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a b s t r a c t

Forest management practices in Mediterranean ecosystems are frequently employed to reduce both the
risk and severity of wildfires. However, these pre-fire treatments may influence the effects of wildfire
events on soil properties. The aim of this study is to examine the short-term effects of a wildfire that
broke out in 2015 on the soil properties of three sites: two exposed to management practices in different
years e 2005 (site M05B) and 2015 (site M15B) e and one that did not undergo any management (NMB)
and to compare their properties with those recorded in a plot (Control) unaffected by the 2015 wildfire.
We analyzed aggregate stability (AS), soil organic matter (SOM) content, total nitrogen (TN), carbon/
nitrogen ratio (C/N), inorganic carbon (IC), pH, electrical conductivity (EC), extractable calcium (Ca),
magnesium (Mg), sodium (Na), and potassium (K), microbial biomass carbon (Cmic) and basal soil
respiration (BSR). In the managed plots, a clear-cutting operation was conducted, whereby part of the
vegetation was cut and left covering the soil surface. The AS values recorded at the Control site were
significantly higher than those recorded at M05B, whereas the TN and SOM values at NMB were
significantly higher than those recorded at M05B. IC was significantly higher at M05B than at the other
plots. There were no significant differences in C/N ratio between the analyzed sites. Soil pH at M05B was
significantly higher than the value recorded at the Control plot. Extractable Ca was significantly higher at
NMB than at both M05B and the Control, while extractable Mg was significantly lower at M05B than at
NMB. Extractable K was significantly lower at the Control than at the three fire-affected plots. Cmic was
significantly higher at NMB than at the Control. BSR, BSR/C and BSR/Cmic values at the fire-affected sites
were significantly lower than those recorded at the Control. No significant differences were identified in
Cmic/C. Overall, a comparison of the pre-fire treatments showed that NMB was the practice that had the
least negative effects on the soil properties studied, followed by M15B, and that fire severity was highest
at M05B due to the accumulation of dead plant fuel.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Mediterranean ecosystems are characterized by the frequent
occurrence and recurrence of fire (Tessler et al., 2016a, 2016b),
which has, however, made these environments highly resilient to
such events (Francos et al., 2016a; Keeley et al., 2012). Indeed,
Mediterranean wildfires have been identified as one of the main
disturbances suffered by these ecosystems (Bond and Van Wilgen,
1996), exacerbated by centuries of human impact and the use of fire
Francos).
for land management. More recently, land abandonment, fire
suppression policies and climate change have increased the
vulnerability of Mediterranean forests to wildfires (Pereira et al.,
2016). In response, clear-cutting and prescribed fires are practices
that seek to reduce the amount of fuel and, hence, the fire risk
(Alca~niz et al., 2016; Cochrane et al., 2012; Corona et al., 2015).
These forest management practices also reduce fire severity in
Mediterranean environments (Corona et al., 2015; Keeley, 2009;
Simard, 1991), an effect that can be maintained for up to 10 years.
Yet, despite the medium- and long-term advantages of these
practices, restrictions in the budget assigned to forestry manage-
ment limit their implementation and, therefore, the capacity to
mitigate the impact of wildfires (Martín-Alc�on and Coll, 2016).
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Recently, fire has been identified as a soil forming factor (Certini,
2014), and it has been widely reported as a temporary modifier of
soil properties. The degree of this impact depends on pre-fire
conditions, the type of soils affected and the severity of the fire.
For example, low-to-moderate severity fires do not have a signifi-
cant direct impact (e.g. heating) on a soil's physical and chemical
properties (Francos et al., 2018). The changes recorded are attrib-
utable primarily to the ash produced by the fire in conjunctionwith
the post-environmental conditions, including local topography and
rainfall (Arcenegui et al., 2008; Certini, 2005; Francos et al., 2016a;
Gordillo-Rivero et al., 2014; Pereira et al., 2014a, 2017). Thus, for
example, low-to-moderate severity fires have been reported to
increase soil aggregate stability (AS) (Mataix-Solera et al., 2011);
soil organic matter (SOM) (Inbar et al., 2014; Pereira et al., 2014b;
Úbeda et al., 2005); total carbon (TC) and total nitrogen (TN) (De
Marcos et al., 2005; Gonz�alez-P�erez et al., 2004); pH; electrical
conductivity (EC) and themajor extractable elements (Alca~niz et al.,
2016; Liu et al., 2017), as a consequence of ash incorporation into
the soil profile (Bodí et al., 2014). However, fires can also have
various direct impacts on soil microbiology. Indeed, even low
temperature fires can reduce soil microbial biomass and respiration
(Certini, 2005), given the increase in temperature at the soil surface.
The duration of the fire episode is one characteristic that can have
the greatest impact on soil biology: the longer the duration of the
wildfire, the greater the impact on underground soils (Mataix
Solera et al., 2009). However, low-to-moderate severity fires nor-
mallymove rapidly andmost of their heat is released in an upwards
direction, which means their impact on soils is not great. Having
said that, though, the heat generated in such fires might be enough
to modify soil microbiology activity, since the threshold is low at
between 40 and 121 �C (Mataix Solera et al., 2009), a temperature
that is readily reached in the top few centimeters of the soil profile
(Augustine et al., 2014; Kennard and Gholz, 2001). After the fire line
is passed, the ash deposited on the soil surface, in conjunctionwith
the post-fire environmental conditions, dictate the soil microbi-
ology. Low-to-moderate fire severities produce reddish, black ashes
(Pereira et al., 2012, 2014a), which can raise soil temperatures due
to increased albedo, and provoke microbiological activity that
contributes to a more rapid landscape recovery (Andersson et al.,
2004; Bodí et al., 2014; Mataix Solera et al., 2009).

