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A B S T R A C T

In the Mediterranean Basin, changes in climate and fire regime (increased recurrence and severity) reduce
ecosystem services after wildfires by increasing soil degradation and losses in plant diversity. Our study was a
biological approach to relate soil properties to vegetation recovery and burn severity. We focused our study on
the natural recovery of the soil-plant interphase in Pinus halepensis Mill. forests located in the SE of Iberian
Peninsula, a semiarid climate. We included some chemical properties 3 years after fire (available phosphorus (P)
and soil organic carbon (Corg), among others), and biological soil indicators 3 and 5 years after fire (i.e. basal
soil respiration (BSR), microbial biomass carbon (Cmic), carbon mineralization coefficient (Cmineral), metabolic
quotient (qCO2) and microbial quotient (Cmic:Corg)). We analyzed the activity of three different enzymes: ur-
ease (UR), phosphatase (PHP) and β-glucosidase (GLU).
The changes in most chemical properties were ephemeral, but P and Corg showed higher values in burned

areas, and the highest were found for low-moderate severity. Plant recovery was the triggering factor for the
recovery of Corg and biological soil function. Burn severity and time after fire influenced Cmic and the
Cmic:Corg, which were higher for moderate-high severity 3 years later, but were below the unburned values 5
years after fire. The microbial activities of GLU and UR were recovered in burned areas 5 years after fire. The
PHP values lowered according to higher burn severity and time after fire. The soil ecological trends obtained by a
principal component analysis revealed a relationship linking GLU, BSR and qCO2 that explained soil response to
burn severity. PHP, Cmic and Cmic:Corg explained most of the variability related to time after fire.
Our results provide insights into how burn severity, in Mediterranean fire-prone Aleppo pine stands,

modulated the natural plant recovery linked to soil biochemical and microbiological response to fire. High burn
severity limited natural vegetation recovery, and both reduced biological soil functionality. This knowledge can
be implemented in post-fire planning to apply post-fire management (for mitigation and restoration) in which
the “no intervention” tool should be contemplated. These findings provide information to be applied in adaptive
forest management to improve the resilience of vulnerable ecosystems and to reduce burn severity in future fire
events.

1. Introduction

Forest fires are an important ecological factor in ecosystem evolu-
tion and adaption, and play a key role in the Mediterranean Region
(Trabaud, 2000) by shaping plant traits (Keeley et al., 2012). Fire re-
gime affects post-fire ecosystem evolution and resilience (Bond and
Keeley, 2005), but changes in climate and land use induce alterations in

the Mediterranean Basin (San-Miguel-Ayanz et al., 2012; Santana et al.,
2014). Increased fire frequency reduces ecosystem resilience and its
ability to recover to a pre-disturbance state (Diaz-Delgado et al., 2003),
which reduces the diversity and abundance of species (Eugenio and
Lloret, 2004; Tessler et al., 2016).
The main factors that influence post-fire secondary succession are:

species composition (according to the initial floristic model (Egler,
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1954)), burn severity (Keeley, 2009), the season when fire occurs (Liu,
2016), and the existence of a soil seed bank capable of surviving dis-
turbance (Moya et al., 2008). Post-fire plant regeneration also depends
on adaptive traits and fire damage (Pausas and Keeley, 2014). For
proper post-fire management, burn severity identification is needed to
understand the effects of fire and the associated environmental pro-
cesses (Úbeda and Outeiro, 2009). This knowledge may be used to
implement post-fire actions according to fire damage related to soil, the
water system, flora, fauna, the atmosphere and human society (DeBano
et al., 1998; Bento-Gonçalves et al., 2012). Post-fire plant-soil inter-
phase monitoring is a key point to consider in adaptive forest man-
agement, mainly in climate change scenarios as they influence fire re-
gimes and ecosystem productivity (Doblas-Miranda et al., 2017).
The loss of ecosystem services from severe wildfires is linked to

