once and soil that had been burned twice in thirteen years. These findings should support decision making, improving the

selection of passive or active restoration actions and thus efficiency in forest management.

KEYWORDS: Fire impact, soil properties, forest restoration.

Introduction

Large forest fires have short-term and long-term
impacts on soil system (Giovannini et al. 1990, Do-
err and Cerda 2005, Jhariya et al. 2014, Pereira et al.
2019). Physical, chemical, and biological changes
have been previously recorded based on soil proper-
ties (Doerr and Cerda 2005, Alcaiiz et al. 2018). The
effects depend on the properties of the soil, but also
on the frequency and intensity of rainfall events, ge-
omorphology, vegetation resilience, time lapsed and
the severity of the fire (Vega et al. 2013a, Zavala et al.
2014, Francos et al. 2018, Urretavizcaya et al. 2018,
Chavez et al. 2020). Whilst low and moderate severity
fires are generally associated with incomplete vege-
tation combustion, high severity fires are related to
complete vegetation combustion (Castillo et al. 2017,
Pereira et al. 2019). Incomplete vegetation combus-
tion generates a large amount of semi-pyrolyzed ash-
es with high potassium, calcium, and magnesium con-
tents (Kanna et al. 1994, Escudey et al. 2015, Santin et
al. 2016, Doerr et al. 2018). Therefore, when there is
not a complete combustion of canopy layer, branches
and litterfall fall onto the forest ground due to ther-
mal pruning (Stephens et al. 2012). As a result, com-
plete vegetation combustion usually increases chem-
ical soil changes (Bodi et al. 2014, Fernandez and Veg
2016, Ulery et al. 2017, Bridges et al. 2019). Additional-

ly, severe fires also modify the water repellency (Mac-
Donald and Huffman 2004, Mataix-Solera et al. 2013,
Pereira et al. 2019) and the cation exchange capacity
(Ulery et al. 2017, Garcia-Chevesich et al. 2019, Smet-
tem et al. 2021).

Despite the small and short-term differences that
have been reported in pH level, significant differences
were found between unburned and burned soils ac-
cording to organic matter content and macronutrient
contents (Certini 2005). The carbon, nitrogen, and po-
tassium cycles are also modified by fire events (Gro-
gan et al. 2000, Johnson and Curtis 2001, Fuentes-
Ramirez et al. 2018, Merino et al. 2019).

The soil effects may persist over the short and
medium term and that they can be affected by the
fire regime (Zavala et al. 2014, Francos et al. 2018).
Therefore, a succession of fire events could directly
influence the biological parameters of soil over the
medium to long term (Fernandez et al. 2020).

The effects of wildfires on young volcanic soils are
not often the subject of forest fire studies. Many fire-
prone areas are instead characterized by old, strongly
weathered soils and this is a key part of the ecological
role of fire in such ecosystems (Orians and Milewski
2007). Fire might have different effects on volcanic
soils which are recent soils formed from ash, scoria
and dark brown lava. These soils are characterized by
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a coarse texture, medium depth, good infiltration rate,
exceptionally low edaphization and a high content of
aluminum hidrosilicates (CIREN 2010, Casanova et
al. 2013). Rapid weathering of the volcanic ash means
that the soils are rich in organic matter, aluminum,
and iron. However, they usually contain low levels
of some macro- and micro-nutrients (Borie and Ru-
bio 2008, La Manna and Barroetavefia 2011) and the
conversion of organic compounds to inorganic com-
pounds has been previously reported (La Manna and
Barroetavena 2011, Rivas et al. 2012a). Frequent rain-
fall events on the volcanic soils of the Andean Range
rises both the surface runoff and the nutrient infiltra-
tion rate (Escudey et al. 2015).

In disturbed ecosystems, such as fire affected for-
ests, several factors (ecosystem resilience, land-use
history, landscape context, goals and available re-
sources) should be considered for selecting the most
effective management strategy to facilitate forest re-
covery (Holl and Aide 2011). Two main methods for
restoration have been defined: active restoration, that
involves human intervention and is focused on accel-
erated recovery and passive restoration, where the
recovery is done by natural regeneration of the forest
ecosystem (Meli et al. 2017).

The aim of this research was to identify the ef-
fects of wildfire on the chemical properties of young
volcanic soils over the medium-term (approximately
three years) in two natural protected areas of Ande-
an Mountain range. A comparative statistical analysis
was performed to identify significant differences in
pH, soil organic matter, macronutrient contents, mi-
cronutrient contents, and cationic exchange capacity
between unburned soils and burned soils. The novelty
of this study is the assessment of the succession of
wildfire events on the chemical properties of volcan-
ic soils. One of the study areas has been affected by
two fires in only thirteen years (2002 and 2015). Under
new climate change scenarios, this change of frequen-
cy of large fires has already been noted by other Chile-
an authors (Ubeda and Sarricolea 2016) and similarly
in other countries. The succession of wildfire events
could play a key role when evaluating the impact of
fire on the chemical properties of soil. Hence, consid-
ering the risk of chemical soil degradation is essential
when attempting to prioritize restoration and soil con-
servation measures, as it is an important parameter

associated with factors pertaining to land-use history.

