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Fire is a natural ecological force, but its effects vary significantly depending on the
ecosystem. While fire-adapted ecosystems, such as Mediterranean woodlands,
recover quickly, non-fire adapted regions like the Peruvian Andes are highly vulnerable
to soil degradation, especially with increasing wildfire frequency and intensity due to
climate change. The study investigates the effects of a 2018 wildfire in the Pichu Pichu
volcano mountain area, a shrubland ecosystem at 3,700 m a.s.l. The arid conditions and
unique soil characteristics, such as the Torripsamment soil on volcaniclastic sandstones,
make the area particularly vulnerable to fire-induced degradation. Soils were evaluated
three and 4 years after the fire event under two key dominant plant species in the
ecosystem: Berberis lutea and Parastrephia quadrangularis. The results show that the
combined fire and post-fire erosion processes significantly impacted soil properties,
leading to a loss of soil organic carbon (SOC), increased bulk density (BD), loss of soil
structure and, in the second sampling, a strong reduction in clay content attributable to
weak aggregation and erosive processes. Soils under Berberis exhibited greater SOC
losses, likely due to its larger biomass that intensified the combustion effects. The decrease
in SOC resulted in soil compaction. Water repellency (WR), a natural feature in these soils
due to the high sand content, remained largely unaffected by the fire. However, the
persistence of WR may hinder water infiltration, increasing surface runoff and erosion,
especially in the absence of vegetation post-fire. The findings highlight the fragility of these
Andean soils to fire events, contrasting with the resilience that Mediterranean ecosystems
often display. This lack of recovery underscores the need for improved wildfire prevention
and post-fire soil management strategies, particularly as climate change further
exacerbates the risks of soil degradation due to reduced water availability and more
frequent fires in these fragile arid ecosystems.
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INTRODUCTION

Fire is a natural ecological factor that has shaped landscapes for
millennia, both through natural process but also human activity;
however, not all ecosystems are equally adapted to the fire
effects (McLauchlan et al., 2020; Sánchez-García et al., 2024).
Fire-adapted ecosystems, such as Mediterranean woodlands,
savannas, and some grasslands, have evolved specific traits
like fire-resistant bark, serotinous cones, or rapid resprouting
ability of vegetation species, allowing them to resist and recover
quickly from fire disturbances (Bond and Keeley, 2005). In
contrast, arid and semi-arid regions lack these natural fire
adaptations mechanisms, making them particularly
vulnerable to degradation when exposed to frequent or
intense fire events (Pausas and Keeley, 2009). In recent
decades, fire weather seasons have extended, and extreme fire
weather conditions have become more common on a global
scale (Jones et al., 2022). This increase in fire activity is
expanding into regions historically characterized by
infrequent fire occurrences, including arid ecosystems with
limited fuel productivity (Bedia et al., 2015; Kolden et al.,
2024). These shifts raise concerns about the potential impacts
of novel fire regimes, especially the resilience of these more
fragile, arid landscapes that remain less studied compared to
fire-prone ecosystems. While the response of plant communities
to fire in arid ecosystems has been extensively studied, the
impacts on soil physical, chemical, and biological properties
remain significantly underexplored (Muñoz-Rojas et al., 2016).
Global reviews of fire effects consistently highlight the
underrepresentation of South America studies, particularly in
arid ecosystems (Giorgis et al., 2021; Souza-Alonso et al., 2022).
The review by Giorgis et al. (2021) identified arid ecosystems as
the most severely affected by fire in South America, with
significant impacts in bulk density and organic matter loss.
Despite these findings, research in these ecosystems remains
scarce, with most existing research focusing on plant responses
rather than soil processes.

Wildfires in the Peruvian Andes, particularly in arid and semi-
arid regions, have become an increasing concern due to their
escalating ecological and socio-economic impacts. Although fire
is not a frequent natural disturbance in the Andes, ignitions due
to human activities—such as agricultural burning, land clearing,
and grazing practices—combined with drier and warmer
conditions due to climate change, have intensified fire
occurrence in recent decades (Armenteras et al., 2020). The
consequences of these wildfires are severe, especially for the
fragile highland ecosystems known as páramos and puna,
which are poorly adapted to fire and are at high risk of
degradation. According to Hardesty et al. (2005), the
shrubland area in this study region is classified as fire-
independent, meaning that these ecosystems did not evolve
with frequent fires. As a result, the vegetation and ecological
processes in these areas do not have specific adaptative
mechanisms required to recover from fire disturbances. This
context makes fire management and prevention strategies a
critical priority for conserving these unique ecosystems and
protecting the livelihoods of local communities (IPCC, 2021).

