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• Knowledge about interaction between
plants and soil under recurrent fires is
limited.

• Fire frequency effect on soil fertility is
tested in different microsites.

• Soil microsite fertility is species-
dependent and is affected by fire fre-
quency.

• High fire frequency decreases the posi-
tive effect of woody plants on soil fertil-
ity.

• Decreased N:P ratio with increasing fire
frequency is species dependent.
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Spatial heterogeneity of soil properties plays a major role in regulating ecosystem structure and functioning. In
general, soil resources accumulate beneathwoodyplant-covered patchesmore than in the open interspace,mak-
ing them function as fertility islands. Whilst wildfire is a common disturbance, little information is available on
the role of particular plant species inmaintaining soil fertility underneath in areas that are subjected to recurrent
fires. This is an important issue given that land abandonment, together with a warmer and drier climate, is in-
creasing fire danger in regions such as the Mediterranean. We determined whether increasing fire frequency,
producing changes from a Quercus ilex L., woodland to a shrubland, modifies the effect of woody plant canopy
on soil fertility. Additionally, the effect of fire history on species-specific leaf and litter nutrient concentration
was assessed. Areas affected by none, one, two or three fires were selected. Within each area, soil fertility was
measured underneath Cistus ladanifer L., Retama sphaerocarpa L., Phillyrea angustifolia L. andQuercus ilex canopies
and in open interspace. Unburned soils located underneath P. angustifolia and Q. ilex canopies were significantly
more fertile than in open interspaces. The microsite effect on soil fertility was fire frequency dependent. As fire
frequency increased, the plant canopy microsite effect decreased for soil organic matter (SOM), cation exchange
capacity (CEC), total C, P, Ca, K and Mg, labile phosphate, arylsulfatase and acid phosphatase activities. Total N,
ammonium, nitrate andβ-glucosidase activity decreasedwith increasing fire frequency, but their spatial variabil-
ity was maintained along all fire frequency scenarios. Fire frequency decreased foliar N concentration but in-
creased P concentration in some species, leading to a decrease in their N:P ratio. Our findings suggest that soil
fertility heterogeneity will be reduced with increasing fire frequency. This could compromise the recovery of
soil and ecosystem functioning.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Spatial heterogeneity of soil properties plays a major role in
ecosystem structure and functioning (Ettema and Wardle, 2002;
García-Palacios et al., 2012). This is particularly evident in ecosystems
with discontinuous vegetation that are characterized by “fertility
islands”, i.e., soil patches due to the accumulation of soil particles be-
neath plant canopies, and bare patches (Bond, 2019). This results in a
contrasting distribution of soil resources and functioning between the
bare areas (open interspaces) and those beneath the canopies. Open in-
terspaces are more exposed to soil erosion and beneath canopy areas
tend to accumulate soil (Schlesinger et al., 1990). Beneath plant cano-
pies, soil surfaces erode at slower rates than in the open interspaces,
thus creating a positive feedback that accentuates the development of
plant mounds beneath the canopies and interspaces with lower eleva-
tions (D'Odorico et al., 2012; Wang et al., 2019). The initiation and per-
sistence of fertility islands is due to both abiotic and biotic processes, as
for example, trapping of windblown material, directional transport of
soil by differential rain splash or litter deposition beneath plants (Li
et al., 2017). The type and number of plant species regulate the quality
and quantity of litter, root exudates and detritus, nutrient requirements,
soil water availability and temperature, all of which can influence soil
nutrient cycling (Dahlgren et al., 1997; Titus et al., 2002; Sardans and
Peñuelas, 2013).

Wildfires are recurrent ecological disturbances in forest, shrubland
and grassland ecosystemsworldwide (Krawchuk et al., 2009).Wildfires
are common inMediterranean-type areas due to their highly flammable
vegetation and long, warm and dry summers (Keeley et al., 2011;
Rundel et al., 2018).

Fire can increase soil nutrient availability by SOM pyromineralization,
as fire converts biomass into ash (Neary et al., 1999; Caon et al., 2014).
There are multiple factors modulating spatial heterogeneity of post-fire
soil fertility. In the short term, fires temporarily remove a large fraction
of the aboveground vegetation, litter and a large part of the organic
layer, enhancing erosion until vegetative cover is re-established (Neary
et al., 1999). Soil water repellence could be induced below the surface
in the vegetated microsites when sufficiently high temperatures and
high severity are reached. This fact could accelerate runoff at a patch
scale and soil erosion (Sankey et al., 2012). At microsites underneath
woody plant canopy, greater amounts of litter and biomass may induce
higher fire severity, thus further heats the underlying soil (Santana
et al., 2011). Conversely, open spaces without vegetation may burn
with lower severity. Wind and slope can also affect heat distribution
(Odion andDavis, 2000). According toWeise andBiging (1996), the effect
ofwind is to tilt theflame relative to the fuel and to affect radiant and con-
vective heat transfer. The inclusion of slope potentially changes the view
factor between the flame and the fuel and further changes radiant heat
transfer.

Fire-prone ecosystems are characterized by different regeneration
functional groups (resprouters and seeders (Keeley et al., 2011)). It
has been argued that differences between resprouters and seeders de-
termine the formation of fertility islands in burned ecosystems (Mayor
et al., 2016a). López-Poma and Bautista (2014) assessed how these
plant functional regeneration types modulate soil microbial and
biochemical response to fire, demonstrating the important role of
resprouter species in the plant-soil system. Most resprouter individuals
can survive after fire, recovering their above-ground biomass relatively
quickly at the same location, thus leading to continued accumulation of
soil organic matter (SOM) underneath them. However, seeders may
have lower accumulation of SOM underneath them due to the fact
that they are killed by fire, and the new individuals may become
established from seeds in different locations than the pre-fire ones. In
addition, different plants vary in several ways including in their leaf nu-
trient content, biomass distribution to either below or aboveground
growth, and litter decomposition rates (Verdú, 2000; Saura-Mas and
Lloret, 2009).
Previous studies have evaluated soil spatial heterogeneity after fire
depending on the type of vegetation that was burned. Sankey et al.
(2012) demonstrated that the spatial patterning of soil nutrients in
sagebrush steppe, in which soils beneath shrubs are enriched, is resil-
ient to burning (i.e. it rapidly recovers after fire). They reported that rel-
atively long fire intervals (from decades to centuries) intensify the
spatial patterning of soil properties. They also suggested that elevated
fire frequency might affect soil properties at the microsite level.