Material and methods

Study area and field inventory

The study was carried out in two natural protected
areas located in the IX Region of Chile: Malleco National
Reserve (MNR) and Conguillio National Park (CNP)
(Fig. 1). Large fires spread across CNP and MNR in
March-April 2015. Whilst CNP has been affected by more
than 50 volcanic eruptions (the last one in 2009), MNR
was burned previously in 2002, 1956, 1928 and 1912 (Ig-
lesias 2011). Although 1912, 1928 and 1956 fire events
could have residual effects in MNR, a considerable time
has already passed considering the fire-prone nature of
these landscapes (Donoso 1993, Gonzalez et al. 2005).
The last CNP eruption did not affect the sampling area.

Figure 1 - Study area location.
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The MNR and CNP soils are derived from ash pro-
duced by volcanic activity in the area (Llaima, Lon-
quimay and Tolhuaca volcanos). The soil type of the
study area was characterized as an Andosol (IUSS
Working Group WRB, 2015). Generally, these Ando-
sols are resistant to erosion because they have a high
aggregative stability and a low runoff response when
subjected to important rainfall events. In this sense,
the two study areas have a steep topography with
slopes of more than 40% and altitudes higher than
1,000 m in many cases (Tab. 1).

Table 1 - Location, forest type, fire regime and topographical conditions for each sampling area.

Sampling unit Location (UTM) Forestry type Fire Severity (2015) Altitude (m) Slope (%)
CNPA 279,630 5,707,067 Nothofagus Unburned 1,250- 1,300 30-50
CNP2 279,446 5,707,519 Nothofagus Moderate 1,150 - 1,220 20-30
CNP3 279,922 5,708,522 Araucaria Unburned 1,275-1,310 25-35
CNP4 280,050 5,707,690 Araucaria Moderate 1,250 - 1,300 20-30
MNRH1 253,838 5,772,918 Nothofagus Burned in 2002; unburned in 2015 1,025 - 1,075 25-35
MNR2 253,791 5,771,851 Nothofagus Moderate 875 —1,025 40-50
MNR3 254,706 5,773,273 Nothofagus Burned in 2002; unburned in 2015 825 - 875 30-45
MNR4 255,057 5,722,813 Nothofagus Moderate 850 - 900 40-60
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According to Curacautin weather station, the
mean annual precipitation ranged from 1,275 mm to
1,706 mm in both study areas over the years follow-
ing the fires (2015-2018) (Direccion Meteorologica de
Chile 2020). In 2015 and 2016, immediately after the
fires, precipitation was higher than during the other
years before sample collection (Fig. 2). The MNR and
CNP fires affected protected Nothofagus-Araucaria
forests. Araucaria araucana (Molina) K. Koch is a
“National Monument” due to its ecological, cultural,
and socioeconomic importance, whereas Nothofa-
gus spp. forests are strongly representative of the
temperate rainforests in the Andean Range (Dono-
so 1993). During the MNR fire 5,469 ha of forest was
burned, which was made up of 54.68% Nothofagus
forest and 0.62% Araucaria Forest (CONAF 2015a).
Meantime, during the CNP fire was affected 3,765 ha,
which was made up of 66.7% Araucaria Forest and
almost 20% Nothofagus forest (CONAF 2015b).

Forest fires show different severities and effects
at all levels (Bowman et al. 2019, De la Barrera et al.
2018). For this study, the chemical properties were
analyzed only in moderate fire severity areas ac-
cording to official general technical reports (CONAF
2015a, 2015b), due to that is the situation with more
surface in the natural areas in study.

Further studies should consider high severity ar-
eas with total Araucaria loss even where soil organic
matter and nutrient conditions could be favorable.
The moderate severity classification was based on
incomplete vegetation combustion and the gener-
ation of semi-pyrolyzed ashes (Pereira et al. 2019).
Fire severity will be visually confirmed by measur-
ing the effects on vegetation and soil (Appendix I).
Five visual levels (layer partially intact, layer totally
charred, bare soil and soil structure unaffected, bare
soil and soil structure affected, and bare soil and
surface soil structure and color altered) adequately
reflected chemical soil changes (Vega et al. 2013a).