According to official data on registered fires in Peru in recent
years, the number has been increasing exponentially. The annual
average of fires from 2003 to 2012 was 37.2, which rose to
127.6 during the 2013-2017 period. However, the surge in
recent years has been particularly alarming: 248 fires were
recorded in 2018, 675 in 2019, and 1,039 in 2020 (Source:
INCEDI, published in CENEPRED, 2020).

In arid zones like Arequipa, wildfires exacerbate the
region’s existing challenges of limited water availability,
leading to further soil degradation. Moreover, the
destruction of native vegetation in these areas directly
threatens biodiversity and can have long-lasting effects on
ecosystem resilience, water regulation, and carbon storage
(Zhang et al., 2023).

Fire significantly impacts soils by altering their physical,
chemical, and biological properties. The effects of fire vary
based on factors such as intensity, duration, frequency, and
the specific characteristics of the soil and vegetation involved
(Doerr et al., 2023). Fires can disrupt soil aggregation in case of a
loss of organic matter essential for binding soil particles together,
and increase compaction, hindering water and air penetration,
but these effects are also controlled by the soil type and
characteristics (Mataix-Solera et al., 2011). While fires release
nutrients locked in plant biomass, thereby increasing short-term
nutrient availability, high-intensity fires may result in nutrient
depletion due to leaching and volatilization (Certini, 2005). The
combustion of organic matter reduces soil organic carbon, which
is critical for soil health, and can negatively affect microbial
communities, altering their composition and activity
(Bárcenas-Moreno et al., 2011). Additionally, fires can create
water-repellent layers in the soil, particularly in sandy soils,
leading to increased surface runoff and erosion (Doerr et al.,
2000). After a wildfire, the soil surface becomes exposed due to
the absence or reduction of vegetation cover (Bowker et al., 2008),
making it highly vulnerable to rainfall events, runoff, and erosion
processes (Johansen et al., 2001). The loss of vegetation leaves the
soil unprotected, increasing the risk of surface degradation,
especially in regions prone to intense rainfall or unstable soil
conditions. Overall, the effects of fire on soil are complex and can
have both immediate and long-term consequences for ecosystem
health, emphasizing the need for effective land management and
recovery strategies in an era of increasing fire frequency and
severity (Abatzoglou and Williams, 2016). Certain physical
properties, such as soil aggregation and water repellency, are
particularly important for assessing a soil’s vulnerability and
condition regarding degradation following a wildfire (Mataix-
Solera et al., 2021). These characteristics provide critical insights
into how fire impacts soil health and its ability to recover from
disturbances.

Given the rising frequency of wildfires in the arid and semi-
arid regions, there is still limited understanding of how these
ecosystems respond to fire events. The scarcity of research,
particularly in the remote areas of the Andean region,
highlights a gap in knowledge that urge for studies focused on
understanding the ecosystem’s resilience to these increasing
disturbances. This knowledge is essential for formulating
effective strategies to mitigate wildfire impacts and facilitate
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recovery in affected regions. This study aims to address this gap
by investigating the impacts of wildfire on soil physical and
chemical properties in the Peruvian Andes. Our hypothesis is
that the fire events have significant negative effects on key soil
parameters, slowing post-fire recovery and increasing soil
vulnerability under arid conditions. By studying the role of
dominant plant species in influencing these effects, this study
wants to provide insights into the mid-term effects of wildfires on
soil health and ecosystem resilience, contributing with valuable
information for future fire management and conservation
strategies in these fragile ecosystems.

MATERIAL AND METHODS

Study Area, Fieldwork and Soil Sampling
The study was conducted in the Pichu Pichu volcano mountain,
at 3,700 m a.s.l. in the Arequipa region of Perú (Figure 1). The
area is characterized by a varied topography, with mountainous
formations and small inter-Andean valleys. The climate is
classified as cold desert (BWk) according to the Köppen-
Geiger classification (Kottek et al., 2006). In Arequipa, the
mean annual precipitation is 96.5 mm, and the mean annual
temperature is 10°C, ranging from 4°C to 18°C. However, at the
altitude of the study area, the precipitation increases compared to
lower altitudes, averaging 385 mm annually, mainly concentrated
in three-four months without rain during the rest of the year,
supporting the existence of a shrubland landscape of high
ecological value. Soils are developed over volcaniclastic
sandstones and classify as Torripsamment (Soil Survey
Staff, 2014).