High severity wildfires, in contrast, can consume the entire litter
layer and the SOM. This greatly undermines soil protection (Pereira
et al., 2015a) and leads to major changes in the top layer of the soil.
Such fires have been reported as both reducing (Badia-Villas et al.,
2014) and increasing (Jim�enez-Pinilla et al., 2016) soil AS,
depending on the temperature of combustion. Indeed, AS may fall
as a result of organic matter consumption or increase due to
mineralogical changes induced by high temperatures. Several
studies have reported a fall in SOM (Holden et al., 2015), TC and TN
(Badia et al., 2014; Ulery et al., 2017), because of high temperatures.
As in low tomoderate severity fires, pH and EC normally increase as
a result of high organic matter mineralization, which increases the
availability of the major cations (Lombao et al., 2015; Úbeda and
Outeiro, 2009). The ash layer is grey and/or white in color, as a
consequence of the total combustion of organic matter, which in-
creases the amount of inorganic cations in soil solution (Pereira
et al., 2012). High severity wildfires reduce microbial activity
significantly in the immediate post-fire period due to the high
temperatures recorded in the soil surface; however, normal activity
is usually recovered a few months after the fire as a result of an
increase in soil moisture, nutrients and vegetation recuperation
(Fultz et al., 2016; Mu~noz-Rojas et al., 2016).

While a considerable amount of information has been gathered
about the impact of pre-fire treatment on fire severity and the
short-, medium- and long-term implications of such events, little
research has been conducted into their respective effects on soil
properties, especially in the immediate post-fire period, when the
impact is most evident, and it is possible to evaluate the impact of
pre-firemanagement and its effectiveness in reducing the impact of
fire on soils. Moreover, the degree to which fire affects soil and soil
conditions in the period immediately following a fire is crucial for
plant recuperation (Pereira et al., 2016). This study of pre-fire
management impact on soil properties is essential to understand
the effectiveness of land management in sites, such as those in
areas of Catalonia, that are prone to fire.

The objectives of this study are easily stated:

a) To examine the impact of clear cutting on soil AS, TN, SOM,
inorganic carbon (IC), C/N ratio, pH, EC, extractable calcium (Ca),
magnesium (Mg), sodium (Na), potassium (K), microbial
biomass carbon (Cmic), basal soil respiration (BSR), and the
Cmic/C, BSR/C and BSR/Cmic ratios

b) To examine the influence of the time lapse between the man-
agement of the site and the wildfire and to determine if the
treatment results in differences in the soil's post-fire properties.
2. Materials and methods

2.1. Study site

The study site is located in �Odena, Barcelona (41�3804200N -
1�44021E 420m a.s.l.) in North-East Spain (Fig. 1). A fire broke out in
El Bruc, on 26th July 2015 and affected a total of 1274 ha of Pinus
halepensis Miller, Pinus nigra Arnold and Quercus ilex L. Understory
vegetationwas mainly composed of Pistacea lentiscus L. and Genista
scopius L. The forest had last been affected by wildfire in 1986. The
geological substrate is composed mainly of sediments originated
from Paleocene shale (Panareda-Clop�es and Nuet-Badia, 1993). Soil
is classified as a Fluventic Haploxerept (Soil Survey Staff, 2014). The
mean annual temperature of the study site is 14.2 �C and the mean
annual rainfall ranges between 500 and 600 mm.