The sampling plots in CNP and MNR were locat-
ed based on the 2002 and 2015 fires, to contain soils
which had been burned once or twice in 13 years.
Four sampling plots in CNP (CNP1, CNP2, CNP3
and CNP4) and four sampling plots in MNR (MNR1,
MNR2, MNR3 and MNR4) were sampled according to
forest type and fire regime (Tab. 1). Araucaria and
Nothofagus forests were sampled in CNP, but only
Nothofagus forest was considered in MNR because
of the small Araucaria area involved (0.62% of the
burned area). All sampling plots were georeferenced
using GPS to improve spatial-temporal monitoring
(Tab. 1). The maximum distance among sampling
plots ranged from 1,500 m in CNP to 1,700 m in MNR.
The sampling plots were in areas that had no bor-
der effects. Although sampling plots were character-
ized by a good accessibility, the sampling plots were
located at least 50 m away from roads or trails. On
the other hand, fire regime of the sampling plots was

characterized as follows: regime without fire occur-
rence (CNP1), regime with fire occurrence in 2002
(MNR1 and MNRS3), regime with fire occurrence in
2015 (CNP2 and CNP4) and regime with fire occur-
rence in 2002 and 2015 (MNR2 and MNR4).

Soil sampling

The soil inventories were developed between Oc-
tober and November 2018, which was 42-43 months
(over approximately three years) after the occur-
rence of fire. Six soil samples from each sampling plot
were labeled and transported in hermetically sealed
bags to the laboratory. The forty-eight soil samples
(approximately 5 cm of soil depth) were manual-
ly collected using a shovel according to the (1999)
Cambardella and Karlen method. The soil analysis
strictly complied with the obligations imposed by the
National Accreditation Commission and Chilean Soil
Society according to U.S.D.A (USDA 1996).

The field inventory included the following chemi-
cal properties: pH that was potentiometrically meas-
ured in water by soil suspension at a 1:2.5 soil: solu-
tion ratio; soil organic matter or SOM (%) that was
estimated by wet digestion through a modified Walk-
ley-Black method; total nitrogen or T-N (mg kg)
that was calculated by Kjeldahl method; extractable
phosphorus or E-P (mg kg') that was extracted ac-
cording to Olsen P procedure with 0.5 M NaHCO, at
pH 8.5 and analyzed by the Murphy and Riley meth-
od and turbidimetry; exchangeable potassium or E-K
(mg kg™), exchangeable sodium or Na (cmol+ kg™),
exchangeable calcium or Ca (cmol+kg™), exchange-
able magnesium or Mg (cmol+ kg') were extracted
with 1 M NH4Ac at pH 7.0 and exchangeable Al was
extracted by 1 M KCI, analyzed by atomic absorption
spectrophotometry.

Base saturation or BS (cmol+ kg') was calcu-
lated as the sum of exchangeable Ca, Mg, K and Na;
cation exchange capacity or CEC (cmol+ kg') was
calculated from the total exchangeable bases plus
Al exchangeable; aluminum saturation or Al-S (%)
was calculated by the formula 1: ((Al exchangeable
x 100)/CEC). In further studies, SOM analysis should
be supplemented by a study of the quality or compo-
sition of carbon pools in volcanic soils affected by
wildfires (Rivas et al. 2012b). Soil radiation exposure
may have changed the soil properties due to the fire
occurrence

Statistical analysis

The statistical analysis was carried out using SPSS®
software. Statistical analysis was performed to identi-
fy significant differences amongst unburned soils
(CNP1, CNP3), soils burned in 2002 (MNR1 and
MNRS3), soils burned in 2015 (CNP2 and CNP4) and
soils burned twice in 13 years (MNR2 and MNR 4).
Firstly, a hierarchical variance analysis (clustering
analysis) was considered in both protected natural ar-
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eas (CNP and MNR) to divide the sampling plot into
separate groups or clusters that share common char-
acteristics. Later, an analysis of variance of the un-
burned soils was used to identify significant differenc-
es in soil chemical parameters among the three
unburned areas (Nothofagus in MNR, Nothofagus in
CNP, and Araucaria in CNP). If significant differences
were performed between Nothofagus and Araucaria
soils, an ANOVA and a Tukey’s test (normal distribu-
tion) or Mann-Whitney’s test (non-normal distribu-
tion) would be used to compare the chemical proper-
ties of the unburned soils for each forest type. While
the Shapiro test was used to test the normality distri-
bution of the variables, the Levene test was used to
assess the equality of variances. The equality or ine-
quality results were used to establish the comparabili-
ty assumption, and then the t-statistic and significance
level was used to identify the bilateral hypothesis (p <
0.05). Finally, a Principal Component Analysis (PCA)
was performed to analyze the set of variables. PCA is
amethod for minimizing information loss using differ-
ent components or a combination of the variables.
The creation of a PCA scatter-plot allowed us to dis-
entangle the connections amongst the soil properties.