The ecosystem is a desert shrub type, dominated by shrubs
less than 4 m high and xerophytic species, and fragile areas
susceptible to desertification (Figure 2). The vegetation is
composed of shrub communities of both deciduous and
evergreen nature, showing notable floristic diversity. The
most representative families are Asteraceae and Cactaceae.
The dominant species include the shrubby Berberis lutea,
Parastrephia quadrangularis (Thola), and the herbaceous
Jaraba ichu (Ichu). Other less dominant species present
are Chuquiraga spinosa and Adesmia spinossissima. At
these altitudes, some low-growing and dispersed tree
species can also be found, such as Cantua buxifolia and
Berberis lutea.

For this study, Berberis lutea and Parastrephia quadrangularis
were specifically selected due to their high ecological importance
in this fragile ecosystem. Their survival strategies under extreme
arid conditions, such as leaves that end in thorns in Berberis lutea
to reduce water loss, or the unique growth form of Parastrephia
quadrangularis as an invested crescent or truncated cone that
enhance and regulate soil water absorption, make them of
significant relevance for the ecosystem. These species provide
important ecosystem services, including habitat for endemic
species, flood prevention, and erosion control. Given that
Arequipa is immersed in the coastal desert of Atacama, one of
the driest deserts on the planet, the influence of these species on
soil properties under new fire regimes is key for understanding
the ecosystem resilience.

Between 4th and 6th September 2018, a wildfire burned an
area of 1992 ha, affecting a scrubland landscape of high ecological
value in the Pichu Pichu volcano mountain. Fire severity was
classified as moderate to high according to Keeley (2009).

FIGURE 1 | Location of study area and sampling points. BB, Burned under Berberis, BP, Burned under Parastrephia; CB, Control under Berberis; CP, Control
under Parastrephia.
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Understory plants were charred or consumed, fine dead twigs on
soil surface were consumed and log charred, and grey ash covered
the soil. Desert shrub species in this area, such as Parastrephia
quadrangularis, Chuquirraga rotundifolia, and Adesmia
spinossissima, are not adapted to fire and were burned down
to the roots. This fire did not reach the nearby Polylepis forest,
whose characteristic bark formed by papyraceous ritidoma can
increase the available fuel for fire spread.

With the aim of knowing the status of soil after the fire and its
evolution over time, two soil samplings were carried out in
September 2021 and September 2022, corresponding to 3 and
4 years after the fire, respectively. At each sampling, 40 soil
samples were collected from the first 5 cm depth of mineral soils,

20 from burned areas and 20 from unburned areas. Samples were
taken under the two representative plant species, Berberis lutea
and Parastrephia quadrangularis, which differ in size and
therefore in their potential contribution as fuel to the fire and
their impact on soils during their combustion. Each sample was
collected beneath individual plants after removing any litter or
ash present. A cylinder measuring 5 cm in diameter and 5 cm in
height was then used to collect the sample.

As a first characterization of the soils under the two selected
plant species, the pH is acid, with low values of electrical
conductivity, and has a Loamy sand texture with very low
values of clay. This results in very low content of aggregates
but high stability of those existing, probably because good values

FIGURE 2 | Representative images of the study area. (A) Scrubland landscape. (B) image of Polylepis forest (dark vegetation) taken from fire-affected area; (C)
Berberis lutea; (D) Parastrephia quadrangularis; (E) Individual of Berberis lutea burned; (F) image of first centimetres sampled of the Loamy sand soil. Image credits: (A,
B, E, F): Jorge Mataix-Solera, (C): Tatiana Salazar, (D): Lunsden Coaguila.
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of organic matter and hydrophobicity (Mataix-Solera and Doerr,
2004). The organic carbon content is higher in soils under
Berberis while the bulk density is lower compared to areas
dominated by Parastrephia (Table 1).

The irregular and intense rainfall pattern was crucial for
understanding the soil response after the fire disturbance in
the study area. Rainfall data were obtained from the nearest
meteorological station, located 6 km from the study area at a
similar altitude, with records available from September 2019
(Table 2). Annual rainfall in this region is highly variable, a
characteristic typical of arid areas, with pronounced interannual
fluctuations. For example, the total rainfall in 2020 (572.3 mm)
was more than double that of the following 2 years (248.8 mm in
2021 and 272.2 mm in 2022). Extreme events were marked by
high intensity, such as 36 mm falling in just 2 h on
17 February2020. Focusing on the period between the two soil
sampling events (S1 and S2, indicated by shade gray in Table 2), a
total of 213.4 mm of rain was recorded. Remarkably, 97% of this
precipitation occurred over just 4 months, with 53% concentrated
in a single month (March). Moreover, this rainfall was unevenly
distributed across only 6 days, with 30 mm falling in just 4 h on
12 March 2022.

