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Abstract: Global change is altering fire frequency and severity in many regions across the world.
In this work, we studied the impact of different frequency and severity regimes on the soil biochemical
properties in burned areas with different environmental conditions. We selected three sites dominated
by pine ecosystems along a Mediterranean-Transition-Oceanic climatic gradient, where we determined
the fire frequency, and severity of the last wildfire. Four years after the last wildfire, we established
184 4 m? plots. In each plot, we collected a composed soil sample from a 3 cm depth, and measured
several ecological variables potentially affected by the fire frequency and severity (cover of bare soil,
cover of fine and coarse plant debris, cover of vegetation, and vegetation height). From each soil
sample, we analyzed the enzymatic activities corresponding to the biogeochemical cycles of carbon,
nitrogen, and phosphorus (3-glucosidase, urease, and acid-phosphatase, respectively), and the
microbial biomass carbon. The results indicated that fire frequency only played a significant role
in soil biochemical properties at the Mediterranean and Transition sites. Specifically, we found that
increases in frequency contributed to increased urease and phosphatase activities (at the Transition
site), as well as microbial biomass carbon (at the Mediterranean and Transition sites). In relation to
burn severity, we found opposite patterns when comparing the Mediterranean and Oceanic sites.
Specifically, increased severity significantly decreased (3-glucosidase, urease, and microbial biomass
carbon at the Mediterranean site, whereas at the Oceanic one, severity significantly increased them.
Burn severity also decreased microbial biomass carbon at the Transition site. Our results also indicated
that, overall, fire frequency determined the studied ecological variables at the Mediterranean and
Transition sites, but clear indirect effects on biochemical properties due to changes in ecological
variables were not found. This study adds to the knowledge on the impact of shifts in fire regimes on
soils in the current context of change.

Keywords:  burn severity; fire frequency; enzymatic activities; microbial biomass;
environmental conditions

1. Introduction

More than half of the Earth’s surface is vulnerable to forest fires [1,2]. In general, ecosystems
are adapted to natural fire regimes, recovering under a relatively wide range of fire frequencies and
severities [3]. However, fire regimes are changing in many regions across the globe [4-6]. In view of
vegetation encroachment due to farmland abandonment that has occurred in the last decades [7,8] and
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climate change projections [9], Southern Europe is one of the regions where fire regimes may change to
a greater extent [10,11].

The term fire regime refers to the spatial, magnitude, and temporal attributes of fire in a given
ecosystem [12-14]. Nowadays, much research investigates the importance of changes in fire regimes,
most of which focuses on the fire frequency and severity [15-19]. Fire frequency is a temporal fire
regime attribute defined as the number of fires in a given period [12]. Burn severity is a magnitude fire
regime attribute defined as the loss of or change in ecosystem biomass that can be measured by remote
sensing methods [20]. Both attributes have been shown to shape the ecosystem structure, composition,
and resilience [12,20] and determine the fire impacts in relation to soil properties [16,17]. However, it is
not clear whether the fire frequency and burn severity effects on soils are consistent across ecosystems
with different environmental conditions, such as different climates and soil types [17].

Fire impacts on soils are particularly intense in fire-prone pine forests [7]. In these forests, which
are the most affected by wildfires in Southern Europe [21-23], fire causes immediate changes in
soils [16] that may persist for several years because of the direct impact and changes in the ecological
variables, such as vegetation cover [17-25]. In the long term (>5 years), the effects of fire on soil
properties are less evident [26,27]. Many works have studied the impact of fire on soil physical
properties, reporting decreases in the surface water repellency after frequent fires [19], and decreases
in the size of soil aggregates at high severities [16,28]. Other studies have focused on soil chemical
properties. For instance, it has been demonstrated that frequent fires can decrease some nutrients,
such as the total nitrogen (N) [29,30], whereas severe fires usually decrease organic carbon (C) and
increase available phosphorus (P) concentrations [16,17]. However, although some studies have
addressed fire frequency [31,32] and burn severity [15,33-35] impacts on soil biochemical properties,
to our knowledge, none of them have analyzed potential interaction effects between both attributes on
soil enzymatic activities and microbial biomass.

Soil enzymatic activities catalyze all biochemical reactions in soils [36]. There are multiple
soil extracellular enzymes, and each one catalyzes a specific chemical reaction. However, those
involved in the cycles of major soil nutrients, such as glycosidases (involved in the C cycle),
amidohydrolases (involved in the N cycle), and phosphatases (involved in P mineralization),
are particularly relevant [10,26,37]. B-glucosidases are the predominant glycosidases in soils [36].
-glucosidases hydrolyze glycosidic bonds of glucosides and oligosaccharides releasing glucose, being
key elements in cellobiose degradation [38]. Urease is one of the most important amidohydrolases in
soils [36], as it hydrolyzes urea into ammonia [38]. Among phosphatases, acid phosphatase has been
the most extensively studied [36] because it hydrolyzes phosphate monoesters into phosphate [38],
contributing to P mineralization and plant nutrition. The main source of soil extracellular enzymes
is the microbial biomass (bacteria plus fungi) [10,36], which can also act as a nutrient source due to
fast turnover, and contributes to stabilizing soil organic matter [39,40]. Consequently, soil enzyme
activities and microbial biomass usually show similar patterns in undisturbed soils [34,37]. However,
fire frequency and severity may have different impacts on the activity of soil enzymes and microbial
biomass [17,18,34].

Fire regimes might affect enzymatic activities and the microbial biomass because of direct
impacts [15,16,31,32], but may also modify ecological variables, such as the vegetation cover or plant
debris, which are expected to be lower after frequent and severe fires [18,20,41]. In fact, densely
vegetated areas usually have higher enzymatic activity and microbial biomass C [42,43], because
roots and plant residues are, along with the microbial biomass, important sources of soil extracellular
enzymes [36,42]. However, potential indirect effects of fire frequency and severity on soil biochemical
properties through changes in ecological variables have not been studied in depth. Further knowledge
is important to elucidate how changes in fire regimes modify the enzymatic activity of soils and
microbial biomass in the current scenario of global change.

The aim of this work is to study the effects of fire frequency and burn severity on soil biochemical
properties four years after a fire. Specifically, we aim to answer the following questions: (i)
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Are fire frequency and severity related to the activity of soil enzymes (f3-glucosidase, urease,
and acid-phosphatase) and microbial biomass C in the same way under different environmental
conditions? (ii) Are fire frequency and severity impacts on soil biochemical properties a consequence
of changes in vegetation and plant residues covering soil?

2. Materials and Methods

2.1. Study Sites

We selected three study sites (Figure 1) within the Iberian Peninsula along the
Mediterranean-Oceanic climatic gradient: the Mediterranean site, the area affected by a wildfire
in Cortes de Pallas in summer 2012 (297 km?); the Transition site, the area affected by a wildfire in
Sierra del Teleno in summer 2012 (119 km?); and the Oceanic site, the area affected by a wildfire in
Monte Pindo in summer 2013 (25 km?). The three wildfires were largely stand-replacing fires affecting
serotinous pine forests.