Figure 2 - Hierarchical cluster analysis among sampling plots of
Conguillio National Park (CNP1, CNP2, CNP 3 and CNP4) and
Malleco National Reserve (MNR1, MNR2, MNR3 and MNR4).
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least cluster distance was Observed between Group
IT and Group III. Therefore, the t-test identified sig-
nificantly differs in the Araucaria soils compared to
the Nothofagus soils. There were differences in SOM
(t =395 p <0.06), TN (t =4.72, p < 0.05), E-K (t =
2.81,p <0.05), Na (t =2.36, p < 0.1), and Mg (t = 3.93,
p<0.1).

We used visual classification based on Vega et al.
(2013) considering distinct levels (layer partially in-
tact, layer totally charred, bare soil and soil structure
unaffected, bare soil and soil structure affected, and
bare soil and surface soil structure and color altered)
that adequately reflected chemical soil changes.

Figure 3 - Box-plots analysis (SOM, T-N, E-P, Ca, BS and CEC)
for unburned soils and Nothofagus soils that were burned once
(CNP) or twice (MNR).
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Results

Nothofagus and Araucaria soil

Although non-significant chemical differenc-
es were observed between the unburned MNP and
the CNP Nothofagus burned in 2002 (CNP1, MNR1
and MNR3), discrepancies were found between
the Nothofagus and the Araucaria unburned soils
(CNP3). Cluster analysis allowed us to identify four
hierarchical groups: Group I (CNP1, MNR1 and MNR3
and CNP2), Group II (CNP3), Group III (CNP4) and
Group IV (MNR2 and MNR4) (Fig. 3). Whilst the most
important soil parameter differences and maximum
cluster distance was observed between Group I and
Group IV, minimum soil parameter differences or

Nothofagus soil

The statistical analysis showed significant differ-
ences (p < 0.05) in Ca, BS, and CEC between CNP
and MNR burned in 2015 and the unburned Nothofa-
gus soils, mainly in MNR (Fig. 4). There were also
significant differences (p < 0.05) in SOM and E-K
from MNR location compared to the unburned soil
(Tab. 2). The modification was higher for SOM than
E-K. Finally, the CNP burned soil contained signif-
icantly (p < 0.05) more T-N and E-P than the un-
burned and burned soils from MNR (Tab. 2). The
change was higher for E-P, which showed a 5-fold
increase after burning (Fig. 4). The PCA analysis
identified the simultaneous changes between SOM
and E-K and the connections among BS, CEC, Ca,
and Mg (Fig. 5).

Araucaria soil

There were significant differences in E-K (t =
-243,p<0.1),Na(t=2.36,p<0.1),Ca(t=2.73p <
0.1), SB (t = 2.79, p < 0.05), and CEC (t = 2.79, p <
0.05) between the unburned and burned soils (Tab.
3). PCA showed a connection amongst BS, CEC, Ca,
Mg and Na (Fig. 5). Specifically, Na, Ca, BS, and CEC
decreased in the burned soil, but E-K increased after
the fire (Tab. 3). The difference in chemical proper-
ties in the burned soil ranged from 0.4-fold (Ca) to
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0.58-fold (Na). The E-K changed 1.42-fold in the bur- also non-significant differences in pH, SOM, E-P, T-N,
ned soil compared to the unburned soil. There were Mg and Al-S.

Figure 4a 4b - PCA scatter-plots for Nothofagus soils (a) and Araucaria soils (b).
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Table 2 - Comparative analysis between unburned soil and Nothofagus burned soils for each natural protected area.

Properties Control soil CNP burned area (burned once) MNR burned area (burned twice)
pH (H,0) 6.07(x0.26) 6.41(x0.57)2 6.18(+0.37)
SOM (%) 6.92(x1.54) 8.5(x4.65) 19.79(x2.51)>"
T-N (mg/kg) 12.55(x4.06)* 18.25(+3.30)°" 11.90(x2.56)
E-P (mgrkg) 7.17(x5.49) 42.25(+16.87)>" 3.65(x2.32)
E-K (mg/kg) 55.22(x24.77) 63.75(x24.70) 116.83(x15.16)*"
Na (cmol+/kg) 0.0375(x0.01)2 0.035(+0.005)2 0.0325(+0.03)2
Ca (cmol+/kg) 2.32(x1.47)7 9.16(x1.90)>" 6.94(x4.14)®"
Mg (cmol+/kg) 0.57(x0.40) 0.96(x0.72) 0.74(x0.24)
BS (cmol+/kg) 3.02(x2.07) 10.32(+2.56)"" 8.05(+4.32)"
CEC (cmol+/kg) 3.06(x2.07)2 10.35(x2.57)>" 8.09(x4.26)*"
AlS (%) 1.55(x1.42) 0.37(x0.07)2 1.44(x1.69)

Mean values in a row followed by the same letter are not significantly different (**p < 0.05).