changes in soil biota, which can be evaluated recording the activity of
soil microorganisms (Morugán-Coronado et al., 2015). The soil in
Mediterranean forests is especially sensitive to wildfire as its biological
soil stability is vulnerable, especially in unmanaged forests located in
arid regions (Hedo et al., 2015). Burn severity has been described as the
most critical factor that directly affects the plant community, soil
characteristics and microbial activity (González-De Vega et al., 2016;
Maia et al., 2012; Vega et al., 2013). The recovery of the soil-plant
interphase should be monitored after stabilizing and restoring disturbed
ecosystems if enhancing their resilience is one of the main objectives
(Certini, 2005; Doblas-Miranda et al., 2015). The enzymatic activity of
soil provides information relating the soil microbial community and its
variations (Bárcenas-Moreno et al., 2016). The latter has been used to
evaluate the effect of heat on plant community, soil microorganisms,
soil properties and their interrelationships (López-Poma and Bautista,
2014). In burned Pinus halepensis Mill. (Aleppo pine) forests, the soil
microbial community varies in accordance with plant community and
burn severity (López-Poma and Bautista, 2014; Hinojosa et al., 2016),
which can be employed as a useful tool to promote soil recovery; i.e. the
belowground microbial community structure and function by re-
vegetation to reduce the negative impacts of high-burn severity events
(Knelman et al., 2015). P. halepensis is the most widely distributed tree
species throughout low-altitude forests in the Mediterranean Basin
(Quezel, 2000), whose plant community is adapted to summer droughts
and exaptated to wildfires (Keeley et al., 2012). The resilient plant
communities that occur in Aleppo pine forests with a semiarid climate
usually recover rapidly, but also heterogeneously given the spatial
variability created by burn severity (Broncano and Retana, 2004;
González-De Vega et al., 2016).
Our main study aim was to characterize the short- and mid-term

effects of burn severity and plant recovery on the biological soil func-
tionality of an Aleppo pine forest. The study was designed as a dia-
chronic approach by monitoring the same field plots showing two burn
severities twice (plus unburned) and if they displayed successful plant
regeneration, or not. The initial hypothesis was that the negative effects
on biological soil properties would be stronger and more persistent in
the areas that had undergone high burn-severity, but would be atte-
nuated if natural vegetation regeneration was successful. We recorded
changes in soil biology linked to burn severity and forest recovery. The
results and conclusions can be used to apply tools in adaptive forest
management post-fire planning and decision making to reduce vul-
nerability to fire, stabilize sustainable fire regimes, or to rehabilitate
and restore burned areas according to fire damage.

2. Methods

2.1. Study area

A wildfire (1–6 July 2012) burned almost 6500 ha in “Sierra de los
Donceles” near Hellín in the south-eastern area of the province of
Albacete (ignition point: 608309 E, 4254211 N; ETRS89 UTM 30N)
(Fig. 1). The area remained unburned for at least 80 years, according to

the information provided by the Forest Services of the Regional Gov-
ernment of Castilla-La Mancha and supported by the digital carto-
graphy obtained in the IGN (Spanish Geographic Institute).
It is a semiarid Mediterranean climate, according to the Köppen-

Geiger classification (Kottek et al., 2006) BSk is located on the upper
meso-Mediterranean bioclimatic belt. The dry period occurs from June
to September (relative humidity< 50%). According to the averaging
data from 1990 to 2014 (provided by the Spanish Meteorological
Agency), the annual precipitation and temperature are 278.50mm and
15.85 °C, respectively, although annual rainfall was slightly higher from
2012 to 2017 (García-Morote et al., 2017).
The soils at the site (Table 1) are classified as Aridisols (Lithic

Haplocalcids), soils with long periods (> 90 days) and no water
available for plants (Soil Survey Staff, 2014). The predominant land-
form is composed of dolomitic limestones, which shape strong rocky
slopes with altitudes ranging from 500 to 700m a.s.l.
The vegetation series at the site belonged to Rhamno lycioidis-

Querceto cocciferae sigmetum (Rivas Martinez, 1982). The main tree
species was Pinus halepensisMill. (Aleppo pine). The serial scrub species
and steppic grasslands were Macrochloa tenacissima (L) Kunth (Alpha
grass), Quercus coccifera L. (Kermes oak) and Pistacia lentiscus L. (Mastic
tree).