The Mediterranean site is located in the eastern Iberian Peninsula (39°18’ N, 0°54” W; province
of Valencia). The climate in this region is characterized by hot dry summers that give rise to four
months of summer drought, annual precipitation of 400-600 mm, and a mean annual temperature of
13-17 °C [44]. The orography is mountainous, with an altitude between 120 and 942 m. The lithology is
calcareous, with basic soils (8.14 + 0.06; mean pH + standard error) predominantly classified as Haplic
Calcisol and Calcari-lithic Leptosol [45]. Soil texture ranges from loamy sand to sandy loam. Much of
the vegetation affected by the wildfires were Pinus halepensis Mill. forests with a Mediterranean scrub
undergrowth comprised of Ulex parviflorus Pourr., Quercus coccifera L., and Rosmarinus officinalis L.,
among other species. The Mediterranean site was affected by wildfires in 1978, 1991, 1994, and 2012.
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Figure 1. Location of the study sites in the Iberian Peninsula (panel on the left) and perimeters of the
last wildfire in each study site with the different fire frequencies of 1, 2, and 3 fires and severities of the
last wildfire of low and high differenced Normalized Burn Ratio (ANBR), using 0.55 as the threshold
(panel in the centre). Panels on the right show the climate diagrams of the closest meteorological
stations for a period > 13 years [46]. Maps based on [47].
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The Transition site is located in the northwestern Iberian Peninsula (42°15" N, 6°11” W, province
of Ledén). The climate at this site is characterized by temperate dry summers with two months of
summer drought, annual precipitation of 600-800 mm, and a mean annual temperature of 8-11 °C [44].
The orography is mountainous, with altitudes ranging between 836 and 1493 m. The lithology is
siliceous, with sandy loam acidic soils (pH 4.86 + 0.14), predominantly Haplic Umbrisol and Dystric
Regosol [45]. The Transition site is occupied by Pinus pinaster Ait. ecosystems, with a shrub community
dominated by Pterospartum tridentatum (L.) Willk., Halimium lasianthum (Lam.) Spach, and Erica australis
L. The Transition site was affected by wildfires in 1978, 1991, 1998, and 2012.

The Oceanic site is located in the northwestern Iberian Peninsula (42°53’ N, 9°7" W; province of
La Coruna). The climate in this region is characterized by temperate summers with no drought, annual
precipitation of 1700-1800 mm, and a mean annual temperature of 12-15 °C [44]. The orography
is mountainous, with an altitude rising from sea level to 929 m. Soils are siliceous (pH 5.08 + 0.10)
with frequently exposed bedrock (biotite granite), predominantly classified as Umbrisols [45].
Vegetation comprises P. pinaster forests highly variable in terms of tree density, with some of them having
developed over abandoned crop fields and plantations. The presence of Eucalyptus globulus Labill is
also common. The understorey is mostly comprised of Ulex europaeus L., Rubus sp., Cytisus scoparius
(L.) Link, and Erica umbellata Loefl. ex L. The Oceanic site was affected by fires in 1995, 1999, 2000, 2001,
2004, 2005, and 2013.

2.2. Fire Regime Attributes: Frequency and Severity

In order to calculate fire frequency, we obtained the fire perimeters for 1978-2012 at the
Mediterranean and Transition sites and for 1990-2013 at the Oceanic one. For the Oceanic site,
we selected a shorter period because of major changes in land use prior to that date and the lack of
reliable sources of information to quantify burn severity for longer (low availability of cloud-free
Landsat scenes). For the Mediterranean site, official cartography of fires was available for 1978 onwards.
For the Transition and Oceanic sites, we digitized the fire perimeters using false color composites from
Landsat imagery (MSS, TM, ETM+, and OLI sensors), according to Fernandez-Garcia [48]. Finally,
we spatially characterized the fire frequency by geo-processing the fire perimeters, calculated as the
number of wildfires.

We calculated the burn severity as a continuous variable, using the differenced Normalized Burn
Ratio (ANBR) of the last wildfire. This index is a standard measurement of burn severity and its
performance has been largely validated in many ecosystems worldwide. In pine forests of the Iberian
Peninsula, models relating dNBR and field measurements of burn severity (Composite Burn Index)
have shown R? values ranging from 0.68 to 0.88 [49]. Landsat 7 scenes from 22 August 2011 (pre-fire)
and from 25 August 2012 (post-fire) were used to calculate the dNBR at the Mediterranean site; Landsat
7 scenes from 20 September 2011 (pre-fire) and 6 September 2012 (post-fire) were used to calculate the
dNBR at the Transition site; and Landsat 8 scenes from 30 August 2013 (pre-fire) and 15 September
2013 (post-fire) were used to calculate the dNBR at the Oceanic site. Images were atmospherically and
topographically corrected before applying the dNBR algorithm. See [48] for a detailed description of
the imagery pre-processing and dNBR calculation. We used the dNBR index with values ranging from
-2to 2.

2.3. Field Sampling: Soil and Ecological Variables

In order to focus field sampling in areas with a heterogeneous fire frequency and severity, we
developed maps for each study area (Figure 1) that combined frequency (one to three fires) and severity
(low and high severity; using the dNBR value 0.55 as the threshold, with this value representing
moderate severity, according to [17,18,48,49]) categories. At the Mediterranean and Transition sites, we
focused on a study frame of 3000 ha, and at the Oceanic site, we selected the entire wildfire (2500 ha)
(Figure 1). Then, we distributed 30 m x 30 m field plots throughout all fire frequency and severity
situations that were extensively represented (six categories at the Mediterranean and Transition sites,
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and four categories at the Oceanic site). The size of 30 m X 30 m corresponds to the spatial resolution
of the fire regime maps. The minimum distance between each 30 m X 30 m plot was fixed at 200 m,
and the minimum number of plots per study site was fixed at 18. In each 30 m x 30 m plot, we
established two 2 m X 2 m field plots (one at NW, and the other at SE, separated by 20 m). A total of
184 2 m x 2 m field plots were established: 60 plots at the Mediterranean site, 88 plots at the Transition
one, and 36 plots at the Oceanic one. Plot centers were georeferenced with high-precision GPS (RMSE
X, Y <0.5m).

Four years after the last wildfires (May-June 2016 at the Mediterranean and Transition sites,
and May-June 2017 at the Oceanic site), in each 2 m X 2 m plot, we collected a soil sample composed of
four subsamples collected at the cardinal points of the plot. Soils were collected after removing herbs,
woody debris, and litter, and using an auger of a 5 cm diameter x 3 cm depth. This depth is commonly
used in fire ecology studies [16,17] because, in general, fire effects are confined to the uppermost 3 cm
of soil [1]. Soils were air-dried immediately after sampling, sieved (<2 mm), and stored at 20 °C for
2-3 months until laboratory analyses. It is important to note that the method of storing soil samples
may influence the absolute values of biochemical properties, such as enzymatic activities [50,51].

Likewise, in each 2 m X 2 m plot, we sampled several ecological variables. Specifically, we visually
estimated the percentage cover of (i) bare soil, (ii) fine plant debris, (iii) coarse plant debris, and (iv)
vegetation, and we measured the (v) maximum height of living vegetation. To accurately estimate
these ecological variables in each 2 m x 2 m plot, we used four 1 m? quadrats as the sampling unit.