Research assessing the effect of wildfire history on nutrient cycling
and soil fertility showed that, when fire frequency is particularly high,
this may result in additive nutrient losses through losses by smoke par-
ticles, windblown ash, volatilization, soil erosion and leaching. These
processes disrupt the long-term balance between nutrient inputs re-
lated to succession and nutrient outputs due to fire (Carreira et al.,
1994; Ferran et al., 2005; Guénon et al., 2013; Pellegrini et al., 2018).
Mayor et al. (2016b) reported losses in soil fertility with increasing
fire recurrence in areas where fire promotes a shift from pine wood-
lands to shrublands. Soil fertility losses were particularly high at the
microsites between shrubs. However, more research is required in
order to understand the role of individual woody plant canopies, in in-
teraction with fire frequency, to modulate soil fertility in other fire-
prone ecosystems.

Quercus ilex L. woodlands are widespread in the Mediterranean re-
gion and they have been subjected to intensive uses like grazing, char-
coal production and even agriculture (de Rigo and Caudullo, 2016).
Their abandonment is leading to encroachment by shrubs (Baudena
et al., 2020) and to more frequent burning (Urbieta et al., 2019). Little
is known about the resilience of the soil-plant system to recurrent
fires in this type of ecosystem (de Román and de Miguel, 2005). To
our knowledge no previous studies have evaluated the role of seeders
and resprouters in soil fertility at the microsite scale after recurrent
fires in Q. ilex L. woodlands.

The purpose of our study was to fill some of these knowledge gaps.
Our aim was to evaluate how fire history modifies biogeochemical soil
properties underneath woody plant canopies (resprouters and seeders)
in a Q. ilexwoodland that, as a result of increasing fire frequency, turned
into a shrubland. Additionally, we investigated whether plants demon-
strate species-specific responses in their nutrient concentration as a
consequence of increased fire frequency.

2. Material and methods

2.1. Study sites

The study was carried out in Argamasilla de Calatrava (province of
Ciudad Real, Spain) (38°42′N–4°01′W). The altitude of the study area
ranges from 700 to 800 m a.s.l. and the slope from 22° to 38°, being
the dominant aspects southeast and northeast. The climate is classified
as Mediterranean, Csa (Beck et al., 2018); average annual rainfall is
489mmand average annual temperature is 14.3 °C (1980–2015period)
(Climatic Research Unit TS V4.01; Harris et al., 2014). Soil type is sandy
loam Inceptisols (Soil Survey Staff, 2006), derived from slates and
quartzites.

The study site is a former Q. ilexwoodland. Different areas within
the site have different fire histories. Due to increasing fire frequency,
the woodland is becoming dominated by shrubs. We focused on four
wildfires that occurred in 1986, 2001, 2005 and 2008. These wildfires
were chosen to delimit areas that were burned once, twice or three
times in the 32 years that elapsed between the first and the last fire
(Table S.1; Supplementary material). In the case of areas burned
twice, both short (2-S) and long (2-L) interval between fires were
considered. The time that had elapsed since the last fire was not
the same for all plots (7 and 10 years); however, we assumed that
this difference between the plots was not important, and therefore
it was appropriate to use a diachronic approach to test the effect of
fire frequency in the medium term.
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For each fire history, we selected three 30 × 30mplots for sampling.
In addition, three plots in nearby areas, unburned for at least the last
68 years, were selected as controls (long-term unburned plots, zero
fires). The fire history and location of the 15 study plots are described
in Table S.1. In burned study plots, fire severity was moderate to low.
The delta normalized burn ratio (dNBR), widely used as fire severity
index, was computed with the Google Earth Engine (GEE) platform
based on Landsat images. In the study plots the dNBR values were
0.20–0.39, 0.14–0.16, 0.25–0.39 and 0.20–0.31; for wildfires that oc-
curred in 1986, 2001, 2005 and 2008, respectively.

The unburned plots were mainly covered by mature Q. ilex trees
(resprouter). The burned plotswere dominated by shrubs,mainly Cistus
ladanifer L. (seeder), Retama sphaerocarpa L. (resprouter, Leguminosae)
and Phillyrea angustifolia L. (resprouter). There were individuals of all
four species in every study plot. Table S.2 describes in detail the compo-
sition and structural characteristics of the vegetation present in the
plots representative of the fire scenarios studied.

2.2. Foliar, litter and soil sampling

Leaves, litter and soil samples were collected at the end of the grow-
ing season (June to July 2015). Five individuals of each of the four spe-
cies previously mentioned were randomly selected at each plot (i.e.
C. ladanifer, R. sphaerocarpa, P. angustifolia, andQ. ilex). Samples of leaves
from apical branches 10 cm long, litter (30 × 30 cm square) and soil
(7 cm diameter and 5 cm depth cores) were taken in the four cardinal
directions of each plant, to form a single composite sample per individ-
ual. Additionally, in open areas without woody cover, five composite
soil samples per plotwere taken. Thus, in order to collect these soil sam-
ples from open interspaces, four soil sub-samples were taken in each of
the four quarters of five circles, which centres were randomly selected
within each plot, and the samples were mixed into a composite one
per open interspace. In total, 300 leaf samples, 300 litter samples and
375 soil samples were collected in this study.

Soil samples were transported in an isothermal bag (4 °C) to the lab-
oratory, where they were immediately sieved (<2 mm) and air dried.
Samples were analysed within six weeks after sampling. Leaves and lit-
ter samples were dried at 70 °C for 48 h and ground with a ball mill
(Retsch 20.741.0004) ready for analysis.

2.3. Soil analysis

Soil pH was determined in a slurry with CaCl2 (soil:CaCl2 1:1) fol-
lowing McLean (1982). SOM was measured by weight lost on ignition
(550 °C for 2 h) (Nelson and Sommers, 1996). Cation exchange capacity
(CEC) was analysed by saturation with NaOAc (Rhoades, 1982). Total
carbon (C) and nitrogen (N) content were determined in ground sam-
ples using a LECO TruSpec CN analyzer (LECO Corp, MI, USA). Total
phosphorus, potassium, calciumandmagnesium (P, K, Ca,Mg)were de-
termined in ground soil aliquots, after digestion with HNO3 and H2O2,
using an Ultraclave microwave (Milestone SRL, Milan, Italy), by ICP
analysis (ICAP 6500 ICP Spectrometer, Thermo Fischer Scientific, MA,
USA). Soil ammonium (NH4

+-N) and nitrate (NO3
−-N) were analysed

by spectrophotometry (Selecta UV-2005), after 2 M KCl extraction
(Keeney and Nelson, 1982). Labile phosphate (PO4