2.2. Fire mapping and sampling plots

The fire perimeter was provided by the Regional Government of
Castilla-La Mancha. Study site and burn severity were evaluated by
remote sensing and digital cartography, and using Digital Terrain
Models (available from the Geographic Information National Centre;
pixel size of 5 m, matrix ASCII file format, geodesic reference system
ETRS89) and orthophotos (available from the Geographic Information
National Centre -National Aviation Plan Orthophotography mosaics;
ECW format, geodetic reference system ETRS89). Images from the
Landsat 7 Enhanced Thematic Mapper Plus (ETM+) data were used to
calculate the delta-normalized burn ratio (dNBR) and to compose a
burn severity map (Miller and Thode, 2007) with GIS software (QGIS,
GNU General Public License, June 1991, 2.8.2-Wien).
Following the Spanish technical guide to manage burned forests

(Alloza et al., 2014), the study was conducted after establishing a sys-
tematic grid measuring 500× 500m, which overlapped the fire peri-
meter. Located on grid nodes, the centre of the circular sampling plots
(5-m radius; 78.5 m2) was set with a Monterra GPS receiver (Garmin
International, Inc., Olathe, KS, USA).
To validate and improve the burn severity values obtained from the

dNBR map (Gómez-Sánchez et al., 2017), we followed the semi-quan-
titative method proposed by Ryan et al. (1985), and improved in Alloza
et al. (2014) and Vega et al. (2013), similarly to the composite burn
index (CBI; Key et al., 2006). In spring 2013, we sampled and char-
acterized burn severity for vegetation (amount of green, charred and
scorched vegetation in trees, shrubs and herbaceous strata) and soil
(ash colour, biological soil crusts, soil horizon affection and bare soil).
Two burn severity categories were defined, low-medium severity (L-M)
and medium-high severity (M-H), including unburned areas (UB) as the
control and mature plots (Fig. 1).
The vegetation before and after fire located in the grid nodes was

characterized by digital cartography according to the main vegetation
types defined by González-De Vega et al. (2016), and was validated by
field sampling (pre-fire vegetation validated by visiting the remaining
unburned areas). The Geographic Information National Centre (the
Spanish National Plan for Aerial Orthophotography) provided the aerial
images in a geometrically rectified ECW format (from the geodetic re-
ference system ETRS89), which were recorded the spring before (2012)
and after the wildfire (2015 and 2017). The pre- and post-fire vegeta-
tion types were compared to characterize plant recovery as regenerated
(REG) or unregenerated plots (UNREG). To prevent biased vegetation
type, which may affect soil microbiology, we selected three REG and
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three UNREG plots from the two dominant vegetation types (Aleppo
pine forests (canopy cover fraction>30%) or defined Grassland-
Shrublands) in both the burned and unburned areas (Gonzalez-De Vega
et al., 2018). Vegetation was characterized as REG if the dominant
vegetation type remained after fire (recovered with similar cover and
diversity), and as UNREG if the dominant vegetation type reached a
degraded successional stage after fire (the Aleppo pine forest to
shrublands, shrublands to grasslands, or bare soil percentages increased
to more than 50%).

2.3. Soil sampling and analysis

According to our experimental design, 36 soil samples were col-
lected; i.e. 3 plots (replicates) *3 burn severity classes*2 plant recovery
types*2 years (June 2015 and 2017) (Fig. 1). Each soil sample was
composed of six soil subsamples (2× 2 m subplots), including the
upper 5 cm layer prior to litter removal, in the plots with a similar
orientation, slope and percentage of bare soil to reduce the variability
of other factors. Soil subsamples were mixed in a bag, the plants and
debris removed, and taken to the laboratory where they were passed
through a 2-mm sieve and kept at 4 °C for less than 1 month to avoid
any influence on the parameters analyzed in the laboratory (Andrés
Abellan et al., 2011; Bárcenas-Moreno et al., 2016).
The physico-chemical characterization was based on a soil analysis