2.4. Analyses of Soil Biochemical Properties: Enzymatic Activities and Microbial Biomass Carbon

From each soil sample, we analyzed the following extracellular enzymatic activities: 3-glucosidase
(EC 3.2.1.21; B-D-glucoside glucohydrolase), urease (EC 3.5.1.5; urea amidohydrolase), and acid
phosphatase (EC 3.1.3.2; phosphate-monoester phosphohydrolase). (-glucosidase and acid
phosphatase activities were analyzed according to Tabatabai [36], and urease activity was analyzed
following the procedure described by Kandeler and Gerber [52], using two sample blanks for each soil
sample. The analytical procedure for the three enzymes consisted of (i) adding excess enzyme substrate
to soil samples (p-nitrophenyl-f3-D-glucopyranoside for (3-glucosidase, p-nitrophenyl-phosphate for
phosphatase, and urea for urease), (ii) incubating soil samples with the enzyme substrate, and (iii)
colorimetrically determining the enzyme products released (p-nitrophenol -pNP- for 3-glucosidase
and acid phosphatase, and NH;* for urease) in the incubation period. The p-nitrophenol (pNP)
was measured at a 400 nm wavelength, and the NH;* at 690 nm, with a UV-1700 PharmaSpec
spectrophotometer (Shimadzu Corporation, Kyoto, Japan).

Microbial biomass C was analyzed following the fumigation-extraction method [53].
This procedure calculates the microbial biomass using the difference in organic C (EC) between
filtered extracts of chloroform-fumigated (CHCl3, 24 h) and non-fumigated soil samples. Organic C
was analyzed with Walkley-Black dichromate digestion. Then, we used an extraction efficiency
coefficient (kpc) of 0.38 [53,54] to calculate microbial biomass C according to the following formula:
microbial biomass C = EC/ kgc.

2.5. Data Analyses

To analyze the effects of fire frequency (number of fires) and burn severity (continuous dNBR
spectral index of the last fire) (explanatory variables) on the soil biochemical properties ([3-glucosidase,
urease, acid-phosphatase, and microbial biomass C; response variables), we developed generalized
linear mixed models (GLMMs). GLMMs were developed independently for each study site (1 = 60
in the Mediterranean; 7 = 88 in the Transition; n = 36 in the Oceanic) via penalized quasi-likelihood
(glmmPQL function) to account for overdispersion. The identity of each 30 m x 30 m plot was included
in the models as a random factor. According to Zuur [55], we used a Gamma error distribution in
the GLMMs to fit the response variables, which are continuous and positive. Then, to select the
most appropriate link function, we compared the identity and log link functions, and we selected
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the one with a better performance, according to the generalized R? of the GLMMs, calculated via
the standardized generalized variance approach (r2beta function). The interaction term (Frequency x
Severity) was only retained in the models when it was significant (P < 0.05)

We used Permutational Multivariate Analysis of Variance (PERMANOVA) to determine the
effects of fire frequency and severity on ecological variables (percentage cover of bare soil, fine plant
debris, coarse plant debris, vegetation, and maximum height of living vegetation). PERMANOVAs
were performed for each study site using the Adonis function (1000 random permutations). Then,
we investigated the potential effects of fire frequency and severity on soil biochemical properties
(enzyme activities and microbial biomass C) through changes in ecological variables by performing a
non-metric multidimensional scaling ordination (NMDS) for each study site. MMDSs were executed
with the metaMDS function, using the ecological variables as ordination factors. A Wisconsin double
standardization was applied to the data and Bray—Curtis dissimilarity was used to ordinate the
samples. We then used the envfit function (1000 random permutations) to calculate the correlation
of the ordination with the external variables of fire frequency, burn severity, and soil biochemical
properties, as well as with the ordination factors, obtaining the strength (R?) and significance (P) of the
correlations. Fire frequency, severity, and vectors of biochemical properties significantly related to the
ordination were represented by the NMDSs.

All data analyses were carried out with R [56], using vegan [57] nlme [58], MASS [59],
and r2glmm [60] packages.

3. Results

3.1. Relationships between Fire Regime Attributes and Soil Biochemical Properties

GLMMs indicated that, overall, the microbial biomass C was the property most strongly related
to fire regime attributes (0.41 + 0.13; mean generalized R? + standard error), and [-glucosidase activity
was the property most weakly related (0.13 + 0.06) (Table 1). However, the strength of the relationships
between fire regime attributes and soil biochemical properties varied, depending on the study site
(Table 1; Figure 2).

Table 1. Mean generalized R? for the Generalized Linear Mixed Models (GLMMs), semi-partial R
for each model predictor (fire frequency and burn severity), and 95% confidence levels for the R2
values (UC: upper confidence level; LC: lower confidence level) [‘r2beta ()’ outputs] at each study
site (Mediterranean, Transition, and Oceanic) and average values of the three study sites. Significant
interactions between frequency and severity were not found. SE = standard error.

Response Variable  Predictor Mediterranean Transition Oceanic Average
R? uc LC R? Uuc ILC R? uc LC R? + SE

Model 015 035 003 002 015 000 023 050 0.05 0.13+0.06

3-glucosidase Frequency 0.05 022 0.00 002 013 000 0.02 022 0.00 0.03+0.01
Severity 0.12 031 0.01 0.00 007 000 022 048 003 0.11+0.06

Model 016 036 004 013 030 004 047 068 026 0.25+0.11

Urease Frequency 0.01 011 0.00 012 027 002 0.04 026 0.00 0.06+0.03
Severity 0.14 034 0.02 004 015 000 046 067 023 021+0.13

Model 004 021 000 034 050 020 028 054 0.08 0.22+0.09

Phosphatase Frequency 0.03 018 0.00 034 049 019 0.09 034 0.00 0.15+0.09
Severity 001 012 0.00 0.03 013 000 011 036 000 0.05+0.03

Model 030 050 014 020 042 012 067 081 051 041+0.13

Microbial biomass C ~ Frequency 020 040 0.05 019 035 007 0.00 015 0.00 0.13+0.07
Severity  0.10 028 0.04 014 030 004 063 078 045 0.29+0.17

GLMM s also showed that fire frequency affected the soil biochemical properties in different ways
than burn severity, and significant interaction effects between frequency and severity were not detected
(Figure 2; Table S1), suggesting that a separate analysis of the effects of these fire regime attributes
is appropriate.
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Therefore, in relation to fire frequency, we found significant effects on soil biochemical properties
at the Mediterranean and Transition sites, whereas no effects at the Oceanic site (Figure 2, Table S1).
In particular, our results showed that frequency significantly increased urease and phosphatase
activities at the Transition site, and significantly increased microbial biomass C at the Mediterranean
and Transition sites.