Field and Laboratory Analysis
Under laboratory conditions, various soil properties were
analysed: pH, electrical conductivity (EC), soil texture, water
repellency (WR), organic matter content (OM), aggregation
[including total content of macroaggregates (TCA; the
percentage of the sample forming macroaggregates) and their
stability (AS; the percentage of macroaggregates that withstand a
simulated rainfall of known energy)], and bulk density (BD). Soil
pH and electrical conductivity were measured in a 1:2.5 and a 1:5
(w/v) aqueous extract, respectively. Soil texture was determined
using the Bouyoucos method (Gee and Bauder, 1986). Organic
carbon (OC) content was measured by the Walkley and Black
method (Nelson and Sommers, 1982). The water drop

penetration time (WDPT) test (Wessel, 1988) was employed
to assess WR persistence. Before WR measurement,
approximately 15 g of each soil sample was placed on plastic
dishes and exposed in a chamber to a controlled laboratory
environment conditions (20°C, ~50% relative humidity) for
1 week to mitigate any effects of previous atmospheric
humidity variations on soil WR (Doerr et al., 2005). This
involved placing three drops of distilled water (~0.05 mL) on
the sample surface and recording the time required for full
penetration. The average time for the triplicate drops was
recorded as the WDPT value of the sample, then classified
based on Bisdom et al. (1993) and Doerr et al. (1998) as
follows: wettable (<5 s), slightly water repellent (5–60 s),
strongly water repellent (60–600 s), severely water repellent
(600–3,600 s), and extremely water repellent (>3,600 s). Soil
aggregate stability (AS) and total content of macroaggregates
(TCA) were studied within the macroaggregate fraction of
4–0.25 mm, determined using the rainfall simulator method
according to Roldán et al. (1994) and based on Benito and
Díaz-Fierros (1989). This method assesses the proportion of
macroaggregates that remain intact after the soil sample
undergoes artificial rainfall of a specific energy, and also allows
for the calculation of the proportion of the sample forming
macroaggregates by weight differences (TCA). More detailed
information of this method is described in Mataix-Solera et al.
(2021). Bulk density was measured using undisturbed soil cores
of 100 cm3.

Close to the same places where each soil samples were
collected measurements of hydraulic conductivity (K) were
made by using a Mini-Disk Infiltrometer (MDI) (Decagon
Devices, 2018; Robichaud et al., 2008). The volume of water
infiltrated was recorded every 30 s and at least for 10 min.

Statistical Procedures
All statistical analyses were performed using RStudio version
(2023) (RStudio Team, 2023). The effects of fire occurrence, plant

TABLE 1 | Soil characterization under the two selected plant species.

pH EC (µS/cm) OC (%) BD (g.cm−3) TCA (%) AS (%) Sand (%) Silt (%) Clay (%) Texture class USDAa

Berberis 5.2 (0.3) 105 (46) 5.3 (1.9) 0.6 (0.2) 31 (6) 84 (4) 78 (4) 19 (4) 3 (1) Loamy sand
Parastrephia 5.2 (0.2) 81 (18) 3.1 (1.3) 0.9 (0.2) 23 (5) 90 (6) 79 (5) 16 (5) 5 (1) Loamy sand

Values are mean and standard deviation for soil samples (0–5 cm) of control sites (unburned) taken in the first sampling (EC, electrical conductivity; OC, organic carbon; BD, bulk density;
TCA, total content of aggregates; AS, aggregate stability).
asand: 2–0.05 mm; silt: 0.05–0.002; clay: <0.002 mm.

TABLE 2 | Monthly available rainfall data for study period.

Year Month Total

J F M A M J J A S O N D

2019 na na na na na na na na 0 0 0 0 0
2020 132.8 232.5 152.4 9.1 0 0 0 0 0 0.5 1.3 43.7 572.3
2021 31.5 60.7 108.2 13.5 1.4 0 0.8 0.2 0 0.9 2.3 28.5 248.8
2022 36.2 30.6 112.4 0.2 0 0 0.4 0.6 0.5 1.7 0.1 89.5 272.2

na, not available. In gray shading indicates period between soil samplings S1-S2.
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species, and time since the fire on soil properties were assessed
using a PERMANOVA analysis with the adonis2 function in
vegan with 999 permutations, followed by a visual representation
of such factors in sample ordination using Bray-Curtis distance in
a Non-Metric Multidimensional Scaling (NMDS) plot. Soil
properties were analyzed individually using ANOVA models.
When normality assumptions were not met for water repellency
(WR) and hydraulic conductivity (K), data were log-transformed
to achieve a normal distribution of errors, with back-transformed
values presented for K to aid interpretation. Multiple
comparisons among fire occurrence and plant species were
performed with Tukey’s post hoc tests. Pearson correlation
coefficients (r) were calculated to quantify the linear
relationship between soil parameters under study. In addition,
a Principal Component Analysis (PCA) was performed on all soil
samples to explore the relationships between measured soil
parameters and fire occurrence and time since fire for each
plant species using the “FactoMineR” package implemented in
R (Le et al., 2008).