2.2. Experimental design and sampling

In this study, four different sites were selected within the site
and sampled three months after the 2015 wildfire: one was not
exposed to any management (NMB), one underwent management
in 2005 (M05B), another was the target of a management program
in 2015 e just twomonths before the wildfire event (M15B), and as
a reference, a control plot was selected (Control), which had not
been exposed to any management after the fire of 1986 and was
unaffected by the wildfire in 2015 (Table 1). The management
treatment involved a clear-cutting operation, leaving 1000 trees per
ha and leaving the cut vegetation over the soil surface in stems no
taller than 1 m. In the case of the trees that were not felled, up to a
third of their branches were removed. Thewoodwas cut to a height
of 1 m, leaving waste of fine-to-medium thickness. At each site, we
collected nine topsoil samples (0e5 cm), giving a total of 36. The
plots were designed in sites of similar soil type, vegetation
composition, and topographical characteristics (slope <10% and
north-east aspect). The severity of the wildfire of 2015 was classi-
fied as high in accordance with Úbeda et al. (2006), given that 100%
of tree crowns were combusted.

2.3. Laboratory methods

Soil samples were dried to constant weight at room temperature
(approx. 23 �C) for 7 days. To analyze aggregate stability (AS), the
ten-drop impact (TDI) method (Low, 1954) was used. The samples



Fig. 1. Location of study sites. Red dots show the places where soil samples were collected. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Study sites, year of fire and year of management of studied sites.

Study sites Years of fire/s Date of management

M05B 1986 and 2015 2005
M15B 1986 and 2015 2015 (2 months before fire)
NMB 1986 and 2015 Not managed
Control 1986 Not managed
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were sieved using a 4.8-mm mesh sieve. For each sample, ten air-
dried aggregates (between 4 and 4.8 mm) were collected. A 2.8-
mm sieve was placed over the aggregates and they were sub-
jected to the impact of ten drops of deionized water, from a droplet
placed at a height of 1 m. Each drop had a weight of 0.1 ± 0.001 g
and a diameter of 2.8 mm. Aggregates wereweighed before the test
and the disaggregated material, which passed through the sieve
during the test, was alsoweighed after drying at 105 �C for 24 h. The
results are expressed as a percentage of the aggregate weight that
remains stable after TDI as explained Úbeda et al. (1990).

To determine the other soil properties, the samples were sieved
using a 2-mmmesh sieve. Total nitrogen content was analyzedwith
a Flash EA 112 Series (Thermo-Fisher Scientific, Milan). Data
acquisition and calculations were carried out using Eafer 300
software (Thermo-Fisher Scientific, Milan) (Pereira et al., 2012).
SOM and inorganic carbon were measured using the loss-on-
ignition method described in Heiri et al. (2001). For each sample,
1 g of soil was pulverized and dried in a muffle furnace at 105 �C for
24 h. To determine SOM content, the dried samples were exposed
to a temperature of 550 �C for 4 h. Finally, to calculate soil inorganic
carbon, the samples were subjected to a temperature of 950 �C for
2 h. The results were expressed as percentages. Soil pH and ECwere
analyzed with deionized water. The amounts of extractable ele-
ments (Ca, Mg, Na and K) were analyzed using the method
described by Knudsen et al. (1982).



Table 2
Descriptive statistics of physic-chemical characteristics. Different letters represent
significant differences at a p < 0.05. N ¼ 9.