Focusing on burn severity, we found significant decreases in (3-glucosidase and urease activities
with severity at the Mediterranean site, whereas the activity of both enzymes significantly increased at
the Oceanic site (Figure 2). Likewise, burn severity decreased microbial biomass C at the Mediterranean
and Transition sites, and increased it at the Oceanic one.
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Figure 2. Mean predicted (a) 3-glucosidase, (b) urease, (c) and phosphatase activities, and (d) microbial
biomass C in relation to fire frequency (number of fires) and severity (ANBR of the last fire) at the
Mediterranean (panels on the left, orange), Transition (panels in the centre, green), and Oceanic (panels
on the right, blue) sites. R? values indicate the mean generalized variance explained by the GLMMs.
Significance of model predictors (frequency and severity) is represented by * (P < 0.05) and ** (P < 0.01).
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3.2. Impacts of Fire Regime Attributes on Soil Biochemical Properties Through Changes in Ecological Variables

The PERMANOVA (Table 2) showed significant effects of fire frequency on the studied ecological
variables considered (percentage cover of bare soil, of fine plant debris, and of coarse plant debris;
vegetation; and maximum height of living vegetation) at the Mediterranean and Transition sites.
The results also showed significant effects of burn severity at the Transition site. For the Oceanic site,
the statistical model showed no evidence of an effect.

Table 2. Results of the Permutational Multivariate Analysis of Variance (PERMANOVA) [‘adonis()’
outputs], showing the effects of the variables fire frequency and burn severity on ecological variables
(percentage cover of bare soil, of fine plant debris, and of coarse plant debris; vegetation; and maximum
height of living vegetation).

Response Variable  Predictor Mediterranean Transition Oceanic
F P F P F P
Frequency 4.37 0.02 528 <0.01 0.53 0.59

Ecological variabl
COTOBICAlVATIAbIES  geverity 186 016 320 004 014 086

Significant P-values are shown in a bold face.

The NMDS at the Mediterranean site (Figure 3a) was able to ordinate plots in relation to fire
frequency (R? = 0.17; Table 3). At this site, phosphatase activity was the only biochemical property
related to the ordination (R? = 0.18). Phosphatase activity was higher in plots with high vegetation cover
and low coarse debris. In this sense, increases in fire frequency could positively affect phosphatase
activity through decreases in coarse debris (as it decreased with frequency), but we have not found a
clear relationship between vegetation cover and fire frequency.

Table 3. Relationship between the NMDS (Figure 3) and the external variables fire frequency; burn
severity; f-glucosidase, urease, and phosphatase activities; microbial biomass C; and the ordination
vectors (percentage cover of bare soil, fine, and coarse plant debris; vegetation; and vegetation
maximum height). Determination coefficients (R?) and significance (P) were obtained using 1000
random permutations.

Variable Mediterranean Transition Oceanic
R? p R? p R? P

Frequency 0.17 0.02 0.25 <0.01 0.12 0.13
Severity 0.04 0.42 0.08 0.05 0.02 0.71
B-glucosidase 0.02 0.68 0.11 0.02 0.20 0.02
Urease 0.04 0.41 0.03 0.29 0.23 0.02
Phosphatase 0.18 0.02 0.06 0.11 0.05 0.48
Microbial biomass C 0.10 0.08 0.06 0.10 0.03 0.63
Bare soil 0.93 <0.01 0.82 <0.01 0.63 <0.01
Fine plant debris 0.88 <0.01 0.81 <0.01 0.79 <0.01
Coarse plant debris 0.85 <0.01 0.37 <0.01 0.47 <0.01
Vegetation cover 0.83 <0.01 0.85 <0.01 0.71 <0.01
Vegetation height 0.20 <0.01 0.41 <0.01 0.26 <0.01

Significant P-values are shown in a bold face.
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Figure 3. Non-metric multidimensional scaling ordination (NMDS) ordination of the plots from
the three study sites ((a) Mediterranean in orange, (b) Transition in green, and (c) Oceanic in blue)
performed with the ecological variables represented by black vectors: percentage cover of (i) bare soil,
(ii) fine, and (iii) coarse plant debris; (iv) vegetation; and (v) vegetation maximum height. The external
variables -glucosidase (Glu), urease (Ure), and phosphatase (Pho) activities, and microbial biomass
C, were fitted to the NMDS (red vectors) and shown when significant. Shape size represents fire
frequency (number of fires) and color ramp represents severity (ANBR of the last fire). See Table 3 for

further information.
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The NMDS at the Transition site (Figure 3a) significantly ordinated plots according to fire frequency
(R? = 0.25; Table 3). At this site, we found that -glucosidase activity was related to the ordination
(R? = 0.11), increasing with the cover of bare soil, and decreasing with vegetation height, vegetation
cover, and coarse debris.

The ordination at the Oceanic site (Figure 3c) showed that urease and 3-glucosidase activities were
positively related to vegetation height. However, we did not find a significant relationship between
this ordination and the fire regime attributes.

4. Discussion

Our results demonstrate that fire regime attributes (fire frequency and severity) measured through
remote sensing methods are related to soil biochemical properties (microbial biomass and soil enzyme
activities) four years after a fire. Previous works have shown that soil biochemical properties are highly
sensitive to environmental disturbances such as wildfires [16,17,61]. However, the effects of wildfires
seem to depend on the environmental conditions at each site. In fact, the effect of fire regime attributes
could be reduced at the Oceanic site because of fast regeneration and favorable conditions of humidity
and temperature, which increase biological activity.

Burn severity increased soil microbial biomass, and (3-glucosidase and urease activities at the
Oceanic site, whereas the opposite effect was detected at the Mediterranean and Transition sites.
Soil microbial biomass is a good indicator of changes in soil because it is very sensitive to stress
conditions produced by disturbances such as fires [62]. Immediately after a fire, soil heating is lethal
for many microorganisms, and microbial biomass can decrease to undetectable levels [27,63]. In soils
affected by a high burn severity, negative effects on microbial biomass have been detected for more
than 10 years after fires because of the slow recovery of fungi [33], whose contribution to soil microbial
biomass is greater than that of bacteria. Microorganisms are sensitive to soil temperature (threshold
for microbial mortality of around 60 °C, according to DeBano [64]) and to changes in pH and toxic
substances after a fire [34]. The recovery of microbial biomass after a fire may be slow and depends on
key factors, such as climatic conditions, land use patterns, and vegetation cover [65]. The increase of
microbial biomass with burn severity at the Oceanic site can be related to the spatial heterogeneity and
the diverse land use history at this site. Whereas the Mediterranean and Transition sites presented
a more homogeneous Pinus forest, the Oceanic site was a diverse mosaic of pine forests, plantations,
and abandoned crop fields colonized by pines. Therefore, the highest values of microbial biomass
and enzymatic activity in our study could be linked to forests, which usually present more biomass
and activity than plantations and abandoned crop fields [66]. In addition, the post-fire regeneration
of the dominant shrub at the Oceanic site (Ulex europaeus) was faster than the post-fire recovery of
shrub species in the other two areas. The regeneration of vegetation improves the soil structure and
detoxifies toxic substances that developed during combustion [67], and these factors are decisive for
soil microbial recovery.