RESULTS

The PERMANOVA analysis shows significant effects of the
studied factors on soil properties (Table 3). A strong effect of
plant species was detected (p < 0.001), indicating that both
Berberis and Parastrephia significantly influenced the soil
properties over time and regardless of fire occurrence. These
strong differences are visually observed in an ordination plot
(Supplementary Figure S1), where species are consistently
clustered separately across fire conditions and time. In
addition to the species effect, fire occurrence had a significant
effect on soil properties when comparing burned and control
soils, together with the time significant effect (Table 3). The
three-way interaction between species, fire, and time showed a
moderate significance suggesting a combined influence of these
factors on soil properties.

Analysing the soil properties individually, the water repellency
(WR) observed in these soils was not driven by the fire occurrence
but is a natural characteristic caused by the high sand content
(Table 1) and elevated SOC in the topsoil. The lower specific

surface area of sand particles makes them more easily coated by
hydrophobic organic compounds. In S1, 100% of the samples
showed WR in both control and burned plots, without statistical
differences in log-transformed values (WR) (Figure 3A).
However, burned soils under Berberis showed higher
variability of repellency classes, with more frequency of
samples showing extreme WR classes (Figure 3B). Soils under
Parastrephia had lower values of WR compared to Berberis,
although all samples in S1 exhibited WR. In these soils 1 year
later (S2), WR statistically decreased in burned soils (p = 0.006**),
showing a significant fire-time interaction (p = 0.011*;
Supplementary Table S1; Figure 5). The most extreme classes
of WR in S2 were observed in soils under Berberis, with some
samples classified in WR class >3,600 s. However, some burned
samples became hydrophilic, 10% and 30% for Berberis and
Parastrephia, respectively (Figure 3B).

A significant decrease in soil organic carbon (SOC) in the first
5 cm ofmineral soil was observed 3 years after the wildfire (S1) for
both plant species. The reduction was more pronounced under
Berberis (from 5.3% to 1.9%) compared to Parastrephia (from
3.1% to 1.4%) (Figure 4A). These differences remained
significant in S2.

The loss of SOC was reflected in the increase in bulk
density (BD) (Figure 4B), indicating a soil compaction in
burned soils that persists over time (same results in S1 and S2,
three and 4 years after the wildfire). The higher differences
between control and burned soils were observed for Berberis.
Negative correlations between SOC and BD were confirmed
in bi-correlations for all pooled data (r = −0.74, p < 0.001),
and for each plant species individually
(Supplementary Table S2).

The natural clay content of soils is low at less than 6%
(control soils at S1, Table 1), showing no significant
differences between burned and control soils at S1.
However, a significant decline was detected 4 years after the
fire (S2) for both plant species (Figure 5), with also a
moderately significant effect of the fire occurrence factor in
Parastrephia soils (Supplementary Table S1). This loss of clay
was reflected in the decrease of aggregate stability (AS)
(Figure 6B), with both parameters showing a positive and
significant correlation (r = 0.72, p < 0.001), also for both plant
species (Supplementary Table S2).

In terms of soil structure parameters, the proportion of
samples forming macro-aggregates (TCA) was low, with mean
values in control soils of 30% and 23% for Berberis and
Parastrephia, respectively. Burned soil samples tended to show
lower TCA values, decreasing over time for both plant species.
The decrease was statistically significant in Parastrephia soils in
S2, with market differences from the control soil. Similarly, in
burned soils under Berberis, TCA was also significantly lower in
S2 compared to control soils at the beginning of the
study (Figure 6A).

Aggregate stability (AS) was initially high in S1, exceeding 80%
in both burned and control soils, with no significant effect of fire
occurrence for both plants’ species (Figure 6B). However, a
marked decrease was observed between soil samplings, with
statistically significant differences of time (p < 0.001***) for

TABLE 3 | PERMANOVA results showing the effects of species (Berberis lutea
and Parastrephia quadrangularis), fire occurrence (burned and controls), and
time (S1 and S2), and interactions between them (significant codes: p < 0.001,
“***”; p < 0.01, “**”; p < 0.05, “*”).