3−-P) was extracted
in 0.5 M NaHCO3 (pH 8.5) extracts (Olsen and Sommers, 1982) and
quantified by the colorimetricmethod of John (1970). Soil Cmineraliza-
tion rate (or soil basal respiration rate) was determined by the alkali-
trap method (Anderson, 1982) on soil samples incubated at 65% water
holding capacity (WHC) for 15 days at 24 °C in the dark and under
aerobic conditions. Acid phosphatase (EC 3.1.3.2, orthophosphoric-
monoester phosphohydrolase, acid optimum), arylsulfatase (EC
3.1.6.1, arylsulfate sulfohydrolase) and β-glucosidase (EC 3.2.1.21,
β-d-glucoside glucohydrolase) activities were determined as described
by Tabatabai (1994). An aliquot of soil (1 g)was incubatedwith the cor-
responding substrate at 37 °C for 1 h. After stopping the reaction with
CaCl2 and a strong alkali (NaOH), the product (p-nitrophenol, pNP) in
the supernatant was measured at 410 nm using a spectrophotometer
(Selecta UV-2005). The criteria for selecting these enzymes was their
relative importance in nutrient cycling and the fact that they had previ-
ously been shown to be good indicators of fire impact in soil functional-
ity (Hinojosa et al., 2016, 2019).

2.4. Foliar and litter analysis

All foliar and litter samples were analysed for percentage N and C
content, using a LECO TruSpec CN analyzer (LECO Corp, MI, USA).
Other nutrients (P, K, Ca, Mg) were determined in air-dried ground
samples, after digestion with HNO3 and H2O2, using an Ultraclave mi-
crowave (Milestone SRL, Milan, Italy) by ICP analysis (ICAP 6500 ICP
Spectrometer, Thermo Fischer Scientific, MA, USA).

2.5. Data analysis

The occurrence of wildfires in the Mediterranean region requires a
large-scale ecosystem approach. This makes experimental replication
challenging (Hurlbert, 1984; Oksanen, 2001). To circumvent this, we
treated plots within each fire history as independent, even if doing so
constrains the scope of inference that is often associated with field ex-
periments (van Mantgem et al., 2001; Driscoll et al., 2010). Neverthe-
less, it allowed us to take advantage of the various fires that had
occurred in the area. A key advantage of our experimental design is
that we were able to compare measurements in burned plots with
unburned controls, following well-established procedures for large ex-
perimentalmanipulationswithout true replication (vanMantgem et al.,
2001). A general lineal model (GML) was performed for each soil
variable, using “fire history” and “microsite” asmain factors and consid-
ering “plot” (nested in “fire history”) as a random factor. For variables
without significant “fire history × microsite” interaction effect, but
with “fire history” effects were followed by a Tukey multiple compari-
son test to identify significant differences among specific means.
Additionally, for each “fire history” level (0, 1, 2-L, 2-S and 3 fires) the
significance of microsite effects was tested using one-way ANOVA.
One-way ANOVA was also performed for each of the foliar and litter
variables measured with “fire history” as a fixed factor. When needed,
variables were transformed to meet assumptions of homogeneity
of variances (Levene's test) and normal distribution (Shapiro-Wilk
test)(i.e. square root transformation for SOM, total C, total N, and
arylsulfatase; arcsine of square root transformation for soil basal respi-
ration rate, NH4

+-N and NO3
−-N).

A Principal Component Analysis (PCA), based on the correlationma-
trix of all standardised soil variables was carried out in order to explore
differential responses of soils under the various fire histories and
microsites (unrotared). PCA results are displayed in separate graphs
to illustrate the differences or similarities among “fire histories”,
“microsites” and “microsites” within each “fire history”. STATISTICA
8.0 (StatSoft, Inc., 2007) was used for all statistical analyses (α=0.05).

3. Results

3.1. Biogeochemical soil properties

In unburned plots, soils under woody plant canopies showed
higher SOM (P. angustifolia and Q. ilex), higher CEC (R. sphaerocarpa,
P. angustifolia and Q. ilex) and higher pH (C. ladanifer, R. sphaerocarpa
and P. angustifolia) than in open interspaces (Fig. 1). The effect of the
“fire history × microsite” interaction factor was significant for SOM
(p < 0.001), CEC (p < 0.05) and pH (p < 0.05). In soils affected by low
fire frequency, SOM, CEC and pH showed higher values under woody
plant canopies (p<0.05) than in open interspaces.When fire frequency
was the highest (2-S or 3 fires) the effect of plantmicrosite was reduced
for CEC and pH (p < 0.05), or disappeared in the case of SOM (Fig. 1).



Fig. 1. SOM, CEC and pH in soil with differentfire histories on the studiedmicrosites (mean±SD). Significant effects offire history [F], microsite [MC], and their interaction [F ×MC] are shown
within the figures (ns, no significant effect; *, p < 0.05; **, p < 0.01; ***, p < 0.001). Significant effect (p < 0.05) of microsite into each fire history scenario is indicated by * over the bars.
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Total nutrient concentrations (C, N, P, K, Ca and Mg) of unburned
soils were significantly higher under woody plant canopies than in
open interspaces, mainly under P. angustifolia and Q. ilex (p < 0.05)
(Fig. 2). The effect of the “fire history × microsite” interaction factor
was significant for all total nutrients (p < 0.05). For total nutrient con-
centrations the significant effect of microsite (p < 0.05) observed at
low fire frequency tended to disappear as fire frequency increased, ex-
cept for Mg whose microsite effect was reduced.

The availability of soil nutrients (NO3
−-N, NH4

+-N and PO4
3−-P) in un-

burned soils was significantly higher under plant canopies than in open
interspaces, mainly under P. angustifolia orQ. ilex (p<0.05) (Fig. 3). The
effect of the “fire history × microsite” interaction factor was not signifi-
cant for labile N inorganic forms. Soil NO3

−-N and NH4
+-N concentration

significantly decreased with increasing fire frequency (p < 0.05). The
microsite effect was significant (p < 0.05) only for NH4

+-N, with higher
values seen under plant canopies, but without a consistent pattern
among plant species. For soil PO4

3−-P, there was a significant “fire
history × microsite” interaction effect (p < 0.05). As fire frequency in-
creased, the plant canopy microsite effect decreased, until it disap-
peared in soils affected by three fires.

Soil basal respiration rate and enzyme activity in unburned soils were
significantly higher underwoodyplant canopies than in open interspaces,
mainly under R. sphaerocarpa, P. angustifolia and Q. ilex (Fig. 4). Soil basal
respiration rate maintained the same value in all fire frequencies, with
differences under P. angustifolia and Q. ilex microsites slightly significant
(p < 0.05). For arylsulfatase and acid phosphatase activity the effect
of microsite tended to disappear as fire frequency increased. β-
Glucosidase activity significantly decreased (p < 0.05) with increasing
fire frequency and the highest values were observed under plant canopy
microsites (mainly P. angustifolia and Q. ilex).