Soil enzymes can be inactivated after intense wildfires due to heat denaturation. Four years
after fires, we found that the soil extracellular enzyme activity rates (3-glucosidase, urease, and acid
phosphatase) were also affected by burn severity in different ways, depending on the study site.
Burn severity decreases 3-glucosidase and urease activities at the Mediterranean site, according to
Miesel et al. [68], but increases them at Oceanic sites. This pattern shows a strong relationship between
soil microbial biota and soil enzymatic activity, since the further enzymatic extracellular activities are
produced by microorganisms due to their high biomass, metabolic activity, and short life cycle [69].
The low microbial activity associated with a high severity level reflects the poor conditions for the
development of microorganisms, such as the lack of labile C, N, and P [34,70,71] and the presence of
organic pollutants [72].

Fire frequency had no influence on soil biochemical properties at the Oceanic site, but at the
Transition site, fire frequency tended to counteract the negative effect of burn severity. This effect
could be related to two factors: (i) the level of nutrients and (ii) the fast recovery of vegetation.
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Fire frequency increased urease and phosphatase activity at the Transition site, exhibiting a greater
reliance of the soil nutrient concentrations [37], because organisms generate enzymes to catalyze the
release of nutrients [17]. In fact, at our study sites, available phosphorous levels were not recovered
in the highest fire frequency situations (unpublished data from the GESFIRE project). Furthermore,
the areas with a high frequency are characterized by the dominance of resprouter shrubs with fast
regeneration [48] and phosphatase activity increased with the vegetation due to a higher influence
of roots, the main source of acid phosphatase [42]. On the other hand, fire frequency increased soil
microbial biomass at the Mediterranean and Transition sites, which could also be related to the increase
in woody species cover favoring the recovery of organic matter and microbial biomass.

The statistical model also showed significant effects of fire frequency on the analyzed ecological
variables considered (cover of bare soil, fine plant debris, and coarse plant debris; vegetation; and
vegetation height) at the Transition and Mediterranean sites, but not at the Oceanic one. The NMDS
was able to find a significant relationship between the analyzed ecological variables and phosphatase
activity at the Mediterranean site, which increased in the areas with a high vegetation cover. This finding
was in agreement with Lopez-Poma and Bautista [73] and Mayor et al. [42], who observed that in
Mediterranean areas, there is a close relationship between phosphatase activity and woody resprouters
cover after a fire. A similar pattern was detected at the Oceanic site, with higher values of 3-glucosidase
and urease in those plots with higher vegetation cover and height. These relationships can be
attributed to increases in enzyme substrates by litter accumulation and to increases in the abundance
of microorganisms, as they are the main source of 3-glucosidase and urease [42]. Further studies
are necessary to better understand the underlying factors responsible for the different effects of fire
frequency and severity on soil biochemical properties along climatic gradients. We also encourage
future research to characterize fire regimes using field-based methods, as they could be suitable (i) for
characterizing fire frequency for longer periods, (ii) and obtaining accurate burn severity measurements,
as remote sensing methods have a limited capacity to quantify soil burn severity [49].

5. Conclusions

Changes in climate and land-use are modifying fire regimes across the globe [5,6,8]. Therefore,
it is interesting to know how shifts in fire frequency and severity affect soil biochemical properties
such as enzymatic activities and microbial biomass C.

Our study indicated that fire frequency affects soil biochemical properties in different ways
than burn severity, with the effects varying among the study sites. Therefore, increases in fire
frequency increase microbial biomass C in Mediterranean conditions, and increase urease, phosphatase,
and microbial biomass C in Transition conditions, whereas the effects of fire frequency were
insignificant under Oceanic conditions. Moreover, increases in burn severity had opposite effects at
the Mediterranean (decreasing (3-glucosidase, urease, and microbial biomass C) and Oceanic sites
(increasing -glucosidase, urease, and microbial biomass C). Mediterranean and Transition sites
showed the same pattern in relation to microbial biomass C.

Overall, fire frequency determines ecological variables (cover of bare soil, of fine plant debris,
and of coarse plant debris; vegetation; and maximum height of living vegetation) in Mediterranean
and Transition conditions, but indirect effects of fire frequency on soil biochemical properties due to
changes in these ecological variables were not clearly identified.

Therefore, we conclude that fire frequency and severity continue to influence soil biochemical
properties even four years after a fire, but the strength and direction of the effects largely vary among
sites with different environmental conditions. Future research could focus on clarifying the importance
of each environmental condition, particularly the soil type and climate, in determining the effects of
fire frequency and severity on soil biochemical properties.



Forests 2020, 11, 274 12 of 15

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/3/274/s1:
Table S1: Results of the fixed effects of the Generalized Linear Mixed Models (GLMMs) [‘summary()’ outputs] in
the three study sites (Mediterranean, Transition, and Oceanic), indicating the effects of the variables fire frequency
recurrence (number of fires) and burn severity (ANBR ranging from -2 to 2) on soil properties.

Author Contributions: V.F-G., EM., and L.C. conceived and designed the experiment; V.E-G. and E.M. analyzed
the soil properties in the laboratory; O.R. and L.C. obtained the data of the vegetation in the field; V.E.-G. analyzed
the data; V.E-G., EM., and L.C. wrote the paper; L.C. coordinated the study. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was financially supported by the Spanish Ministry of Economy and Competitiveness; the
Spanish Ministry of Science, Innovation and Universities; and the European Regional Development Fund (ERDEF),
in the framework of the GESFIRE (AGL2013-48189-C2-1-R) and FIRESEVES (AGL2017-86075-C2-1-R) projects, and
by the Regional Government of Castile and Leén in the framework of the FIRECYL (LE033U14) and SEFIRECYL
(LE001P17) projects.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Moreno, J.M.; Oechel, W.C. The Role of Fire in Mediterranean-Type Ecosystems; Springer: New York, NY,
USA, 1994.

2. Keeley, J.E.; Bond, WJ.; Bradstock, R.A.; Pausas, J.; Rundel, P.W. Fire in Mediterranean Ecosystems: Ecology,
Evolution and Management; Cambridge University Press: Cambridge, UK, 2012.

3. Noss, RE,; Franklin, J.E.; Baker, W.L.; Schoennagel, PM.; Moyle, P.B. Managing fire-prone forests in the
western United States. Front. Ecol. Environ. 2006, 4, 481-487. [CrossRef]

4. Mouillot, E; Rambal, S.; Joffre, R. Simulating climate change impacts on fire frequency and vegetation
dynamics in a Mediterranean-type ecosystem. Glob. Chang. Biol. 2002, 8, 423-437. [CrossRef]

5. Vazquez, A.; Climent, ].M.; Casais, L.; Quintana, ].R. Current and future estimates for the fire frequency and
the fire rotation period in the main woodland types of peninsular Spain: A case-study approach. For. Syst.
2015, 24, e031. [CrossRef]

6.  Parks, S.A.; Miller, C.; Abatzoglou, ].T.; Holsinger, L.M.; Parisien, M. A.; Dobrowski, S.Z. How will climate
change affect wildland fire severity in the western US? Environ. Res. Lett. 2016, 11, 035002. [CrossRef]

7. Pausas, ].G.; Llovet, J.; Rodrigo, A.; Vallejo, R. Are wildfires a disaster in the Mediterranean basin?—A review.
Int. J. Wildland Fire 2008, 17, 713-723. [CrossRef]