Note: SOM is the soil organic matter (%); T-N is the total nitrogen (mg/kg) was done by Kjeldahl method; E-P is extractable P and was estimated by Olsen-
method (mg/kg); Ca, Mg, K and Na exchangeable, were determined at pH 7,0 extraction; BS is the base saturation (cmol+/kg); CEC is the cation exchange
capacity (cmol+/kg) Ca+Mg+K+Na+Al exchangeable and Al-S is the aluminum saturation (Al exchangeable x100/CEC).

Table 3 - Comparative analysis between unburned soil and Araucaria burned soil.

Properties Control Burned area Increase or decrease (%)
pH (H.0) 6.13(x0.73) 6.18(x0.27) +0.82
SOM (%) 14.5(x3.53) 7.25(x0.96) -50.00
T-N (mg/kg) 31(+5.65) 16.25(+0.5)? -47.58
E-P (mg/kg) 56.5(x40.30) 95.50(+44.84)* +69.03
E-K (mg/kg) 123.5(+36.06) 176(x19.86)” +42.51
Na (cmol+/kg) 0.065(x0.02)2 0.0375(x0.01)b* -42.31
Ca (cmol+/kg) 14.19(x£5.34)2 6.23(x2.34)" -56.10
Mg (cmol+/kg) 2.615(x0.97) 1.215(x0.07)? -53.54
BS (cmol+/kg) 17.18(+6.43) 7.93(x2.42)>" -53.84
CEC (cmol+/kg) 17.21(=6.41) 7.98(£2.41)>" -53.63
Al-S (%) 0.205(x0.16) 0.65(+0.29) +217.07

Mean values in a row followed by the same letter are not significantly different (** p < 0.05, * p < 0.1).

Note: SOM is the soil organic matter (%); T-N is the total nitrogen (mg/kg) was done by Kjeldahl method; E-P is extractable P and was estimated by Olsen-
method (mg/kg); Ca, Mg, K and Na exchangeable, were determined at pH 7,0 extraction; BS is the base saturation (cmol+/kg); CEC is the cation exchange
capacity (cmol+/kg) Ca+Mg+K+Na+Al exchangeable and Al-S is the aluminum saturation (Al exchangeable x100/CEC).

Effects of a succession of wildfire events large fires in 13 years) in Nothofagus forests led to
Our results showed that the succession of fire significant differences after three years in the fol-

events (comparative analysis between one and two lowing soil parameters: SOM, T-N, E-P, E-K, Ca, BS,
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and CEC (Tab. 4). The SOM increased with one and
two fires in 13 years, mainly in this last fire regime.
The T-N and E-P only increased with one fire, but
they decreased after the succession of two fires in

13 years. In addition, a significant Ca, BS and CEC
increase was found with one and two fires, but it was
more prominent with only one fire (Tab. 4).

Table 3 - Increase or decrease (%) of chemical soil parameters based on the fire frequency in Nothofagus forest.

Properties Wildfire events
1 large fire in 13 years 2 large fires in 13 years
pH (%) +5.60 +1.81
SOM (%) +22.83 +185.98
T-N (%) +45.42 -5.18
E-P (%) +489.26 -49.09
E-K (%) +15.45 +111.57
Na (%) -6.67 -13.33
Ca (%) +294.83 +199.14
Mg (%) +68.42 +29.82
BS (%) +241.72 +166.56
CEC (%) +238.24 +164.38
Al-S (%) -76.13 -7.10

Note: SOM is the soil organic matter (%); T-N is the total nitrogen (mg/kg) was done by Kjeldahl method; E-P is extractable P and was estimated by Olsen-
method (mg/kg); Ca, Mg, K and Na exchangeable, were determined at pH 7,0 extraction; BS is the base saturation (cmol+/kg); CEC is the cation exchange
capacity (cmol+/kg) Ca+Mg+K+Na+Al exchangeable and Al-S is the aluminum saturation (Al exchangeable x100/CEC).

Discussion

Changes in soil chemical properties

Forest fires cause structural, physical, and chemi-
cal changes in the soil, mainly in the uppermost soil
horizon (Pereira et al. 2019, Chavez et al. 2020). Al-
though the natural regeneration and root system may
greatly influence soil properties, mainly in infiltration
capacity, little is known about the relationship among
root biomass and infiltration capacity after wildfires
(Wang et al. 2021).