The first two components (PC1 and PC2) resulting from PCA carried
out using the whole soil matrix dataset explained 53.5% of the total
variance in the data (Fig. 5, Tables 1, S.3). The first principal component
(PC1) can be related to soil fertility and enzyme activity, being SOM,
total nutrient concentration (C, N, P, Ca and Mg), PO4

3−-P, NH4
+-N and

acid phosphatase and β-glucosidase activities the variables contributing
the most to it, whereas pH and CEC were significantly positively corre-
lated (factor loadings of 0.81 and 0.49, respectively), with second princi-
pal component (PC2). NO3

−-N, total K, soil basal respiration rate and
arylsulfatasewere not significantly relatedwith any of thefirst two prin-
cipal components. These two principal components differentiate soil
samples according to both fire history and microsite. Thus, when all
microsites were pooled together according to their fire history, the bio-
geochemical properties of soils from unburned plots (with lower pH
and higher soil nutrient availability) were clearly distinguishable from
soils affected by two or three fires. Soil burned once occupied an inter-
mediate position (Fig. 5a). In addition, when all fire histories were
pooled together for each microsite, the multivariate space discriminated
soils of open interspaces (with lower pH and higher soil nutrient avail-
ability) from soils under P. angustifolia microsites, with the other plant
microsites in an intermediate position (Fig. 5b). Fig. 6 explore possible
differences among microsites within each fire frequency. In unburned
soils, the effect of microsite was a strong discriminating factor. Although
C. ladanifer microsites were very similar to open interspaces, the other
plant microsites showed clear differences (Fig. 6a). When fire frequency
increased, these differences amongmicrosites decreased, with almost no
difference among microsites in soils burned three times (Fig. 6b, c, d).

3.2. Total nutrients in leaf and litter

The effect of fire frequency was significant for nutrient concentra-
tions (C, N, P, K, Ca and Mg) of the studied plant species (p < 0.05)
(Table 2). C. ladanifer, P. angustifolia and Q. ilex decreased their foliar N
concentration with increasing fire frequency. In high fire frequency



Fig. 2. Total soil concentration of C, N, P, K, Ca andMg in soils with different fire histories on the studiedmicrosites (mean± SD). Significant effects of fire history [F], microsite [MC], and
their interaction [F ×MC] are shown in the figures (ns, no significant effect; *, p<0.05; **, p<0.01; ***, p<0.001). Significant effect (p<0.05) of microsite into eachfire history scenario is
indicated by * over the bars.
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sites (three fires), an increase in foliar P concentration was observed in
C. ladanifer and Q. ilex. In sites affected by three fires a lower foliar Ca
concentration was observed in Q. ilex.

The studied plant species were clearly differentiated according to
their foliar N:P ratio. Q. ilex showed the highest values of foliar N:P
ratio and P. angustifolia and C. ladanifer the lowest. Only the leaves of
C. ladanifer showed a significantly reduced (p< 0.05) N:P ratio with in-
creasing fire frequency (Fig. 7).

The effect of fire frequency on litter nutrient concentration was less
consistent among the studied plant species (Table 3). High fire



Fig. 3. Soil concentration of NH4
+-N, NO3

−-N and labile PO4
3−-P in soils with different fire history on the studiedmicrosites (mean± SD). Significant effects offire history [F],microsite [MC],

and their interaction [F × MC] are shown in the figures (ns, no significant effect; *, p < 0.05; ***, p < 0.001). Significant differences among fire histories are noted with different letters.
Significant effect (p < 0.05) of microsite into each fire history scenario is indicated by * over the bars.
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frequency reduced N concentration in Q. ilex litter, reduced Ca in
C. ladanifer litter, and reduced Mg in R. sphaerocarpa litter (p < 0.05).

4. Discussion

Evaluating the consequences of increased fire frequency on soil
properties has been a major topic of research in recent years (Mayor
et al., 2016b; Pellegrini et al., 2018). Interest in this field has been driven
by the fact that many regions in the world are seeing changes in their
fire regimes with longer fire seasons and an increased frequency of
large and high-severity fires (Pellegrini et al., 2018). Yet, most of the
studies carried out have targeted soil as a single component of the eco-
system. Despite the possible limitations of our diachronic approach for
assessing fire frequency effects, our results strongly support that high
fire frequency, producing changes from a Q. ilex woodland to a shrub-
land, can increase the risk of reducing soil fertility under woody plant
canopies. This could compromise the availability of some nutrients for
the biota.

4.1. Fertile island development under woody plant canopies in
unburned soils

According to our results, the presence of woody plants in unburned
ecosystems tended to improve soil conditions underneath them, with
the development of more fertile microsites and greater microbial func-
tionality. The formation of these fertility islands is dependent of each
plant species, with Q. ilex and P. angustifolia, both resprouters, present-
ing the highest soil fertility beneath their canopies. Similar findings
have been previously described under plant canopies for other un-
burned arid and semiarid areas (Schlesinger et al., 1990; Titus et al.,
2002; Gómez-Rey et al., 2013). Plants have the capacity to change the
soil mainly through the incorporation of SOM and nutrient cycling
(Dahlgren et al., 1997). We found that the presence of woody plants
(mainly P. angustifolia and Q. ilex) increased the amount of SOM under-
neath them compared to open interspace microsites. This result sup-
ports previous studies (Schade and Hobbie, 2005; Gómez-Rey et al.,
2013). Nutrient distribution patterns observed in our study also
confirmed that the vegetation canopy strongly modulates CEC and the
cycles of many nutrients, probably associated with a higher SOM incor-
poration (Dahlgren et al., 1997). Dahlgren et al. (1997) and Titus et al.
(2002) also reported higher CEC values and higher concentration of C,
N, P, K, Ca and Mg under Quercus sp. and other woody species canopies
compared with levels in the interspaces. In general, total N, NH4

+-N and
NO3

−-N were higher under woody plant canopies, mainly P. angustifolia
and Q. ilex, corroborating studies of a higher concentration of available
inorganic N forms in soils underneath Q. ilex (Gallardo et al., 2000) or
other Mediterranean woody plants as Quercus suber L. (Gómez-Rey
et al., 2013). In contrast, C. ladanifer (seeder) showed the lowest N avail-
ability beneath its canopies (about 40% less available NO3