8.  Vilar, L.; Garrido, J.; Echavarria, P.; Martinez-Vega, ].; Martin, M.P. Comparative analysis of CORINE and
climate change initiative land cover maps in Europe: Implications for wildfire occurrence estimation at
regional and local scales. Int. Appl. Earth Obs. 2019, 78, 102-117. [CrossRef]

9. Giorgi, E; Lionello, P. Climate change projections for the Mediterranean region. Glob. Planet. Chang. 2008, 63,
90-104. [CrossRef]

10. Hinojosa, M.B.; Parra, A.; Laudicina, V.A.; Moreno, ].M. Post-fire soil functionality and microbial community
structure in a Mediterranean shrubland subjected to experimental drought. Sci. Total Environ. 2016, 573,
1178-1189. [CrossRef]

11.  Catalanotti, A.E.; Giuditta, E.; Marzaioli, R.; Ascoli, D.; Esposito, A.; Strumia, S.; Mazzoleni, S.; Rutigliano, FA.
Effects of single and repeated prescribed burns on soil organic C and microbial activity in a Pinus halepensis
plantation of Southern Italy. Appl. Soil Ecol. 2017, 125, 108-116. [CrossRef]

12. Van Wagtendonk, ].W.; Lutz, ].A. Fire Regime Attributes of Wildland Fires in Yosemite National Park, USA.
Fire Ecol. 2007, 3, 34-52. [CrossRef]

13. Bowman, D.M.].S.; Balch, J.K.; Artaxo, P.; Bond, W.J.; Carlson, J.M.; Cochrane, M.A.; D’ Antonio, C.M.;
DeFries, R.S.; Doyle, ].C.; Harrison, S.P,; et al. Fire in the Earth system. Science 2009, 324, 481-484. [CrossRef]

14. Rundel, PW,; Arroyo, M.TK.; Cowling, R.M.; Keeley, ].E.; Lamont, B.B.; Pausas, ].G.; Vargas, P. Fire and Plant
Diversification in Mediterranean-Climate Regions. Front. Plant Sci. 2018, 9, 851. [CrossRef] [PubMed]

15. Moya, D.; Gonzalez-De Vega, S.; Garcia-Orenes, F.; Morugan-Coronado, A.; Arcenegui, V.; Mataix-Solera, J.;
Lucas-Borja, M.E.; de las Heras, J. Temporal characterization of soil-plant natural recovery related to fire
severity in burned Pinus halepensis Mill. forests. Sci. Total Environ. 2018, 640-641, 42-51. [CrossRef] [PubMed]


http://www.mdpi.com/1999-4907/11/3/274/s1
http://dx.doi.org/10.1890/1540-9295(2006)4[481:MFFITW]2.0.CO;2
http://dx.doi.org/10.1046/j.1365-2486.2002.00494.x
http://dx.doi.org/10.5424/fs/2015242-06454
http://dx.doi.org/10.1088/1748-9326/11/3/035002
http://dx.doi.org/10.1071/WF07151
http://dx.doi.org/10.1016/j.jag.2019.01.019
http://dx.doi.org/10.1016/j.gloplacha.2007.09.005
http://dx.doi.org/10.1016/j.scitotenv.2016.03.117
http://dx.doi.org/10.1016/j.apsoil.2017.12.015
http://dx.doi.org/10.4996/fireecology.0302034
http://dx.doi.org/10.1126/science.1163886
http://dx.doi.org/10.3389/fpls.2018.00851
http://www.ncbi.nlm.nih.gov/pubmed/30018621
http://dx.doi.org/10.1016/j.scitotenv.2018.05.212
http://www.ncbi.nlm.nih.gov/pubmed/29852446

Forests 2020, 11, 274 13 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Fernandez-Garcia, V.; Marcos, E.; Fernandez-Guisuraga, ].M.; Taboada, A.; Suarez-Seoane, S.; Calvo, L.
Impact of burn severity on soil properties in a Pinus pinaster ecosystem immediately after fire. Int. .
Wildland Fire 2019, 28, 354-364. [CrossRef]

Fernandez-Garcia, V.; Miesel, J.; Baeza, M.].; Marcos, E.; Calvo, L. Wildfire effects on soil properties in
fire-prone pine ecosystems: Indicators of burn severity legacy over the medium term after fire. Appl. Soil
Ecol. 2019, 135, 147-156. [CrossRef]

Fernandez-Garcia, V.; Fulé, P.Z.; Marcos, E.; Calvo, L. The role of fire frequency and severity on the
regeneration of Mediterranean serotinous pines under different environmental conditions. For. Ecol. Manag.
2019, 444, 59-68. [CrossRef]

Keesstra, S.; Wittenberg, L.; Maroulis, J.; Sambalino, F.; Malkinson, D.; Cerda, A.; Pereira, P. The influence of
fire history, plant species and post-fire management on soil water repellency in a Mediterranean catchment:
The Mount Carmel range, Israel. Catena 2017, 149, 857-866. [CrossRef]

Keeley, J.E. Fire intensity, fire severity and burn severity: A brief review and suggested usage. Int. |.
Wildland Fire 2009, 18, 116-126. [CrossRef]

Le Houerou, H.N. Fire and Vegetation in the Mediterranean Basin. In Proceedings of the 13th Tall Timbers
Fire Ecology Conference, Tallahassee, FL, USA, 22-23 March 1973; pp. 237-277.

Los incendios forestales en Espafia. Decenio 2001-2010. Area de Defensa contra Incendios Forestales del
Ministerio de Agricultura, Alimentaciéon y Medio Ambiente. Available online: https://www.mapa.gob.es/es/
desarrollo-rural/estadisticas/ (accessed on 20 December 2019).

Areas Ardidas por Tipo de Ocupagao do Solo (1996-2014). Instituto da Conservacao da Natureza e
das Florestas. Available online: http://www?2.icnf.pt/portal/florestas/dfci/inc/estat-sgif#tip (accessed on
20 December 2019).

Certini, G. Effects of fire on properties of forest soils: A review. Oecologia 2005, 143, 1-10. [CrossRef]

Caon, L.; Vallejo, V.R.; Ritsema, C.J.; Geissen, V. Effects of wildfire on soil nutrients in Mediterranean
ecosystems. Earth-Sci. Rev. 2014, 139, 47-58. [CrossRef]

Hedo, J.; Lucas-Borja, M.E.; Wic, C.; Andrés-Abelldn, M.; de las Heras, ]J. Soil microbiological properties and
enzymatic activities of long-term post-fire recovery in dry and semiarid Aleppo pine (Pinus halepensis M.)
forest stands. Solid Earth 2015, 6, 243-252. [CrossRef]

Mufioz-Rojas, M.; Erickson, T.E.; Martini, D.; Dixon, KW.; Merritt, D. Soil physicochemical and
microbiological indicators of short, medium and long term post-fire recovery in semi-arid ecosystems.
Ecol. Indic. 2016, 63, 14-22. [CrossRef]

Santin, C.; Doerr, S. Fire effects on soils: The human dimension. Philos. Trans. R. Soc. B 2016, 371, 20150171.
[CrossRef] [PubMed]

Eugenio, M.; Verkaik, I.; Lloret, F.; Espelta, ]. M. Recruitment and growth decline in Pinus halepensis populations
after recurrent wildfires in Catalonia (NE Iberian Peninsula). For. Ecol. Manag. 2006, 231, 47-54.