Although this study only evaluated chemical
changes in the soil, the results will be supplemen-
ted by physical and structural further studies. The
pH tends to be moderately alkaline for at least three
years after a fire due to carbohydrate, sodium, and
potassium oxide production (Certini 2005). In our
study, the pH increase in three years was not signi-
ficant, although it was higher in Nothofagus forests.
Nothofagus soils were generally covered by a thin
ash layer that was blackish-grey in color. This fact
could be related to the incomplete vegetation com-
bustion and the fall of leaves, twigs, and branches
on the ground. Despite some authors (Arocena and
Opio 2003, Girona-Garcia et al. 2018) finding signifi-
cant pH differences in Spanish and sub-boreal soils,
Fonseca et al. (2017) and Bridges et al. (2019) did not
find any significant pH increase in Spanish and Hun-
garian soils in a similarly to our findings.

Post-fire SOM in the uppermost soil horizon is de-
pendent on fire severity, SOM volatilization, carbo-
nization and oxidation processes (Vega et al. 2013a,
Merino et al. 2019). Many studies (Certini 2005, Bodi
et al. 2014, Francos et al. 2018) have associated signi-
ficant SOM decreases with high severity fires. A non-

significant decrease was observed in our Araucaria
soils, confirming the results of other volcanic soils
studies (Le Manna and Barroetevena 2011, Fuentes-
Ramirez et al. 2018).

The Araucaria undergrowth, which could range
up to 23 t/ha (Castillo 2013), was totally consumed
because the dominant understory species (Chusquea
spp.) were highly flammable (Kitzberger et al. 2016).
In this sense, Araucaria soils were classified as “mo-
derate-high severity” (Vega et al. 2013b) due to its
dark color. This elevated surface fuel consumption
increased the probability of transition from a surface
fire to a crown fire (Veblen et al. 2003). The very high
canopy base height of A. araucana mitigated the ef-
fects of thermal pruning and, consequently, crown
scorch and the fall of leaves and branches due to
convective flux heating (Stephens et al. 2012).

On the other hand, the SOM content had signifi-
cantly increased in the Nothofagus forests 3 years
after the fire. These forests have a large number of
vegetation strata (Moreno et al. 2014) that were not
totally burned under moderate fire severity. Whilst
the canopy biomass of the study in Nothofagus fo-
rests may represent up to 126.11 t/ha (Moreno et al.
2019), the surface biomass can be as much as 35 t/
ha (Castillo 2013). In this sense, the incomplete con-
sumption of Nothofagus provided organic matter in
the form of semi-pyrolyzed ashes (Santin et al. 2016),
which could protect the SOM from biochemical de-
composition (Johnson and Curtis 2001).

Forest fires can change T-N transformation, but
not its total mineralization (Grogan et al. 2000, Cho-
romanska and Deluca 2002, Pereira et al. 2019). Whil-
st some studies (Rivas et al. 2012a) did not find signi-
ficant T-N differences between burned and unburned
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Nothofagus soils, they did record differences in the
levels of NO,” and NH,*. Giovannini et al. (1990) poin-
ted out that the effects depend on the temperature
reached by the soil. Although T-N decreases have
been reported on severe fires with complete vegeta-
tion combustion in Spain and Canada (Girona-Garcia
et al. 2018, Doerr et al. 2018), these changes were not
significant in our study. This small T-N change could
be related to the nitrogen absorption to volcanic soil
phase (Bornemisza and Pineda 1969).

The E-P increased in soils burned once in compa-
rison to the unburned soils, as found in other studies
(Bodi et al. 2014, Bridges et al. 2019) in European
soils. The P can be easily retained by volcanic soils
due to their low content and high precipitation va-
lue (Stevenson and Cole 1999, Escudey et al. 2015).
The E-K increase was significant for Araucaria fo-
rests due to the presence of forest residues and semi-
pyrolyzed ashes in a similar way to other volcanic
soil studies (Fuentes-Ramirez et al. 2018).

The Na, Ca, and Mg levels are affected by fire
severity (Vega et al. 2013a). The high annual preci-
pitation in volcanic soils of the Andean Range faci-
litates the absorption of micronutrients, especially
Ca (Escudey et al. 2015). Na levels significantly de-
creased after fire in volcanic soils (La Manna and
Barroetevena 2011). Francos et al. (2018) identified
a significant decrease in Ca and Mg levels in Spanish
soils, as observed in the Araucaria soils. However,
other studies (Bodi et al. 2014, Bridges et al. 2019) in
European soils reported an increase of Ca and Mg,
similarly to our Nothofagus soils.

Our contrasting results could be caused by a lo-
wer ash presence and leaching processes (Pereira et
al. 2019) in Araucaria forests due to complete con-
sumption of the understory and low crown scorch
(Appendix I).