Soil property Study site Mean SD p value

Aggregate Stability (%) M05B 91.10b 3.80 *1

M15B 92.75a,b 3.98
NMB 94.58a,b 3.60
Control 95.85a 2.01

Total Nitrogen (%) M05B 0.24b 0.04 **1

M15B 0.28a,b 0.07
NMB 0.34a 0.04
Control 0.25b 0.06

Soil Organic Matter (%) M05B 4.18b 0.98 *1

M15B 5.07a,b 1.68
NMB 5.87a 0.66
Control 4.15b 0.77

Inorganic Carbon (%) M05B 5.77a 0.14 ***2

M15B 4.19b 0.20
NMB 4.59b 0.63
Control 4.61b 0.28

C/N ratio M05B 17.70 1.87 n.s.1

M15B 17.67 1.75
NMB 17.46 0.93
Control 16.75 1.22

pH M05B 8.28a 0.25 *1

M15B 8.18a,b 0.17
NMB 8.06b,c 0.04
Control 7.88c 0.11

EC (mS/cm) M05B 187b,c 60.57 **2

M15B 273a,b 119.49
NMB 320a 58.92
Control 149c 38.46

Extractable Ca (ppm) M05B 17699c 1738.62 *1

M15B 19650a,b 1027.90
NMB 20630a 1762.87
Control 18613b,c 1366.75

Extractable Mg (ppm) M05B 825b 186.88 **2

M15B 1157a,b 486.69
NMB 1356a 261.93
Control 1093a,b 317.25

Extractable Na (ppm) M05B 263 195.79 n.s.1

M15B 278 95.41
NMB 204 52.24
Control 288 83.68

Extractable K (ppm) M05B 445a 101.71 ***2

M15B 467a 69.24
NMB 541a 89.54
Control 277b 29.07

1One-way ANOVA, 2Kruskal-Wallis. Four different sampling plots. *p < 0.05,
**p < 0.01, ***p < 0.001.
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Each soil sample was kept under 4 �C to measure its microbio-
logical parameters. Microbial biomass carbon (Cmic) was extracted
using the chloroform fumigation and extraction procedure (Vance
et al., 1987). Basal soil respiration (BSR) was measured using a
multiple sensor respirometer Micro-Oxymax (Anderson, 1982).
Three indexes were calculated: Cmic/C ratio, carbon mineralization
coefficient (BSR/C) and metabolic quotient (BSR/Cmic) (Morug�an-
Coronado et al., 2015).

2.4. Statistical analysis

Prior to conducting any statistical analyses, data normality and
homogeneity were assessed using the Shapiro-Wilk and Levene's
tests. If data followed the Gaussian distribution and respected the
homogeneity of the variances, we applied a one-way ANOVA test;
in those instances where the data did not satisfy normality and
homogeneity requirements, we applied the non-parametric Krus-
kal-Wallis ANOVA test. If significant differences were identified at
p < 0.05, a Tukey post-hoc test was applied in order to identify
differences within treatments. A redundancy analysis (RDA) was
carried out to identify the extent towhich the variation in one set of
variables accounts for the variation in another. The soil properties
used in the RDA were AS, SOM content, TN, C/N, IC, pH, EC,
extractable Ca, Mg, Na, and K, Cmic, BSR and the three indexes: Cmic/
C, BSR/C, and BSR/Cmic. Statistical analyses were carried out using
SPSS 23.0 and CANOCO for Windows 4.5 software.

3. Results and discussion

3.1. Soil physical and chemical properties

Soil AS presented high values at all the sites ranging from 91.1
(M05B) to 95.9% (Control) (Table 2). Significant differences were
found between the study sites, with a slightly lower AS at M05B.
However, the differences between their respective mean values
were very low and cannot be considered relevant. Different pat-
terns of AS behavior have been reported in burned soils in relation
to different degrees of fire severity and soil type (Mataix-Solera
et al., 2011). Here, the slightly lower values found at M05B could
be due to the higher fire severity suffered at this site. The impact of
this severity is apparent in other soil properties recorded at this site
(see discussion below). Previous studies in the laboratory (Badia-
Villas et al., 2014) and the field (Varela et al., 2015) have pointed
to a decrease in AS in soils affected by high severity fires, which can
be primarily attributed to SOM consumption. In other cases where
inorganic constituents play an important role in AS, if high tem-
peratures are registered in a soil, an increase in AS has been
observed and attributed to mineralogical and micro-structural
changes in the surface of soil aggregates (Jim�enez-Pinilla et al.,
2016). In our study, the differences observed were relatively very
small.