−-N than
P. angustifolia). This could be due, among other factors, to a reduction
of nitrification associated with the presence of phenolic compounds in
soils underneath this species (Mariscal-Sancho et al., 2010). It has
been reported that phenolic compounds decrease soil N availability by
(i) forming complexes with proteins and hampering SOM mineraliza-
tion; (ii) increasingmicrobial N immobilization; (iii) inhibiting nitrifica-
tion and (iv) inhibiting fungal respiration (Castells et al., 2004). Soil
enzyme activity was clearly enhanced by woody plant cover. This was
also seen in Mediterranean soils studied by Mariscal-Sancho et al.
(2010), Gómez-Rey et al. (2013) and Mayor et al. (2016b). López-
Poma and Bautista (2014) suggested that this positive effect of woody



Fig. 4. Soil basal respiration rate and enzyme activity in soils with different fire histories from the studiedmicrosites (mean± SD). Significant effects of fire history [F], microsite [MC], and
their interaction [F × MC] are shown in the figures (ns, no significant effect; *, p < 0.05; **, p < 0.01; ***, p < 0.001). Significant differences among fire histories are noted with different
letters. Significant effect (p < 0.05) of microsite into each fire history scenario is indicated by * over the bars.
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plant canopies on soil enzyme activity may be duemainly to SOM accu-
mulation beneath the canopies. SOM contributes to physical stabiliza-
tion of enzymes and constitute their main substrate (Sinsabaugh,
1994). Similarly, a higher soil respiration rate underneath woody plant
canopies was observed. This finding was consistent with previous
Fig. 5. Principal component analysis (PCA) characterizing the differentfire history levels (a) and
to the mean and the SD.
studies that attributed this to a higher SOM availability, i.e. high SOM
was related to high soil respiration rate (McCulley et al., 2004;
Gómez-Rey et al., 2013).

The observed differences among woody plant species in the devel-
opment of fertile islands and associated increased microbial activity
plant/openmicrosites (b). Each point on the plot and the associated error bars correspond



Table 1
Loading factors and total variance (%) in thefirst two principal components (PC1 and PC2)
resulting from principal components analysis (PCA) for the studied soil variables.

PC1 (38.9%) PC2 (14.6%)

Organic matter −0.89 0.01
pH −0.06 0.78
Respiration −0.21 0.15
Acid phosphatase −0.65 −0.41
β-Glucosidase −0.62 0.14
Arylsulfatase 0.10 0.51
NH4

+-N −0.67 −0.48
NO3

−-N −0.43 −0.43
PO4

3−-P −0.78 −0.29
Total N −0.94 −0.01
Total C −0.94 0.08
Total P −0.87 0.09
Total Ca −0.74 0.49
Total K −0.01 −0.01
Total Mg −0.63 0.29
CEC −0.49 0.53

Bond numbers denote significant correlation (p<0.05)

8 M.B. Hinojosa et al. / Science of the Total Environment 752 (2021) 141877
(basal respiration rate and enzyme activities) are due to both abiotic
and biotic factors (e.g. SOM quantity and quality or microbial biomass).
Some of the specific mechanisms involved in the development of fertile
islands have been previouslymentioned in the discussion (e.g. differen-
tialmineralization rates of SOM). Litter, being themain source of SOM, is
one feature that differentiates plant species. This factor is important for
both the differential amount and chemical composition of SOM contrib-
uted to the soil by different plant species (Aponte et al., 2013).

4.2. Fire history effect on soil fertile island development under woody plant
canopies

This study demonstrates that for some soil properties the microsite
effect was fire history dependent. For these soil properties, the positive
effect on soil fertility under some woody plants canopies (mainly
P. angustifolia and Q. ilex) was evident even in soils affected by one or
two fires. However, the most relevant result of our study is that in
areas with higher fire frequency (three fires during the study period)
this positive effect on soil fertility under some woody plant canopies
tended to disappear. This is the case for soil properties such as SOM,
CEC, pH, total C, N, P, Ca and Mg concentration, PO4

3−-P, arylsulfatase
and acid phosphatase activities.

We found that frequent fires (2-S and 3 fires) reduced the incorpo-
ration of new SOM under the studied woody plants. There are several
factors that couldmodulate SOM accumulation under woody plant can-
opies in reburned soils. Eugenio et al. (2006) associated themedium- to
long-term negative effects of high fire frequency on the amount of SOM
with a cumulative reduction of soil organic horizons since reburning oc-
curs before the organic horizon can completely recover. The reduced
SOM accumulation under plant canopies with increasing fire frequency
may also be linked to a smaller biomass of woody plants as fire recur-
rence increases (Ferran et al., 2005; Santana et al., 2013). Such a delay
in the recovery of the woody plant canopy in frequently burned sites,
combinedwith a low recovery of soil, could promote soil erosion, poten-
tially leading to a greater loss of SOM from the system (Mayor et al.,
2016b). This factor should be considered for our study sites due to
steep slopes that favour runoff and erosion processes. Other factors
such as the amount of belowground detrital material incorporated
into the burned soil (i.e. dead roots or microorganism) may also influ-
ence the SOM pool (Cleary et al., 2010). Nevertheless, the impact of
these factors is unknown in our study. Our results showed that burned
soils with low fire frequency (1 or 2-L fires) were characterized by a sig-
nificant microsite effect concerning soil CEC, pH value, total nutrients
and PO4

3−-P. Despite burning, soil properties remained elevated under
woody plant cover compared to open interspaces. It is widely accepted
that higher plant biomass promotes a higher fire severity in microsites
underwoody plant canopies (Rau et al., 2007; Blank et al., 2017). In con-
trast, open interspaces remained unchanged regarding their soil nutri-
ent availability, probably due to a lower soil heating during fire,
associated with factors such as a lower plant biomass (Santana et al.,
2011). Immediately after fire, and mostly under woody plant canopy
microsites, wildfire could increase the amount of nutrients in the soil
due to ash incorporation (DeBano and Conrad, 1978; Bodí et al., 2014;
Mayor et al., 2016b). After fire, much of the ash is prone to be
redistributed or removed from the burned site bywind and surface run-
off (Bodí et al., 2014; Caon et al., 2014). However, surviving plants are
able to take up nutrients from the fire-affected soil, and maintain the
nutrient cycle in the soil-plant system via litter and decomposition
after the fire (Caldwell, 1994). It should be remembered that canopy
throughfall and stemflow can also contribute nutrients to soil surface
fertilization (Bellot et al., 1999). Additionally, woody plant canopy
could reduce potential leaching and soil erosion rates, for example,
through mechanisms associated with water canopy interception,
increased transpiration, deeper roots or a higher infiltration rate
(Dahlgren et al., 1997). In contrast, a high fire frequency appears to
lead to a reduction or disappearance of differences among microsites
in terms of total soil nutrient content and PO4