The BS and CEC significantly increased in the No-
thofagus soils but significantly decreased in Arau-
caria soils after burning. These responses were due
to the direct relationship between CEC and positive
cations, such as Ca and Mg (Pereira et al. 2019). This
relationship was clearly confirmed by our PCA scat-
ter-plots. A decrease in the cation content (e.g., in
Araucaria soils) leads to a reduction in BS and CEC.
The BS and CEC are higher when there is incomplete
consumption of the vegetation (La Manna and Barro-
etevena 2011, Ulery et al. 2017).

However, our findings showed that BS and CEC
were much higher than in other studies. This increa-
se could be related to the volcanic singularity of the
soils and soil washing due to the topography of the
area and high annual precipitation (between 1,706
and 2,560 mm).

Finally, Al has been identified as a limiting ele-
ment in volcanic soils (Borie and Rubio 2008). The
Al-S level tends to decrease after fire, although it can

increase over the medium term (Pereira et al. 2019).
Nevertheless, no significant Al differences were no-
ted between the unburned soils and soils that were
burned once or twice.

Effects of a succession of wildfire events

Most of the studies dealing with fire in A. arauca-
na forests have focused on fire effects several years
after fire. The innovative aspect of this study is the
assessment of the succession of wildfire events on
the chemical properties of volcanic soils. Fernan-
dez et al. (2020) have reported that the biochemical
soil properties change when succession of wildfire
events occur. Our SOM increase with a succession
of large fires in 13 years could be related to the pro-
gressive incorporation of leaves, twigs, and branches
from the tree crowns due to thermal pruning. There-
fore, the protection of this layer on the ground ver-
sus biochemical decomposition, the lower minerali-
zation ratio, and the growth of nitrogen fixing species
should improve carbon sequestration from the soil
(Johnson and Curtis 2001). This modification in soil
sequestration would lead to an increase in SOM and
T-N.

The T-N increase was due to N transformation
from organic to inorganic forms (NO,” and NH,*)
which increases after a fire due to the accumulation
of ashes and the nitrification process (Hernandez et
al. 1997). However, this process had decreased after
the succession of a second wildfire in 13 years. This
fact could be related to the presence of alow amount
of biomass, and therefore, of ashes. The P cycle,
which transforms organic P in orthophosphates and
increases pH alkalinity (Certini 2005, Orians and Mi-
lewski 2007), could be modified by the slight losses
caused by volatilization and lixiviation (Pereira et al.
2019).

Wildfires promote a reduction of organic P and
an increase of inorganic P due to the mineralization
effect (Saa et al. 1993, Grogan et al. 2020). The E-P
decrease with two fires in 13 years might occur due
to complete vegetation combustion (Girona-Garcia
et al. 2018, Doerr et al. 2018) and its low content
(Escudey et al. 2015). Our E-P values under the suc-
cession of wildfire events were similar to the maxi-
mum values obtained in burned Canada soils (Doerr
et al. 2018).

Semi-pyrolyzed ashes are rich in nutrients, such
as K, Ca, and Mg, because they are a product of in-
complete combustion (Escudey et al. 2015, Santin et
al. 2016). Potassium is highly soluble in this kind of
ash (Khanna et al. 1994). In this sense, the succession
of two wildfire events could increase ash levels and
K dilution in the soil. Furthermore, the Nothofagus
litter has high Ca and Mg contents (Goh and Phillips
1991).

A moderate fire or crown scorch would imply hi-
gher litterfall biomass levels on the ground. The hi-
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gher Ca, Mg, BS, and CEC values after one fire com-
pared to two fires could be due to the higher periodic
litterfall since 2002 (Pereira et al. 2019). Although the
AL-S is only a proportion regarding the total of soil
exchangeable cations, its change after a succession
of wildfires could be due to the lower pH or soil aci-
dification, which would cause an increase in alumi-
num hydroxysulfates (Violante et al. 1996).

Fire regimes across the globe have been modified
by climate change and socioeconomic changes (Bat-
llori et al. 2013, Rogers et al. 2020), which have made
forest soils more vulnerable (Fernandez-Garcia et
al. 2020). The presence of more frequent fire could
result in an important decrease in soil aggregative
stability, which would lead to increased erosion (Mo-
rales et al. 2013, Neris et al. 2013).

Although in our Nothofagus-Araucaria forests,
fire regime was classified as being one large fire eve-
ry 35-60 years in the 20th century (Gonzalez et al.
2005, Veblen et al. 2008), one of our study areas had
a succession of wildfire events in 13 years. This suc-
cession of events has already affected the dynamics
of the vegetation system in the study area (Molina
et al. 2017). Our study analyzed the soil system to
obtain a global ecosystem perspective of the succes-
sion of wildfire events.