TN and SOM were significantly higher in the NMB plot
compared to the values recorded at M05B and the Control. Fire can
reduce SOM content when high severity burning occurs (Mataix-
Solera et al., 2002). In other cases, SOM has been found to in-
crease as a result of the post-fire incorporation of partially burned
material from charred vegetation into the soil (Caon et al., 2014;
Knicker, 2007). Typically, high severity fires reduce TN and SOM
in the period immediately after a fire because of the high temper-
atures reached in combustion (Certini et al., 2011; Mikita-Barbato
et al., 2015; Vergnoux et al., 2011). However, if ash is deposited,
then erosion is reduced; but, if ash is transported from other sites
(Pereira et al., 2015b), an increase in TN and SOM can be expected.
The gentle slope and the consequent accumulation of ash in the
immediate post-fire period may have facilitated this incorporation.
If we compare the sites burned in 2015, TN and SOM content values
suggest M05B was exposed to higher fire severity.

In the case of IC, the values observed at M05B were significantly
higher than those recorded at the other sites. This indicates that fire
severity at this plot was slightly higher than that observed at NMB
and M15B. Inorganic carbon or carbonate content in the soil or ash
is a good indicator of fire severity. Typically, high severity fires
produce ash with a high amount of carbonates (Pereira et al., 2012).
Here, the high severity at the M05B plot can be attributed to the
accumulation of dry biomass (for further discussion, see analysis of
implications for forest management).

No significant differences were observed in the C/N ratio be-
tween sites. Santin et al., 2016 observed high C/N ratios in some
burned plots attributable to high severity fires, but in our study
there were no differences between the burned and unburned plots.
Typically, wildfires mineralize the organic matter, reducing the soil
C/N ratio in comparison to that found at unburned sites (Volkova
et al., 2014) as a consequence of ash being incorporated into the
soil profile (Bodí et al., 2014). Here, this did not occur presumably
because of the high fire severity observed, which produced ash of
similar C/N ratios to that at unburned sites (De Baets et al., 2016).



Table 3
Descriptive statistics of microbiological characteristics. Different letters represent
significant differences at a p < 0.05. n ¼ 9.

Soil property Study site Mean SD p value

Cmic M05B 983.89a,b 352.87 *1

M15B 925.13a,b 221.65
NMB 1240.30a 238.02
Control 827.70b 371.02

BSR M05B 2.15b 0.86 *1

M15B 1.78b 0.83
NMB 2.10b 0.99
Control 3.34a 0,73

Cmic/C M05B 239.47 77.38 n.s.1

M15B 187.52 28.81
NMB 211.78 33.35
Control 195.22 57.74

BSR/C M05B 0.5056b 0.1076 ***1

M15B 0.3668b 0.1554
NMB 0.3615b 0.1740
Control 0.8087a 0.1418

BSR/Cmic M05B 0.0023b 0.0008 ***1

M15B 0.0020b 0.0010
NMB 0.0018b 0.0009
Control 0.0044a 0.0013

1One-way ANOVA, 2Kruskal-Wallis. Four different sampling plots. *p < 0.05,
**p < 0.01, ***p < 0.001.
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Soil pH values were significantly higher at M05B than they were
at NMB and the Control. No significant differences were observed in
these values between M05B and M15B, but the values were slightly
higher at M05B, suggesting a higher fire severity at M05B. It is
widely reported that after a high severity fire, soil pH increases in
relation to the values found at unburned sites (Ulery et al., 1993).
Jimenez-Esquilin et al. (2007) observed an increase in soil pH after a
slash pile burning. This is attributed to the ash oxides and hy-
droxides released in solution (Bodí et al., 2014). pH levels increase
with fire temperature/severity (Pereira et al., 2012), a finding
corroborated by our study. The increase in pH is inversely related to
the fall in TN and SOM. Soils affected by a high severity wildfire,
followed by the incorporation of white ash, increase their pH levels.
However, TN and SOM fall as a consequence of the high tempera-
tures experienced (Certini et al., 2011; Mataix-Solera and Guerrero,
2007). EC was significantly higher in the burned plots, which is due
to the release of anions and major cations in solution from the
mineralized organic matter (Knicker, 2007). Significant differences
were also identified between pre-fire treatments. The NMB plot
released a significantly higher amount of salts than were released
byM05B, which again may be due to the high fire severity recorded
at M05B. Previous studies report that in soils and litter heated at
very high temperatures, there is a decrease in EC (Badia and Marti,
2003; Úbeda et al., 2009), which is attributable to the reduced
solubility of soils richer in carbonates that regulate the amount and
type of nutrients in solution. The solubility of carbonates decreases
with increasing pH. In addition, the carbonate surfaces with a pH
between 7 and 10 are negatively charged, thus increasing their
capacity to attract cations by sorption onto their surfaces (Pereira
et al., 2012). For these reasons, EC was significantly lower at
M05B than it was at the NMB site.