done in 2015 (3 years after fire) to record texture, pH, Kjeldahl nitrogen
(N) (Bremmer and Mulvaney, 1982), available phosphorus (P) (Olsen

and Sommers, 1982) and soil organic carbon (Corg), as determined by
the potassium dichromate oxidation method (Nelson and Sommers,
1982) (Table 1).
Our biological approach was based on the response of the soil

quality indicators, which have been shown to be sensitive to soil
burning (Mataix-Solera et al., 2009; Moya et al., 2018), including basal
soil respiration (BSR), microbial biomass carbon (Cmic), the carbon
mineralization coefficient (Cmineral) (1), the metabolic quotient
(qCO2) (2), the microbial quotient (Cmic:Corg) (3), and three enzy-
matic activities. BSR was measured in a multiple sensor respirometer
(Micro-Oxymax, Columbus, OH, USA). Following the method adapted
by Bárcenas-Moreno et al. (2016), Cmic was determined by the fumi-
gation-extraction method (Vance et al., 1987).

Cmineral Basal Soil Respiration BSR
Soil organic Carbon Corg

( )
( )

=
(1)

qCO Basal Soil Respiration BSR
Microbial biomass Carbon Cmic

( )
( )2 =

(2)

Cmic Corg Microbial biomass Carbon Cmic
Soil organic Carbon Corg

: ( )
( )

=
(3)

The activities of the three main enzymes were selected: urease (UR),
phosphatase (PHP) and β-glucosidase (GLU). UR was assayed by taking
urea as the substrate (Tabatabai, 1994). PHP and GLU were established
using p-nitrophenyl phosphate disodium (PNPP, 0.115M) and p-ni-
trophenyl- β-D-glucopyranoside (PNG, 0.05M) as substrates, respec-
tively (Tabatabai, 1994).

2.4. Statistical analysis

Three analyses were run to determine the relationship that linked
biological soil variables with two categorical factors (burn severity
(SEVERITY) and plant recovery (PLANTRECOV)), a numerical factor
(time after fire (YEAR)) and their interactions. If the normality and
homoscedasticity assumptions were not met, a square root transfor-
mation was applied to fit normal distribution. Multivariate statistical
method (correlation analysis) analyses were performed by Pearson's
method. To meet the statistical test assumptions (equality of variance
and normal distribution), variables were square root-transformed
whenever necessary.

Fig. 1. Map showing the location of the wildfire (almost 6500 ha in the summer of 2012) in SE Spain close to Hellín (province of Albacete). The eighteen plots,
sampled in June 2015 and 2017, were set in unburned mature Aleppo pine stands (UB_REG), unburned shrublands (UB_UNREG), regenerated stands with Low-
Moderate burn severity (REG_L-M), unregenerated stands with low-moderate burn severity (UNREG_L-M), regenerated stands with moderate-high burn severity
(REG_M-H), unregenerated stands with moderate-high burn severity (UNREG_M-H).

Table 1
Mean (± SE) soil characteristics (0–5 cm depth) in the study area 3 years after
fire (June 2015, n=16 (6 samples for an unburned and 12 for a burned area).