The applied methodology in this study could be
extrapolated to any spatial and temporal scale. On
one hand, our findings suggested that SOM, E-P, E-K|
Na, Ca, BS, and CEC were affected over the medium
term (3 years) in volcanic soils after a fire. On the
other hand, the succession of wildfire events sub-
stantially modified the evolution of soil properties
such as SOM, T-N, E-P, E-K, and Ca. Further studies
on other soil typologies and fire severities should
supplement the approach used in this study, and
complex factors, e.g., leaching, volatilization, and
soil washing from the uppermost soil horizon, should
be investigated.

All this information seeks to contribute to plans
for the recovery of ecosystems that have lost wildlife
habitat and biodiversity (Braun et al. 2021, Morales
et al. 2021). Taking into account that natural regene-
ration becomes more complex after fires due to the
loss of nutrients, erosion, loss of litter that provides
protection to seeds and loss of forest structure that
protects the first phase of development, amongst
other situations (Bonilla et al. 2014, Donoso 1994,
Litton and Santelices 2003). Which generates a low
resilience to fires, especially those repeated in short
periods (Armesto et al. 2009, Valderrama et al. 2018).

These changes in soil chemistry discussed above
shorten the time and incremental success of the natu-
ral regeneration of burned forests, especially in areas
that suffer repeated fires in short periods of time.

This information shows the limits of passive resto-
ration in identified zones with significant problems

in nutrient levels. Previous studies showed that suc-
cessful recovery was obtained without human inter-
vention or even more when human activities in the
area has been limited or declined (Duffy and Meier
1992, Guariguata et al. 1997, Jones and Schmitz 2009)
but success will depend on the recuperative capacity
of the soil present.

Active restoration is the method more widely
used for the restoration of ecosystems (Bustaman-
te-Sanchez et. al 2013, Bannister et al. 2018, Meli et
al. 2017), in this process the application of the in-
formation from this research mainly concerns the
elimination of mycorrhized plant systems present
in the soil (Godoy and Marin 2019, Torres-Diaz et
al. 2021) which has shown positive effects on plant
establishment. As well as extended research of the
microbiota associated with species that have shown
rapid and good resilience to the effects of forest fires,
in such a way as to provide information and actions
that provide an improvement to the capacities of the
damaged soil to recover more quickly and effectively

The restoration of these ecosystems is highly re-
levant, especially in the current context of climate
change and the commitments to reduce emissions
and contribute to mitigation, which, thanks to the
fixing capacities of forests, make them essential to
meet sustainability objectives. Therefore, having in-
formation to improve these plans is a great contribu-
tion to sustainable development.

In addition to the above, the temperate forests
of southern Chile are a global biodiversity hotspot,
which would benefit from active restoration over
passive recovery or rehabilitation processes, since
these forests are the habitat of different bioindica-
tor species that require specific structural and com-
positional conditions of their native forests for their
conservation. Therefore, in order to accelerate the
recovery of biodiversity in these forests, the recom-
mended action for active restoration could be imple-
mented, but restricted to areas with accessibility and
high degradation level, where this action will positi-
vely affect the recovery rate.

Conclusions

A comparative analysis between burned and
unburned soils, which were burned once or twice in
13 years, is a versatile tool that can be used to iden-
tify fire severity and soil vulnerability. Soil chemical
changes after fire depend on the time elapsed, the
soil properties, and the fire severity.

The incomplete consumption of the canopy la-
yer provided organic matter in the form of semi-
pyrolyzed ashes. However, the succession of wildfire
events caused significant changes in soil properties.
In our study area, the occurrence of two large wildfi-
res in thirteen years led to medium term changes in
SOM, macronutrients (T-N, E-K, and E-P) and Ca.
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These changes should be complemented with indica-
tors of the ecosystem status.

In disturbed forests, the land management should
first consider the biological components, main go-
als and available resources before defining the ac-
tions of a restoration project. The restoration plan-
ning should also include the possible succession of
wildfire events because the fire regime may promote
changes at soil and ecosystem levels. Data about soil
systems and fire regimes is of great value to forest
managers, particularly when attempting to manage
fire vulnerability. Therefore, the fire regime should
be obligatory and complemented with supplemen-
tary data that can be used when making decisions
about post-fire restoration projects.

Choosing the type and activities associated with
restoration processes requires as much information
and analysis as possible. Therefore, continuing to
monitor information such as the one presented, de-
epening and broadening the analysis of variables, as
it is intended to be carried out in the area studied, is
essential to provide a better response in the restora-
tion processes.

When choosing between the passive and active
restoration actions, and the recently recommen-
ded combined or cluster actions, it is necessary to
integrate all the information available to ensure the
success and speed of the ecological restoration pro-
cesses.This is especially important not only for the
conservation of biodiversity for also for the tasks
and commitments of adaptation and mitigation of
climate change.
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