Extractable Cawas significantly higher at NMB andM15B than it
was at the Control site (Table 2), which again can be attributed to
ash incorporation, as observed in previous studies carried out in
soils affected by high severity fires (Badia et al., 2014; Dzwonko
et al., 2015; Rhoades et al., 2004). No significant differences in
extractable Na were observed across the sites. However, the con-
centration of extractable K was significantly higher in the burned
plots compared to levels reported at the Control. The increase in
extractable K associated with high severity fires has been reported
elsewhere (Bates and Davies, 2017; Murphy et al., 2006; Simard
et al., 2001).

3.2. Soil microbiological properties

MBC was significantly higher at NMB than at the Control site
(Table 3). Previous studies reported that Cmic levels normally fall in
soils affected by wildfires compared to those observed in unburned
soils. This can be attributed to the direct impact of soil heating,
which reduces the soil microbe population (Barcenas-Moreno et al.,
2016; Garcia-Orenes et al., 2017; Lombao et al., 2015). Some studies
failed to identify any differences between unburned soils and those
affected by high severity fires (Fultz et al., 2016; Holden et al., 2015),
while others observed significant differences (Kumar Singh et al.,
2017). In our case, we do not measure the direct impact of fire,
rather we examine direct and indirect effects after the event. The
significantly high Cmic at NMB compared to that at the Control can
be attributed to the higher SOM content, which is known to have a
positive effect on microbial populations (Blonska et al., 2017;
Goberna et al., 2006; P�erez-Bejarano et al., 2010; Wolinska et al.,
2015; Zornoza et al., 2007). In many cases, in the immediate post-
fire period, there is an ephemeral increase in the amount of solu-
ble carbon attributable to the cells of dead microorganisms (Mataix
Solera et al., 2009). This can lead to a short-term increase in mi-
crobial activity, but one that falls soon after the consumption of this
fraction (Mu~noz-Rojas et al., 2016).
BSR and the BSR/C and BSR/Cmic ratios were significantly higher

at the Control than they were at the other sites. No significant
differences were identified in the Cmic/C ratio (Table 3). This is in
agreement with previous studies that identified a marked reduc-
tion in BSR (Lopez-Serrano et al., 2016; Vega et al., 2013), BSR/C
(Vega et al., 2013) and BSR/Cmic (Hern�andez et al., 1997) at sites
affected by high severity fires in comparison to the values reported
at unburned sites. Guo et al. (2010) observed significantly higher
values of BSR at their control site than at the clear-cut and slash-
burned sites. Despite the higher values of Cmic at the fire-affected
sites, we identified a significantly higher BSR at the Control plot,
which shows that soil respiration is not always positively correlated
with microbial biomass (Guo et al., 2015). The reduction in micro-
bial activity at the burned sites may be attributed to the highly
recalcitrant charcoal that is more resistant to microbial decompo-
sition (Knicker et al., 2013). Microbial activity may also be per-
turbed by the release of organic pollutants and heavy metals (Vega
et al., 2013). The significantly lower metabolic quotient (BSR/Cmic)
at the burned sites confirms the conclusion drawn above that mi-
crobial activity was lower and failed to recover from the fire
disturbance (Hern�andez et al., 1997).

3.3. Multivariable analysis

The RDA enables us to determine whether in general the soil
properties of the treated sites differ because of the effects of
wildfire. Factor-1 in the RDA explains 32.4% of the variance while
Factor-2 explains 29.7%, that is, a total of 62.1%. The variables with
the highest explanatory capacity are IC, pH and extractable K, while
those with the lowest are extractable Na, C/N ratio and Cmic. Thus,
the RDA clearly separates the pre-fire management sites from the
control plot and highlights the different behavior of the variables.
BSR, AS, BSR/C and BSR/Cmic were closely associated with the
Control site; SOM, TN, EC major cations, K and Cmic were closely
associated with M15B and NMB; and, IC and Cmic/C were associated
with M05B (Fig. 2).