DeLuca, T.H,; Sala, A. Frequent fire alters nitrogen transformations in Ponderosa pine stands of the inland
northwest. Ecology 2006, 87, 2511-2522. [CrossRef]

Boerner, R.E.J.; Brinkman, J.A. Fire frequency and soil enzyme activity in southern Ohio oak-hickory forests.
Appl. Soil Ecol. 2003, 23, 137-146. [CrossRef]

Williams, R.J.; Hallgren, S.W.; Wilson, G.W.T. Frequency of prescribed burning in an upland oak forest
determines soil and litter properties and alters the soil microbial community. For. Ecol. Manag. 2012, 265,
241-247. [CrossRef]

Dooley, S.; Treseder, K. K. The effect of fire on microbial biomass: A meta-analysis of field studies.
Biogeochemistry 2012, 109, 49-61. [CrossRef]

Vega, J.A.; Fonturbel, T.; Merino, A.; Ferndndez, C.; Ferreiro, A.; Jiménez, E. Testing the ability of visual
indicators of soil burn severity to reflect changes in soil chemical and microbial properties in pine forests and
shrubland. Plant Soil 2013, 369, 73-91. [CrossRef]

Holden, S.R.; Rogers, B.M.; Treseder, K.K.; Randerson, J. Fire severity influences the response of soil microbes
to a boreal forest fire. Environ. Res. Lett. 2016, 11, 035004. [CrossRef]

Tabatabai, M.A. Soil enzymes. In Methods of Soil Analysis; Part 2: Microbial and Biochemical Properties;
Weaver, RW., Angle, ].S., Bottomley, PJ., Bezdicek, D.F,, Smith, S., Tabatabai, M.A., Wollum, A.G., Eds.;
ASA/SSSA: Madison, WI, USA, 1994; pp. 775-833.


http://dx.doi.org/10.1071/WF18103
http://dx.doi.org/10.1016/j.apsoil.2018.12.002
http://dx.doi.org/10.1016/j.foreco.2019.04.040
http://dx.doi.org/10.1016/j.catena.2016.04.006
http://dx.doi.org/10.1071/WF07049
https://www.mapa.gob.es/es/desarrollo-rural/estadisticas/
https://www.mapa.gob.es/es/desarrollo-rural/estadisticas/
http://www2.icnf.pt/portal/florestas/dfci/inc/estat-sgif#tip
http://dx.doi.org/10.1007/s00442-004-1788-8
http://dx.doi.org/10.1016/j.earscirev.2014.09.001
http://dx.doi.org/10.5194/se-6-243-2015
http://dx.doi.org/10.1016/j.ecolind.2015.11.038
http://dx.doi.org/10.1098/rstb.2015.0171
http://www.ncbi.nlm.nih.gov/pubmed/27216528
http://dx.doi.org/10.1890/0012-9658(2006)87[2511:FFANTI]2.0.CO;2
http://dx.doi.org/10.1016/S0929-1393(03)00022-2
http://dx.doi.org/10.1016/j.foreco.2011.10.032
http://dx.doi.org/10.1007/s10533-011-9633-8
http://dx.doi.org/10.1007/s11104-012-1532-9
http://dx.doi.org/10.1088/1748-9326/11/3/035004

Forests 2020, 11, 274 14 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Pourreza, M.; Hosseini, S.M.; Sinegani, A.A.S.; Matinizadeh, M.; Dick, W.A. Soil microbial activity in response
to fire severity in Zagros oak (Quercus brantii Lindl.) forests, Iran, after one year. Geoderma 2014, 213, 95-102.
[CrossRef]

BRENDA. The Comprehensive Enzyme Information System. Available online: https://www.brenda-enzymes.
org/index.php (accessed on 20 December 2019).

Bonde, T.A.; Schniirer, J.; Rosswall, T. Microbial biomass as a fraction of potentially mineralizable nitrogen in
soils from long-term field experiments. Soil Biol. Biochem. 1988, 20, 447-452. [CrossRef]

Sollins, P.; Homann, P; Caldwell, B.A. Stabilization and destabilization of soil organic matter: Mechanisms
and controls. Geoderma 1996, 74, 65-105. [CrossRef]

Key, C.H.; Benson, N.C. Landscape Assessment (LA) Sampling and Analysis Methods; General Technical Report,
RMRS-GTR-164-CD; U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station:
Fort Collins, CO, USA, 2006.

Mayor, A.G.; Goiran, S.B.; Vallejo, V.R.; Bautista, S. Variation in soil enzyme activity as a function of vegetation
amount, type, and spatial structure in fire-prone Mediterranean shrublands. Sci. Total Environ. 2016, 573,
1209-1216. [CrossRef]

Bai, X.; Zeng, Q.; Fakher, A.; Dong, Y.; An, S. Characteristics of soil enzyme activities and microbial biomass
carbon and nitrogen under different vegetation zones on the Loess Plateau, China. Arid Land Res. Manag.
2018, 32, 438-454. [CrossRef]

Atlas Climatico Digital de la Peninsula Ibérica. Available online: http://www.opengis.uab.es/wms/iberia/
mms/index.htm (accessed on 20 December 2019).

Jones, A.; Montanarella, L.; Jones, R. Soil atlas of Europe; European Commission: Brussels, Belgium, 2005.
Worldwide Bioclimatic Classification System. Phytosociological Research Center, Spain. Available online:
http://www.globalbioclimatics.org (accessed on 20 December 2019).

Fernandez-Garcia, V.; Marcos, E.; Fulé, P.Z.; Reyes, O.; Santana, V.; Calvo, L. Fire regimes shape diversity
and traits of vegetation under different climatic conditions. Sci. Total Environ. 2020, 716, 137137. [CrossRef]
Fernandez-Garcia, V.; Quintano, C.; Taboada, A.; Marcos, E.; Calvo, L.; Fernandez-Manso, A. Remote sensing
applied to the study of fire regime attributes and their influence on post-fire greenness recovery in pine
ecosystems. Remote Sens. 2018, 10, 733. [CrossRef]

Fernandez-Garcia, V.; Santamarta, M.; Fernandez-Manso, A.; Quintano, C.; Marcos, E.; Calvo, L. Burn
severity metrics in fire-prone pine ecosystems along a climatic gradient using Landsat imagery. Remote Sens.
Environ. 2018, 206, 205-217. [CrossRef]

Peoples, M.S.; Koide, R.T. Considerations in the storage of soil samples for enzyme activity analysis. Appl. Soil
Ecol. 2012, 62, 98-102. [CrossRef]

Moreira, R.S.; Chiba, M.K.; Nunes, S.B.; De Maria, I.C. Air-drying pretreatment effect on soil enzymatic
activity. Plant Soil Environ. 2017, 63, 98-102.