Factors Df SumOfSqs R2 F Pr(>F)

Specie 1 1.4564 0.1868 29.137 <0.001***
Fire 1 0.8565 0.1099 17.135 <0.001***
Time 1 1.5549 0.1995 31.107 <0.001***
Specie:Fire 1 0.1129 0.0144 2.257 n.s.
Specie:Time 1 −0.0339 −0.0043 −0.678 1
Fire:Time 1 0.0791 0.0101 1.583 n.s.
Specie:Fire:Time 1 0.1691 0.0217 3.382 0.046*
Residual 72 3.5989 0.4617
Total 79 7.7938 1
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both species. In S2, the fire occurrence impacted the AS values,
with significantly lower values in burned soils compared to
control soils, dropping to below 50% for Berberis and near
25% for Parastrephia (Figure 6B).

In S1, field measurements of hydraulic conductivity (K) in
control soils were low under Berberis, with a trend to increase in
burned soils. One year later (S2), a significant increase was
observed under Parastrephia in burned soils (Figure 7). These
results align with the patterns observed for WR, where the lower
WR values were found for burned soils under Parastrephia
(Figure 3A). A significant negative correlation between K and
WR parameters for this species was confirmed
(Supplementary Table S2).

Given the significant differences between species observed in
both the PERMANOVA analysis (Table 3) and the individual soil
properties, we conducted species-specific multivariate analyses to
better understand these variations. The principal component
analyses (PCA) for both Berberis and Parastrephia species
visually confirm the trends observed in the soil parameters
affected by fire and time (Figure 8). For both species, the
strongest separation was observed between the control soils at
S1 and burned soils at S2, highlighting the significant impact of
time and fire occurrence on the whole set of soil properties,
consistent with the PERMANOVA findings. In the case of

Parastrephia, control and burned soils clustered together at S1,
suggesting minimal differences due to the fire at this time point,
but greater differentiation became significant in the following
sampling (S2).

Burned soils at S2 were positioned on the left part of the
plots, largely explained by increased values of K and pH, with
BD also contributing to this group in Berberis soils. In the
opposite direction, control soils at S1 were explained by higher
values of TCA, AS, clay content, and SOC. In Parastrephia, SOC
clustered apart together with WR in a separate quadrant,
suggesting a unique relationship between these parameters
for this species.

DISCUSSION

This study provides clear evidence of degradation processes
following the wildfire in the Andean region, that could be
driven by both direct combustion effects and indirect post-fire
erosive processes (Doerr et al., 2023; Shakesby and Doerr, 2006).
Both plant species, Berberis lutea and Parastrephia
quadrangularis, evidenced a distinct role in influencing soil
degradation after the wildfire, with the larger biomass of
Berberis probably contributing to more pronounced

FIGURE 3 | (A) Box-plots of soil water repellency, expressed as Log (WDPT) (s), per plant species comparing burned soils vs. controls and for the two soil
samplings (S1 and S2). Different letters mean significant differences at p > 0.05, and (B) Frequency of distribution in WDPT classes (s); CB, Control under Berberis; BB,
Burned under Berberis; CP, Control under Parastrephia; BP, Burned under Parastrephia; for S1 (left) and S2 (right).

Spanish Journal of Soil Science | Published by Frontiers January 2025 | Volume 15 | Article 139837

Coaguila et al. Fire-Affected Soils in Peruvian Andes



combustion effects on soils. The loss of soil organic carbon (SOC)
emerges as the key trigger in the decline of soil resilience, which is
not only reduced through the direct effects of combustion but also
through post-fire erosion processes. Continuous strong erosive
events, such as those occurred during study period, further
intensify the degradation of the highly susceptible soils
affected by a wildfire. The vulnerability of the Andean soils to

fire resides in their inherent characteristics, which includes a
loamy sand texture with more than 75% of sand and very low
content of clay (less than 5%), natural presence of water
repellency and low level of aggregation. These factors,
combined with the loss of protective plant cover, makes soils
very susceptible to the degradative process following wildfires
(Mataix-Solera et al., 2021).

FIGURE 4 | Box-plots of (A) soil organic carbon (%) and (B) bulk density (g cm−3) per plant species comparing burned soils vs. controls and for the two soil
samplings (S1 and S2). Different letters mean significant differences at p < 0.05.

FIGURE 5 | Box-plots of Clay content (%) per plant species comparing burned soils vs. controls and for the two soil samplings (S1 and S2). Different letters mean
significant differences at p < 0.05.
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A key finding of this study is that soil water repellency (WR),
naturally occurring in the Andean soils studied, remained
unaffected by the wildfire three and 4 years later. The loamy
sand texture, the elevated organic matter content, and acid
pH make these soils prone to the natural development of WR
(Doerr et al., 2000), although the persistence over time can be
highly variable. Previous studies under laboratory heating

conditions reveal that minor variations in soil properties, such
as texture, clay fraction mineralogy, and the quantity and quality
of organic matter, can influence the development and persistence
ofWR, with sand content being one of the most significant factors
controlling the expression of this property (Mataix-Solera et al.,
2014; Negri et al., 2024). In our case, the high sand content is
probably the main driver of soil hydrophobicity, since the lower

FIGURE 6 | Box-plots of (A) Total content of aggregates (TCA) (%) and (B) Aggregate Stability (AS) (%) per plant species comparing burned soils vs. controls and
for the two soil samplings (S1 and S2). Different letters mean significant differences at p < 0.05.