Soil Parameter Unburned Burned

Sand (%) 54.67 ± 2.03 53.50 ± 1.17
Silt (%) 14.58 ± 0.38 13.50 ± 0.39
Clay (%) 31.53 ± 0.57 32.99 ± 0.96
pH (1:2.5) 8.10 ± 0.02 8.10 ± 0.03
Organic matter (%) 6.17 ± 1.98 5.98 ± 0.98
C/N 13.38 ± 0.26 13.92 ± 0.30
Total C (%) 3.52 ± 0.68 3.79 ± 0.37
Total nitrogen (%) 0.27 ± 0.01 0.28 ± 0.02
Available phosphorus (ppm) 3.25 ± 0.85 12.00 ± 3.56
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A one-way analysis of variance (ANOVA) or a factorial multivariate
analysis of variance (MANOVA) was used to evaluate the effects of the
significant factors, including YEAR as paired samples. The applied post
hoc test was Fisher's Least Significant Difference (LSD test) with a cri-
tical p-value of 0.05. To examine the non-correlated variables, the re-
lationships among the numerical variables were tested by nonpara-
metric Spearman Rank Correlation and Kruskal-Wallis tests instead of
ANOVA. Boxplots were employed to examine the relationships between
the numerical and categorical variables.
A principal component analysis (PCA, varimax normalized) was

performed as a multivariate approach including the biological soil
variables. The results were summarized in an ordination diagram to
calculate the structure of dependence and correlation. The missing
values were estimated to be covariance list-wise (based on complete
cases) by creating a standardized correlation matrix. The PCA reduced
the used variables by employing their linear combinations and ac-
counted for most of the variability contained in the original data. The
described statistical analyses were done with Statgraphics Centurion v.
18.1.03 (Statgraphics Technologies, Inc.), XLSTAT v. 2018 (Addinsoft)
and the R software v. 3.2.1 (R Development Core Team).

3. Results

Burn severity induced no significant changes in the texture, pH or N
recorded 3 years after fire. However, P and Corg were affected by the
YEAR*SEVERITY interaction, in addition to the significant influence of
PLANTRECOV on Corg (Fig. 2). P was higher in the burned areas, with a
maximum value in L-M (17.75 ± 6.06 ppm) (Fig. 2a). Corg showed no
significant differences between UB and L-M, but the values found in
plots M-H were significantly lower (4.82 ± 1.02 g kg−1) (Fig. 2b). The
amount of Corg was higher in REG than in UNREG (8.25 ± 1.07 and
3.83 ± 0.53 g kg−1, respectively) (Fig. 2c).
Biological indicators BSR and Cmineral showed no significant dif-

ferences in relation to the studied factors (YEAR, SEVERITY or PLAN-
TRECOVERY), but gave total averaged values of 2.16 ± 0.25mg CO2-C
kg−1 soil per h and 0.74 ± 0.13mg C-CO2 g−1 Corg h−1, respectively.
We found that Cmic and Cmic:Corg were linked to the YEAR*SEVERITY
interaction (Fig. 3). Three years after fire, Cmic was higher in M-H than
UB and L-M, but the Cmic values in the burned areas lowered 5 years
after five (Fig. 3a). Cmic:Corg showed no differences only 3 years after
fire, but these values were lower in the burned area 2 years later
(Fig. 3b).
The three enzymatic activities were linked to the YEAR*SEVERITY

interaction (Fig. 4). GLU showed increasing changes according to time
after fire, but no significant changes were related to burn severity
(Fig. 4a). UR also showed changes in the unburned plots depending on
time after fire, but the burned plots had significantly lower values than
the unburned ones (Fig. 4b). The PHP values were not related to YEAR,
but were lower in the burned plots and lowered according to time after
fire (Fig. 4c).
The Spearman rank correlations showed a negative significant cor-

relation between factor SEV with PHP (−0.40, P-value=0.03), while a
significant positive correlation was obtained for YEAR with GLU (0.84,
P-value<0.01) and UR (0.42, P-value=0.02), which was negative for
the associations between YEAR with PHP (−0.46, P-value= 0.01). UR
and GLU increased according to time after fire. UR went from
0.86 ± 0.09 to 1.26 ± 0.12 μmol NH4+ g−1 h−1 and GLU from
0.48 ± 0.02 to 1.29 ± 0.09 μmol PNP g−1 h−1 (3–5 years, respec-
tively). PHP lowered as its values went from 2.12 ± 0.23 to
1.26 ± 0.13 μmol PNP g−1 h−1 (3–5 years, respectively).
The PCA reduced the variables to a three-component solution (ei-