3−-P levels. The reduced in-
corporation of new SOM under woody plant canopy in soils affected by
highfire frequency could be theprimary reason for the similarity among
microsites with regard to CEC, total nutrients and PO4

3−-P levels (Ferran
et al., 2005; Guénon et al., 2013; Mayor et al., 2016a). Sankey et al.
(2012) also suggested that increased fire frequency implies that
microsite soil properties are afforded less time to recover between
fires, and the enrichment of soil fertility under shrub canopies are re-
duced by more frequent erosion. Similarly, with low fire frequency,
acid phosphatase and arylsulfatase activities showed higher values
under woody plant canopy than in the open interspaces. Similar results
were described by López-Poma and Bautista (2014) and Mayor et al.
(2016a) in fire-prone Mediterranean shrublands. However, we ob-
served that with high fire frequency, the significant differences in soil
enzyme activity among microsites tended to be minimized. This could
be attributed to the effects of a lower biomass input to soils (e.g. litter)
in terms of enzyme substrate and/or to the effects of themodification of
properties involved in the regulation of enzyme activity (e.g., microbial
biomass) (Burns and Dick, 2002), after recurrent fire events. It could
also be due to differential post-fire feedback between the vegetation
spatial structure, the surface flow of water and sediment, and soil sur-
face quality (Mayor et al., 2016a). This reduction in enzyme activity
under woody plant canopies in frequently burned soils could influence
the longer-term availability of soil nutrients, compromising the recov-
ery of the plant community.

Microsite effectswere not alwaysfire-history dependent for all stud-
ied soil properties. Soil properties such as β-glucosidase activity de-
creased with increasing fire frequency, but their spatial variability
among microsites was maintained along all fire frequency scenarios.
This is in linewith a report by López-Poma and Bautista, (2014) describ-
ing the high resilience of this enzyme activity to fire. In their study no
significant differences in resilience were observed among four types of
shrubland microsites. The different response of the studied enzymes
to the interaction between microsite and fire-history depend on their
predominant control mechanism and cannot be elucidated from our
research.

Despite the fact that themicrosite effect was not fire-history depen-
dent for available mineral N, we observed that repeated fires led to a
substantial depletion of available inorganic forms of N in soils. A tempo-
rary enhanced mineral N availability is widely described immediately
after fire (Carreira et al., 1994; Caon et al., 2014). Nevertheless, this re-
duction in available inorganic forms of Nmay be attributed to repetitive
losses due to volatilization, runoff, leaching and soil erosion occurring
due to frequent fires, which were not compensated through N2 fixation
or SOM incorporation to soils and further mineralization (Ferran et al.,



Fig. 6. Principal component analysis (PCA) characterizing the differentmicrosites in unburned soils (a) and soils affected by 1, 2-L, 2-S and 3 fires (b, c, d and e, respectively). Each point on
the plot and the associated error bars correspond to the mean and the SD.
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2005; Caon et al., 2014). Low NH4
+-N and NO3

−-N concentrations limit
mineral N availability to plants playing an important role in post-fire re-
generation of the plant community. As previously mentioned, available
inorganic forms of N increased under woody plant canopies. In burned
plots, soils under R. sphaerocarpa (Leguminosae) canopy tended to
show higher values of NH4

+-N and NO3
−-N, probably caused by active

N fixation associated with this plant species (Rodríguez-Echeverría
and Pérez-Fernández, 2003). This finding highlights the important role
of legumes inmaintaining the N cycle in burned ecosystems, facilitating
their post-fire recovery.

In contrast, soil basal respiration rate (C mineralization) did not
show significant differences due to fire frequency, and the observed
positive effect of plant cover in unburned soils was not generally de-
tected in burned soils. Soil respiration is dependent of factors as the la-
bility of SOM, soil temperature and moisture (Curiel et al., 2007).
Although we found that SOM decreased with increasing fire frequency



Table 2
Total foliar nutrient concentration of the studied plant species. Different letters denote significant differences in the concentration of the element among fire histories (p < 0.05).

Fire history C (%) N (%) P (%) K (%) Ca (%) Mg (%)

Cistus ladanifer
Unburned 48.83 (1.93) 1.39 (0.01) a 0.09 (0.01) a 0.69 (0.17) 0.83 (0.15) 0.12 (0.05)
1 fire 47.73 (1.82) 1.34 (0.02) b 0.09 (0.01) a 0.67 (0.15) 0.86 (0.22) 0.14 (0.09)
2-L fires 49.05 (1.50) 1.36 (0.05) ab 0.11 (0.01) ab 0.62 (0.12) 0.79 (0.19) 0.15 (0.11)
2-S fires 48.76 (1.67) 1.33 (0.01) b 0.12 (0.01) b 0.59 (0.11) 0.81 (0.13) 0.12 (0.06)
3 fires 47.60(0.94) 1.26 (0.09) b 0.14 (0.02) b 0.75 (0.15) 0.68 (0.11) 0.11 (0.04)

Retama sphaerocarpa
Unburned 46.68 (0.59) 1.84 (0.19) 0.08 (0.02) 0.56 (0.13) 1.10 (0.44) 0.21 (0.09)
1 fire 48.04 (1.90) 2.09 (0.09) 0.07 (0.01) 0.67 (0.09) 0.86 (0.11) 0.23 (0.09)
2-L fires 47.09 (0.89) 1.98 (0.05) 0.07 (0.01) 0.65 (0.11) 0.84 (0.09) 0.15 (0.02)
2-S fires 47.61 (1.12) 1.88 (0.04) 0.09 (0.01) 0.59 (0.09) 0.79 (0.07) 0.11 (0.06)
3 fires 46.98 (1.08) 1.79 (0.12) 0.08 (0.01) 0.71 (0.15) 0.73 (0.15) 0.10 (0.05)

Phillyrea angustifolia
Unburned 50.62 (1.63) 1.05 (0.05) a 0.08 (0.05) 0.69 (0.02) 0.82 (0.12) 0.16 (0.05)
1 fire 50.69 (1.08) 1.13 (0.08) a 0.09 (0.01) 0.59 (0.10) 0.82 (0.09) 0.15 (0.05)
2-L fires 51.06 (0.87) 1.01 (0.05) ab 0.09 (0.01) 0.63 (0.12) 0.79 (0.11) 0.13 (0.04)
2-S fires 49.83 (0.97) 0.98 (0.04) ab 0.07 (0.01) 0.64 (0.09) 0.75 (0.08) 0.15 (0.06)
3 fires 49.98 (1.23) 0.97 (0.01) b 0.05 (0.02) 0.75 (0.06) 0.67 (0.07) 0.12 (0.02)