FIGURE 7 | Box-plots of Hydraulic conductivity, K (mm h−1) per plant species comparing burned soils vs. controls and for the two soil samplings (S1 and S2).
Different letters mean significant differences at p < 0.05.
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specific surface area allows hydrophobic substances to cover them
more easily, making sandy soils the most susceptible to WR
development (González-Peñaloza et al., 2013).

The natural development of WR is highly relevant to
ecosystem-scale hydrological processes, particularly in arid
environments. In fact, several studies have proposed that the
natural occurrence of WR induced by plants may serve as a
competitive strategy, aiding species to conserve water by directing
water into deeper soil layers (e.g., Scott, 1992; Moore and
Blackwell, 1998) and minimizing surface evaporation (Doerr
et al., 2000). However, its persistence becomes problematic
during the period between the fire event and the vegetation
recovery, as exposed soils become more vulnerable to erosion
due to increased runoff rates (Shakesby and Doerr, 2006). Fires
can either induce WR in previously wettable soils or eliminate it
in originally water-repellent soils, depending on factors such as
the temperature reached in soils during the fire (DeBano, 2000).
Our results show no significant changes in WR 3 years after the
fire, only minimal differences 4 years post-fire for Parastrephia,
probably linked to the slight reduction in SOC content. Therefore,
although the fire was of moderate severity for vegetation, it may
have not reached the necessary soil temperatures (200°C–400°C)
to destroy WR, as the heat exposure was probably insufficient to
permanently eliminate this property in this type of soil
(Arcenegui et al., 2007; Negri et al., 2024).

The low resilience of Andean soils to fires was demonstrated
by the strong and persistent decrease in SOC over time. Fire
intensity and severity are responsible for the magnitude of the
direct loss of soil organic matter (Keeley, 2009), which mainly
depends on the vegetation burning process in forest and
shrubland ecosystems. The burning of larger amounts of
biomass under Berberis compared to Parastrephia probably
contributed to the greater SOC loss observed in these soils.
However, the strong decline in SOC cannot explain solely due

to combustion; post-fire erosion processes may significantly
contribute to soil loss during the first years post-fire given that
not significant differences inWRwere found between burned and
control soils. Rainfall events in this arid region are limited to just a
few days per year, but the bare soil conditions make these events
highly soil erosive. The differences remained 1 year later (S2),
with no signs of recovery on soil properties, different as the
observed in most of Mediterranean semiarid soils affected by fires
(Añó Vidal et al., 2022), emphasizing the fragility of Andean soils.

A critical consequence of the SOC reduction was the soil
compaction, evidenced by the increase in bulk density (BD). This
compaction was pronounced under Berberis, likely due to the
initially higher SOC content associated with higher litter inputs
(Table 1). Organic matter generates binding agents in soils,
reducing its susceptibility to compaction by lowering the
maximum bulk density (Blanco-Canqui et al., 2013). The
decline in SOC, coupled with the BD increase, reduce the
soil’s water storage capacity, with major implications for arid
ecosystems. The substantial BD increase and its potential
consequences in the hydrological processes further highlight
the vulnerability of these soils to SOC loss, demonstrating the
reduced soil resilience following fire and post-fire erosion events.

The low clay content in these soils further limits their water
storage capacity, making them largely reliant on organic matter
for structure. The detected loss of clay content between
samplings, attributable to erosion processes, appears to be one
of the main causes of soil structural loss. Its reduction had a
significant impact on aggregate stability (AS) and total content of
aggregates (TCA) in S1, being this last one already low before the
fire event. The effects of fires on soil aggregation vary depending
on the primary binding agents in the soil, as documented by
Mataix-Solera et al. (2011). In soils where organic matter is the
main binding agent -typically found in younger, sand-rich soils- a
aggregation loss is more pronounced. In contrast, in soils

FIGURE 8 | Scores and loadings for PCA performed with results of all soil samples per plant species. AS, aggregate stability; SOC, soil organic carbon content;
TCA, total content of macroaggregates; WR, water repellency; BD, Bulk density; EC, Electrical conductivity.
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containing higher amounts of clay, carbonates, and iron or
aluminium oxides, which act as cementing agents, fire can
lead to either increased aggregate stability or minimal change
(Negri et al., 2024).