genvalues > 1), which we simplified it to a two-component one
(Fig. 5). The first component (PCA1) accounted for 39.21% of varia-
bility, while the second explained 22.86% of variability (PCA2). In all,
two components accumulated 62.07% of the variability contained in
the original data. The responses in soil microbiology related to burn

severity clearly clustered along the PCA1 axis, whereas recovery ac-
cording to time after fire was linked to the PCA2 axis. The squared
cosine values that related variables to the soil response to burn severity
(PCA1) were GLU (0.430), BSR (0.639) and qCO2 (0.774), which con-
tributed 13.70%, 20.36% and 24.67% to explain variability, respec-
tively. The squared cosine values to soil response to time after fire (PCA2)
were PHP (0.377), Cmic (0.448) and Cmic:Corg (0.499), and con-
tributed to variability by 18.73%, 24.48% and 27.32%, respectively.

4. Discussion

Knowledge about the effects of burn severity on the plant-soil
system (above and belowground impacts) is a major issue required to
manage natural and semi-natural landscapes for ecosystem conserva-
tion purposes (Moreira et al., 2012). Wildfires can dramatically affect
soil properties and nutrient cycling, but the proper restoration of a plant
community and post-fire rehabilitation can stabilize and mitigate ne-
gative effects (Mataix-Solera et al., 2011).
Our short and mid-term post-fire results provided data about bio-

logical soil quality recovery patterns by distinguishing between either
effect related to burn severity and plant recovery. Some effects were
interlinked, or even triggered, but they need to be studied in-depth in
different scenarios, such as plant communities (Moya et al., 2015), soil
types (Soler and Úbeda, 2018) or in-depth soil damage (Zavala et al.,
2014). The biological soil quality monitoring indicated both a positive

Fig. 2. Significant differences in soil recorded 3 years after fire depending on
burn severity (unburned, low-moderate (LOW-MID) and moderate-high burn
severity (MID-HIGH)) and natural vegetation recovery (successfully re-
generated (REG) or degraded (UNREG)). a) P (available phosphorus, ppm) re-
lated to burn severity; b) Corg (soil organic carbon, g kg−1) related to burn
severity; c) Corg (soil organic carbon, g kg−1) related to plant recovery.
Different letters indicate significant differences between the means of groups
(Fisher's Least Significant Difference (LSD) test).
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response and recovery after fire, except for PHP, which dropped ac-
cording to time after fire and confirms previously obtained conclusions
(López-Poma and Bautista, 2014; Certini, 2005; Knelman et al., 2015).
Successful plant regeneration has been related to availability of

nutrients (Goberna et al., 2007), and promoted the microbial quotient
in our study due to the increase in exchangeable cations, from ash
deposition and decomposition, which was higher for moderate burn
severity (Moya et al., 2018; Pausas et al., 2004). Corg was also de-
pendent on plant recovery, especially to pine litter, which has been
related to vegetation and climate effects more than to soil properties
(Mastrolonardo et al., 2013).
In the studied semiarid stands, microbial activity after fire slowly

recovered due to the low carbon mineralization rates and poor nutrient
availability, which could increase vulnerability to more frequent and
severe disturbances (Hinojosa et al., 2016). Soil extracellular acid
phosphatase activity reduced according to higher burn severity, which
has been related to fire damage and soil characteristics (Busse et al.,
2005; Moya et al., 2018).
The activities of β-glucosidase, urease and dehydrogenase were

enhanced according to time after fire. In closer areas, high burn severity
promoted P and UR, but reduced GLU, with prefire values recovering in
the mid-term (Moya et al., 2018; López-Poma and Bautista, 2014;
Pizarro-Tobías et al., 2015). Acid phosphatase, produced mostly by
plants, reduced according to time after fire, at least over the first 5 post-
fire years. After fire, available P usually increases due to the combustion
of the organic part of fuel load and the deposition of ashes (Mataix-
Solera, 1999), which was enhanced with high burn severity where the
large amount of available P inhibited PHP (Pereira et al., 2018). This
could be due to the combined effect of ephemeral higher inorganic P
availability (due to a high surface temperature during fire) and the post-
fire drought decreasing microbial activity shortly after being consumed
(Neary et al., 1999; Muñoz-Rojas et al., 2016). This is a key point re-
lated to burn severity and post-fire management, mainly in semiarid
stands with frequent droughts where P availability is a limiting factor
for Mediterranean ecosystems, especially for Aleppo pine recruitment
(Ayari and Khouja, 2014; Sardans and Peñuelas, 2004).