3.4. Implications for forest management - a discussion

Post-fire management, especially salvage logging, is
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controversial owing to its potentially negative effects, being
implemented when major efforts are required to remedy the
impact of wildfires. Previous studies observed that salvage logging
has major negative impacts on soil properties in the short- (Donato
et al., 2006; Garcia-Orenes et al., 2017; Wagenberger et al., 2016),
medium- (Wagenberger et al., 2015) and long-term (Johnson et al.,
2005). Indeed, this management practice has also been reported as
having a marked effect on plant recovery and succession (Boucher
et al., 2014; Hern�andez-Hern�andez et al., 2017). However, very little
attention has been paid to preventive methods aimed at reducing
forest fuel accumulation, but it is critical that they be taken into
consideration in forest management plans, especially in fire-prone
sites, such as the Mediterranean (Francos et al., 2016b; Leverkus
et al., 2014; Mara~non-Jimenez et al., 2013; Piqu�e et al., 2011). The
2015 wildfire studied here had more negative impacts on the soil
properties of the plot managed in 2005 than it did on the plot not
exposed to anymanagement and the plotmanaged in 2015. Despite
the high severity of the fire in all treatments, the M05B plot pre-
sented the highest soil pH and IC, indicating that the impact here
was more detrimental than elsewhere. The high TN, SOM, EC,
extractable Ca and Mg values recorded at the NMB plot in relation
to the values observed at M05B were evidence that, three months
after the fire, the plot that had not undergone anymanagement was
in a better position to begin regeneration than was the plot
managed in 2005. According to the impacts on the soil properties
studied here, the three sites exposed to the effects of this high
severity fire can be ranked in the following descending order:
M05B > M15B > NMB. The plot managed in 2005 was the site
where the effects were greatest because of the greater accumula-
tion of dead fuel. Some authors argue that forest management is
essential for reducing the impact of fire on soils (Fernandes et al.,
2013; Tempel et al., 2014); however, here, the fact that the vege-
tation had been cut 10 years previously meant that prior to the fire
Fig. 2. RDA about the relation between Factor 1 and 2. Aggregate Stability (AS), Soil
Organic Matter (SOM) content, Total Nitrogen (TN), Carbon/Nitrogen ratio (C/N),
Inorganic Carbon (IC), pH, Electrical Conductivity (EC), extractable Calcium (Ca),
Magnesium (Mg), Sodium (Na), Potassium (K), Microbial Biomass Carbon (Cmic) and
Basal Soil Respiration (BSR) and three different index Cmic/C ratio, carbon minerali-
zation coefficient (BSR/C) and metabolic quotient (BSR/Cmic).
thewoodwas dry and so the fire burnedwith greater intensity. Fuel
type has been shown to have implications for flammability, the
response to fire temperatures and, ultimately, fire severity
(Dimitrakopoulos and Panov, 2001; Úbeda et al., 2009). Given our
results, we hypothesize that the combustible fuel present at the
NMB plot before the firewas less flammable. But, further research is
needed on this point. Overall, for the ecosystem studied here, the
pre-fire NMB option was the one with least impact and, in some
instances, it had positive impacts on certain soil properties. Further
studies are underway in these sites aimed at assessing medium-
and long-term effects and should dissipate any doubts caused by
these initial results. It is clearly critical to have better information
about the impact of wildfires in relation to different pre-fire man-
agement practices in the immediate post-fire period, since this is
when fire brings about the most significant changes in soil prop-
erties (Caon et al., 2014; Francos et al., 2016a;Wang et al., 2014). It is
our contention that pre-fire management represents a good option
for preventing fires, but here the fact that after clear-cutting the
dead vegetationwas left to accumulate over the soil surface created
a high fuel density resulting in a higher fire intensity when the
wildfire broke out.

4. Conclusions

Forest management practices, such as clear cutting a site some
years prior to or only a few months before a wildfire event fire (as
reported herein), affect soil properties. Not clearing the cut vege-
tation from the soil surface affects the severity of the fire and in-
duces more changes in soil properties. However, the differences
observed across our study sites were not sufficiently significant to
conclude that this is a detrimental treatment. On balance, we
recommend this treatment as a way of preventing the outbreak of
new forest fires, but large accumulations of cut vegetation covering
the soil surface should be avoided so as to reduce fire severity in
potential medium-to long-term episodes of wildfire. Clearly,
further studies are needed to analyze the effect of clear-cutting
management practices on soil properties to ensure the imple-
mentation of appropriate forest management and to determine if
differences between treated and untreated sites increase or
disappear over time.
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