The lower resilience of Andean soils to wildfires compared to
fire-prone ecosystems is revealed in the persistent loss of
structural aggregation. Recently, Negri et al. (2024), through
controlled laboratory heating experiments, compared soils
from various biomes worldwide and found that acidic soils
from cold, wet climates with low clay content were
significantly prone to develop extreme water repellency and to
loss aggregate stability. In contrast, soils from Mediterranean,
tropical forest, and savannah biomes showed different responses,
as aggregation in these regions is primarily driven by iron
oxyhydroxides and clay rather than organic matter. Their
study clearly highlighted the vulnerability of specific biomes to
thermal-induced soil degradation. Similar results were observed
in the young soils of Torres del Paine in Chilean Patagonia, which
were impacted by a large wildfire in 2012 (Mataix-Solera et al.,
2021). In our case in Arequipa, all factors except wet climate
conditions, contribute to the development of water repellency,
which indicate our soil is highly vulnerable to the loss of particle
aggregation. The arid conditions result in a slow recovery after
fire, leaving the soil exposed to erosion processes for an extended
period due to prolonged bare soil exposure.

Hydraulic conductivity (K) serves as critical indication of soil
function, with especial relevance for arid environments. The
property is primarily influenced by soil porosity, which is
determined by soil texture and structure, as well as the
presence and persistence of water repellency (Miyata et al.,
2007). Although the loamy sand texture of these soils would
typically promote higher K, the poor soil structure (TCA and AS)
and the presence of water repellency lower its effectiveness in
enhancing water infiltration in soils. K values were relatively low,
but slight changes in WR seems to influence hydraulic
conductivity, as observed for Parastrephia with the negative
and significant correlation between these two parameters.

The different responses of soils under Berberis and Parastrephia
highlight their different roles in influencing post-fire soil resilience
and degradation. After a wildfire, the species showed distinct effects
on soils, particularly in terms of SOC, BD, andWR, with the larger
specie- Berberis- showing the most severe and persistent impacts
on soils. Given their dominance in this ecosystem, the effects on
soil properties may have broader landscape-scale implications,
suggesting to negative consequences for water storage capacity,
a critical factor for this arid environment.

Vegetation plays a vital role in protecting these fragile soils from
erosive processes and enhancing soil stability. This is particularly
critical due to the low percentage ofmacroaggregates and the presence
of water repellency, which further compromises soil cohesion. After a
fire, these areas become highly vulnerable, especially because the arid
conditions prolong the period during which the soil is exposed to
erosion. Unlike more humid environments or regions adapted to fire,
such as Mediterranean ecosystems, these soils lack natural resilience,
making them more susceptible to degradation in the post-fire
recovery phase (Shakesby and Doerr, 2006). In this context,
implementing post-fire conservation practices is crucial for

mitigating the impact of future fires in such environments. One of
the most effective strategies for controlling soil erosion in fire-affected
areas is mulching (Girona-García et al., 2021); however, it is essential
to carefully select the mulching material to avoid introducing external
seeds that could disrupt the ecological restoration process.
Additionally, these measures must be tailored to the local social
and economic context to ensure their feasibility and effectiveness. The
study by Souza-Alonso et al. (2022) provides a valuable framework for
guiding post-fire restoration decisions. Nevertheless, further research
is necessary to address the specific challenges of arid environments,
where fires are becoming increasingly common.

CONCLUSION

This study revealed significant and persistent soil degradation three
and 4 years after a wildfire in the PeruvianAndes region of Arequipa,
with no evidence of recovery in key soil properties such as soil
organic carbon and bulk density. Our findings demonstrate that
indicators like soil aggregation and water repellency are valuable for
assessing the vulnerability of these young, fire-affected soils.
Additionally, the observed post-fire erosion processes further
highlight the fragility of this arid soils in response to wildfire events.

This research provides new scientific insights by demonstrating
that Peruvian Andean soils, compared to fire adapted ecosystems,
show low resilience to fire events, making them more susceptible to
long-term degradation. The results highlight the importance of
intensifying wildfire prevention efforts and prioritizing post-fire
soil protection measures by wildlife conservation agencies to
safeguard these fragile and valuable ecosystems. However, further
research in these arid ecosystems is essential to better understand the
mid- and long-term effects of fire in arid ecosystems, to better assess
their recovery over time.

Given the current climate change scenario, where projections
indicate an increased frequency of extreme events such wildfires
and reduced water availability in arid ecosystems in South
America (IPCC, 2021; Jones et al., 2024), the vulnerability of
these ecosystems is expected to escalate. This study highlights the
need to address the combined risks of wildfires and climate
change in this fragile region of Peruvian Andes.
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