Quercus ilex
Unburned 48.45 (0.66) 1.22 (0.08) a 0.02 (0.00) a 0.25 (0.05) 0.76 (0.02) a 0.10 (0.01)
1 fire 48.09 (1.08) 1.19 (0.06) ab 0.02 (0.01) ab 0.29 (0.11) 0.68 (0.11) ab 0.12 (0.03)
2-L fires 49.18 (0.58) 1.08 (0.04) b 0.02 (0.01) ab 0.27 (0.09) 0.71 (0.09) ab 0.11 (0.05)
2-S fires 47.67 (0.87) 0.91 (0.05) c 0.03 (0.01) ab 0.26 (0.11) 0.62 (0.12) ab 0.10 (0.01)
3 fires 47.98 (1.28) 0.79 (0.21) d 0.04 (0.01) b 0.31 (0.08) 0.59 (0.10) b 0.08 (0.01)

Fig. 7. P and N foliar concentrations (mean ± SD) in representative plant species collected at the different fire history scenarios. Significant differences among fire histories (one-way
ANOVA, α = 0.05) are noted for each plant species, “ns” denote not significant effect.
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Table 3
Total nutrient concentration in litter under the canopy of the study plant species. Different letters denote significant differences in the concentration of the element among fire histories
(p < 0.05).

Fire history C (%) N (%) P (%) K (%) Ca (%) Mg (%)

Cistus ladanifer
Unburned 38.72 (1.69) 0.72 (0.18) 0.03 (0.00) 0.69 (0.02) 0.86 (0.04) a 0.09 (0.03)
1 fire 38.09 (1.66) 0.68 (0.03) 0.04 (0.01) 0.67 (0.15) 0.81 (0.22) ab 0.10 (0.01)
2-L fires 37.64 (0.84) 0.69 (0.05) 0.04 (0.01) 0.62 (0.12) 0.79 (0.19) ab 0.09 (0.01)
2-S fires 38.01 (1.12) 0.68 (0.01) 0.03 (0.01) 0.59 (0.11) 0.81 (0.13) ab 0.08 (0.01)
3 fires 36.57 (0.79) 0.67 (0.09) 0.03 (0.00) 0.75 (0.15) 0.70 (0.11) b 0.07 (0.02)

Retama sphaerocarpa
Unburned 46.63 (0.57) 1.40 (0.16) 0.03 (0.01) 0.60 (0.01) 0.90 (0.31) 0.29 (0.11) a
1 fire 46.07 (1.70) 1.41 (0.05) 0.04 (0.01) 0.67 (0.09) 0.95 (0.13) 0.24 (0.09) a
2-L fires 46.16 (0.89) 1.39 (0.09) 0.03 (0.01) 0.65 (0.11) 0.90 (0.11) 0.14 (0.05) ab
2-S fires 45.36 (1.12) 1.39 (0.08) 0.03 (0.00) 0.59 (0.09) 0.83 (0.21) 0.12 (0.09) ab
3 fires 45.01 (1.08) 1.38 (0.12) 0.02 (0.01) 0.71 (0.15) 0.71 (0.15) 0.12 (0.02) b

Phillyrea angustifolia
Unburned 42.52 (1.27) 0.74 (0.02) 0.05 (0.02) 0.76 (0.36) 0.76 (0.22) 0.15 (0.05)
1 fire 43.19 (1.01) 0.74 (0.05) 0.04 (0.01) 0.69 (0.11) 0.72 (0.08) 0.15 (0.05)
2-L fires 42.09 (0.87) 0.73 (0.04) 0.04 (0.01) 0.58 (0.13) 0.69 (0.07) 0.13 (0.04)
2-S fires 41.97 (0.97) 0.72 (0.01) 0.03 (0.01) 0.57 (0.25) 0.64 (0.06) 0.15 (0.06)
3 fires 40.36 (1.23) 0.69 (0.03) 0.03 (0.01) 0.60 (0.09) 0.69 (0.05) 0.12 (0.02)

Quercus ilex
Unburned 44.63 (0.81) 1.18 (0.06) a 0.04 (0.01) 0.13 (0.02) 0.78 (0.55) 0.08 (0.04)
1 fire 43.97 (1.08) 1.19 (0.04) a 0.03 (0.01) 0.15 (0.01) 0.69 (0.13) 0.10 (0.03)
2-L fires 43.82 (0.58) 0.98 (0.05) b 0.02 (0.00) 0.14 (0.05) 0.72 (0.12) 0.11 (0.05)
2-S fires 42.87 (0.89) 0.90 (0.15) ab 0.02 (0.01) 0.13 (0.01) 0.66 (0.10) 0.10 (0.01)
3 fires 43.36 (1.28) 0.87 (0.09) c 0.02 (0.01) 0.12 (0.02) 0.53 (0.08) 0.08 (0.01)
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we did not observed an associated decrease in soil respiration rate. This
unexpected discrepancy could be related to hydric stress of the soil dur-
ing the summer, when soil samples were collected, since at this time a
reduction in microbial biomass and activity is generally observed even
when respiration was evaluated under laboratory conditions
(Hinojosa et al., 2016). This hypothesis is supported by the general
low values for soil respiration rates recorded in our study. Different au-
thors have shown that low soil moisture generates low soil respiration
values that couldmasks the possible effects associated with other treat-
ments, such as microsite (Davidson et al., 1998; Hinojosa et al., 2016).

Despite the uneven ratio of seeders and resprouters considered in
our study, taken together our results indicate a positive influence of
woody plant cover, mainly resprouter species, on soil fertility indicators
when fire frequency is low. Resprouters are benefited for their faster
post-fire recovery, due to their ability to rapidly mobilize their
underground reserves, and older age of resprouter patches after fire
(Whelan, 1995). Nevertheless, as fire frequency increases the fertility
islands disappear. Thus, high frequency fire trend to homogenize the
spatial variability of soil, which could delay the recovery of postfire eco-
system functionality. These fertility islands under plant canopy could
act not only as biogeochemical hot spots, that is, patches that show dis-
proportionately high reaction rates relative to the surrounding matrix
(McClain et al., 2003), but also as important areas for seedling establish-
ment and plant interactions (Aguiar and Sala, 1999).