Burn severity negatively impacts the soil-plant system and increased
the immaturity risk period in Aleppo pine stands to 21 years after fire in
semiarid areas (Moya et al., 2018). Preventive methods to reduce forest
fuel accumulation should be a critical and key point in forest man-
agement plans, especially in fire-prone landscapes, and also in dry or
semiarid areas of the Mediterranean Basin (Hedo et al., 2015). Me-
chanical tools and prescribed burning have been implemented as land
management tools to reduce fuel loads, but both can affect soil quality
and plant communities (Francos et al., 2018; Plaza-Álvarez et al., 2017;
Espinosa et al., 2018; Sagra et al., 2017). Post-fire restoration man-
agement should consider promoting plant diversity and the presence of
resprouters, but also no intervention as an option to prevent, mitigate
and reduce soil degradation (Pereira et al., 2018).

5. Conclusions

Our research concludes that in Mediterranean fire-prone Aleppo
pine stands, different burn severities affect early plant community re-
covery patterns, linked to time after disturbance and the activity of soil
extracellular enzymes. Fire effects followed different trends depending
on burn severity which can be characterized by the alteration of soil
microbial parameters, although impact was diluted with time in low
burn severity. Also, burn severity induced differences in nutrient
availability (mainly Phosphorus) and microbial activity varied probably
due to lower ash incorporation into the soil. Also, variations in Cmic,

Fig. 3. Significant differences in the post-fire values of the biological soil in-
dicators (3 and 5 years after), depending on burn severity (unburned, low-
moderate (LOW-MID) and moderate-high burn severity (MID-HIGH)). a) Cmic
(microbial biomass carbon (Cmic, mg kg−1 soil) and b) Cmic:Corg (microbial
quotient, %). Different letters indicate significant differences between the
means of groups (Fisher's Least Significant Difference (LSD) test).

Fig. 4. Significant differences in the post-fire enzymatic activities of soil 3 and 5
years after), depending on burn severity (unburned, low-moderate (LOW-MID)
and moderate-high burn severity (MID-HIGH)). a) GLU (β-glucosidase activity,
μmol PNP g−1 h−1); b) UR (urease activity, μmol NH4+ g−1 h−1); c) PHP
(phosphatase, μmol PNP g−1 h−1). Letters indicate the significant differences
between the means of groups (Fisher's Least Significant Difference (LSD) test).
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Corg and Cmic, Corg ratio evidenced the damage produced by higher
fire severity that remained five years after fire.
This knowledge could prove to be an effective tool to be included in

adaptive forest management and wildfire prevention plans to conserve
and restore landscape heterogeneity, and to conserve plant and soil
biodiversity. This aspect is crucial in arid and semiarid regions with
fire-prone habitats and vulnerable biological soil stability because un-
desirable intervention tools could degrade them. Thus, post-fire man-
agement should consider “no intervention” as a useful tool to mitigate
the negative effects related to high burn severity on soil properties and
nutrient cycles. In addition, this tool should include a monitoring and
evaluation framework to quantify success rates in mitigating loss of
ecosystem services and improving resilience, vulnerability and resi-
lience.
According to our results, forest protection against fire should in-

clude not only fire prevention but, in case of new wildfires, to ensure
patches burned with low severity to promote natural recovery in the
short-term after fire.
Therefore, adaptive forest management should include tools to re-

duce burn severity and recurrence, such as prescribed fires and proper
rehabilitation after wildfires, mainly in areas at high desertification
risk.
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