Kandeler, E.; Gerber, H. Short-term assay of soil urease activity using colorimetric determination of
ammonium. Biol. Fert. Soils 1988, 6, 68-72. [CrossRef]

Vance, E.D.; Brookes, P.C.; Jenkinson, D.S. An extraction method for measuring soil microbial biomass C.
Soil Biol. Biochem. 1987, 19, 703-707. [CrossRef]

Joergensen, J.G. The fumigation-extraction method to estimate soil microbial biomass: Calibration of the
KEC value. Soil Biol. Biochem. 1996, 28, 25-31. [CrossRef]

Zuur, A.F; Ieno, E.N.; Walker, N.; Saveliev, A.A.; Smith, G.M. Mixed Effects Models and Extensions in Ecology
with R; Springer: New York, NY, USA, 2009.

R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing.
Available online: http://www.R-project.org/ (accessed on 20 December 2019).

Vegan: Community Ecology Package. R Package Version 2. Available online: https://CRAN.R-project.org/
package=vegan (accessed on 20 December 2019).

Nlme: Linear and Nonlinear Mixed Effects Models. R Package Version 3. Available online: https:
//CRAN.R-project.org/package=nlme (accessed on 20 December 2019).

Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002.
R2glmm: Computes R Squared for Mixed (Multilevel) Models. R Package Version 0.1.2. Available online:
https://CRAN.R-project.org/package=r2glmm (accessed on 20 December 2019).


http://dx.doi.org/10.1016/j.geoderma.2013.07.024
https://www.brenda-enzymes.org/index.php
https://www.brenda-enzymes.org/index.php
http://dx.doi.org/10.1016/0038-0717(88)90056-9
http://dx.doi.org/10.1016/S0016-7061(96)00036-5
http://dx.doi.org/10.1016/j.scitotenv.2016.03.139
http://dx.doi.org/10.1080/15324982.2018.1501621
http://www.opengis.uab.es/wms/iberia/mms/index.htm
http://www.opengis.uab.es/wms/iberia/mms/index.htm
http://www.globalbioclimatics.org
http://dx.doi.org/10.1016/j.scitotenv.2020.137137
http://dx.doi.org/10.3390/rs10050733
http://dx.doi.org/10.1016/j.rse.2017.12.029
http://dx.doi.org/10.1016/j.apsoil.2012.08.002
http://dx.doi.org/10.1007/BF00257924
http://dx.doi.org/10.1016/0038-0717(87)90052-6
http://dx.doi.org/10.1016/0038-0717(95)00102-6
http://www.R-project.org/
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=r2glmm

Forests 2020, 11, 274 15 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Dilly, O.; Pompili, L.; Benedetti, A. Soil micro-biological indicators separated land use practices in contrast
to abiotic soil properties at the 50 km scale under summer warm Mediterranean climate in northern Italy.
Ecol. Indic. 2018, 84, 298-303. [CrossRef]

Albiach, M.R.; Bonmati, M.; Canet, R.; Garcia, C.; Garcia, A.; Gil, E; Gonzalez, S.; Hernandez, M.T.; Jiménez
de Ridder, P; Leirds, M.C.; et al. Sobre las enzimas del suelo y sus técnicas de medida. Edafologia 2006, 13,
117-125.

Lombao, A.; Barreiro, A.; Carballas, T.; Fontarbel, M.T.; Martin, A.; Vega, ].A.; Fernandez, C.; Diaz-Ravifia, M.
Changes in soil properties after a wildfire in Fragas do Eume Natural Park (Galicia, NW Spain). Catena 2015,
135, 409-418. [CrossRef]

DeBano, L.F. The effect of fire on soil properties. In Proceedings-Management and Productivity of Western-Montane
Forest Soils; Harvey, A.E., Neuenschwander, L.F., Compilers, Eds.; General Technical Report; INT-280; U.S.
Department of Agriculture, Forest Service, Intermountain Research Station: Ogden, UT, USA, 1991;
pp- 151-156.

Parkin, T.B. Spatial variability of microbial processes in soil—A review. J. Environ. Q. 1993, 22, 409—417.
[CrossRef]

Trasar-Cepeda, C.; Leirés, M.C.; Gil-Sotres, F. Modification of biochemical properties by soil use. J. Soil Sci.
Plant Nut. 2008, 8, 53—60. [CrossRef]

Carballas, T.; Martin, A.; Diaz-Ravifia, M. Efectos de los incendios forestales sobre los suelos de Galicia. In
Efecto de Los Incendios Forestales Sobre Los Suelos de Espafia: EI Estado de la Cuestion Visto por Los Cientificos
Espaiioles; Cerda, A., Mataix-Solera, J., Eds.; Catedra de Divulgacion de la Ciencia, Universitat de Valencia:
Valencia, Spain, 2009; pp. 271-301.

Miesel, ].R.; Boerner, R.E.; Skinner, C.N. Soil nitrogen mineralization and enzymatic activities in fire and fire
surrogate treatments in California. Can. J. Soil Sci. 2011, 91, 935-946. [CrossRef]

Cerén Rincdn, L.; Melgarejo Moz, L. Enzimas del suelo: Indicadores de salud y calidad. Acta Biol. Colomb.
2005, 10, 5-18.

Gonzalez-Pérez, J.A.; Gonzalez-Vila, FJ.; Almnedros, G.; Knicker, H. The effect of fire on soil organic
matter—A review. Environ. Int. 2004, 30, 855-870. [CrossRef] [PubMed]

Merino, A.; Fonturbel, M.T.; Fernandez, C.; Chavez-Vergara, B.; Garcia-Oliva, F,; Vega, J.A. Inferring changes
in soil organic matter in post-wildfire soil burn severity levels in a temperate climate. Sci. Total Environ. 2018,
627, 622-632. [CrossRef] [PubMed]

Kim, EJ.; Oh, J.E.; Chang, Y.S. Effects of forest fire on the level and distribution of PCDD/Fs and PAHs in soil.
Sci. Total Environ. 2003, 311, 177-189. [CrossRef]

Lopez-Poma, R.; Bautista, S. Plant regeneration functional groups modulate the response to fire of soil
enzyme activities in a Mediterranean shrubland. Soil Biol. Biochem. 2014, 79, 5-13. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ecolind.2017.08.013
http://dx.doi.org/10.1016/j.catena.2014.08.007
http://dx.doi.org/10.2134/jeq1993.00472425002200030004x
http://dx.doi.org/10.4067/S0718-27912008000200007
http://dx.doi.org/10.4141/cjss10098
http://dx.doi.org/10.1016/j.envint.2004.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15120204
http://dx.doi.org/10.1016/j.scitotenv.2018.01.189
http://www.ncbi.nlm.nih.gov/pubmed/29426186
http://dx.doi.org/10.1016/S0048-9697(03)00095-0
http://dx.doi.org/10.1016/j.soilbio.2014.08.016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Sites 
	Fire Regime Attributes: Frequency and Severity 
	Field Sampling: Soil and Ecological Variables 
	Analyses of Soil Biochemical Properties: Enzymatic Activities and Microbial Biomass Carbon 
	Data Analyses 

	Results 
	Relationships between Fire Regime Attributes and Soil Biochemical Properties 
	Impacts of Fire Regime Attributes on Soil Biochemical Properties Through Changes in Ecological Variables 

	Discussion 
	Conclusions 
	References