4.3. Fire frequency effect on plant leaves and litter nutrients

Leaf nutrient concentration observed here were similar to those re-
ported in other studies in Mediterranean ecosystems for C. ladanifer
(Nuñez-Olivera et al., 1996), R. sphaerocarpa (Villar-Salvador et al.,
2008), P. angustifolia (Maisto et al., 2011) and Q. ilex (Sabaté et al.,
1995). Leaves of R. sphaerocarpa presented the highest N:P total ratio
supporting the idea that N2-fixers often have higher foliar N:P ratios
than co-occurring non-fixers (Güsewell et al., 2003). Despite having
the lowest nutrient concentrations in leaves, Q. ilex showed a high foliar
N:P ratio. This characteristic is present in many plants that live
under nutrient-limited conditions, have a long-life span (Wright and
Westoby, 2003) and have efficient nutrient reabsorption prior to leaf
abscission (Aerts and Chapin, 2000).

In our study,fire frequency tended to unbalance the concentration of
certain nutrients within the plant. The extent to which firemodifies the
concentration of specific nutrients in post-burn vegetation differs
among the nutrients in question (Van de Vijver et al., 1999). In our
study, the decrease of leaf N content with increasing fire frequency (in
all plant species, except R. sphaerocarpa), could be due to the reduction
of soil total and available forms of inorganic N (NH4

+-N and NO3
−-N) in

these soils, as formerly discussed. However, P concentration in leaves
of some plants (C. ladanifer and Q. ilex) increased with fire frequency,
despite total and available P in these soils being lower than in unburned
ones. These enhanced P concentrations in post-fire regrowth may be
due to the reduction in the soil N:P ratio of available nutrient pools at
the burned sites. Güsewell (2004) pointed out that foliar N:P ratios
are largely determined by the relative supplies of N and P from soil. Ac-
cording to Vitousek and Howarth (1991), any ecosystem disturbance
should affect N retention mechanisms more than P retention mecha-
nisms, because N is retained in the ecosystemmainly by biological pro-
cesses, whilst P is retained by both biological and geochemical retention
mechanisms.

The leaf N:P ratio tended to decrease with increasing fire frequency,
but this tendency was significant only for C. ladanifer. This finding is
supported by Toberman et al. (2014) who showed reductions in the
leaf N:P ratio in eucalypt forest ecosystems that had suffered recurrent
fires. The greater effect of fire recurrence reported in the study by
Toberman et al. (2014) could be due to the fact that they evaluated a
higher fire frequency (prescribed burning once every two or four
years during a 48 year period). Thus, our analyses indicate that patterns
in plant leaf N, P, and N:P ratio in relation to fire frequency cannot be
generalized across all plant species. Not all the studied plant species
are equally adapted to nutrient losses caused by recurring fire. This dif-
ferential response of plant chemistry to fire frequency could lead to
changes in the plant community and further alterations in ecosystem
functionality.

In general, high fire frequency tended to cause a marginal decrease
in nutrient concentration in litter. This trend was significant in only a
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few specific cases (Ca for C. ladanifer, Mg for R. sphaerocarpa and N for
Q. ilex). The shifts in leaf nutrient stoichiometry are not directly related
to litter stoichiometry. This fact could be due to stoichiometric changes
in corresponding living plant biomass and/or to stoichiometric adjust-
ment in the reabsorption of nutrients during leaf senescence (Wright
and Westoby, 2003; Toberman et al., 2014). Future studies of plant
tissue stoichiometry, reabsorption and decomposition are needed to
evaluate these alternatives in post-fire scenarios (Manzoni et al., 2010;
Toberman et al., 2014).

Whilst soil properties andfiremaymodify the species and functional
traits present on plant communities (Müller et al., 2007), plants can also
alter soil properties (Fornara and Tilman, 2008). The observed effect of
increased fire frequency on the nutrient content of plant leaf tissue
and litter may influence other components of an ecosystem apart
from soil fertility, such as invertebrates, microorganism or herbivores,
and the processes that they regulate (Güsewell and Gessner, 2009;
Butler et al., 2019). These areas are currently unexplored.

Our findings underline the importance of fire frequency when deal-
ing with soil and plant interaction in Mediterranean-type ecosystems.
The plant-soil interphase presents wide vulnerability to recurrent fire
events. Thus, under future climate change scenarios and associated
changes in fire activity, adaptative and sustainable forest management
strategies are needed in order to prevent fire recurrence and restore
the historic fire intervals of the ecosystems (Francos et al., 2020). This
aspect is crucial in arid and semiarid regions with fire-prone habitats
and vulnerable biogeochemical soil stability.

In relation to post-fire management, the retention of nutrients in
soils it is especially important after a high fire frequency scenario. It is
important to stabilize the burnt site by applying post-fire measures
aiming to limit for example soil erosion or surface runoff. Thus, surviv-
ing plants or new established individuals on the burned area will find
higher soil resources, but also higher small-scale heterogeneity, which
can have a large impact on the performance of individual plants on
individual plants, on the interactions between plants, on plant popula-
tions and on plant communities (Hutchings et al., 2003). Post-fire resto-
ration management should consider also promoting the presence of
resprouters, which conferred more resistance and resilience to soil
fertility degradation (López-Poma and Bautista, 2014).

5. Conclusions

The effect of increasing fire frequency in Mediterranean ecosystems
is an issue that deserves to be investigated due to the increasing fire dan-
ger caused by climate change and land abandonment. However, very lit-
tle information is available about the effect of fire history on the role of
woody plant species in maintaining soil fertility beneath their canopies.

Our study shows that soils are more fertile under woody plant can-
opies than in open interspaces, mainly under resprouter species. This
pattern remains even in a natural fire regime leading to a change from
Q. ilex woodland to shrubland. However, this positive effect of woody
plants in soil fertility decreased as fire frequency increased. This fact
could influence the longer-term availability of soil nutrients, as demon-
strated by the imbalance between N and P observed in the leaf tissue of
some plant species. Thus, in the long term, these alterations in spatial
heterogeneity of soil resources induced by different plant species
might modify the coexistence of species, compromising the resilience
of these fire-prone ecosystems, which should be considered for post-
fire land managers.

Our study provides evidence that future alterations in fire regime
due to increased fire frequency could interact with plant canopy
microsites in Mediterranean ecosystems to shift nutrient cycling and
soil–plant feedbacks. In addition to fire frequency, the effect of other
components of a fire regime (i.e., fire severity, seasonality), and the in-
teractionswith topography, on soil–plant nutrient feedbacks in the het-
erogeneous microsites existing in these open ecosystems is something
that merits further investigation.
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