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Abstract
Background: Wildfires are one of the major environmental concerns in Mediterranean ecosystems. Thus, many
studies have addressed wildfire impacts on soil and vegetation in Mediterranean forests, but the linkages between
these ecosystem compartments after fire are not well understood. The aim of this work is to analyze soil-vegetation
relationships in Mediterranean burned forests as well as the consistency of these relationships among forests with
different environmental conditions, at different times after fire, and among vegetation with different functional
traits.
Results: Our results indicate that study site conditions play an important role in mediating soil-vegetation
relationships. Likewise, we found that the nature of soil-vegetation relationships may vary over time as fire effects
are less dominant in both ecosystem compartments. Despite this, we detected several common soil-vegetation
relationships among study sites and times after fire. For instance, our results revealed that available P content and
stoichiometry (C:P and N:P) were closely linked to vegetation growth, and particularly to the growth of trees. We
found that enzymatic activities and microbial biomass were inversely related to vegetation growth rates, whereas
the specific activities of soil enzymes were higher in the areas with more vegetation height and cover. Likewise, our
results suggest that resprouters may influence soil properties more than seeders, the growth of seeders being more
dependent on soil status.
Conclusions: We provide pioneer insights into how vegetation is influenced by soil, and vice-versa, in
Mediterranean burned areas. Our results reflect variability in soil-vegetation relationships among study sites and
time after fire, but consistent patterns between soil properties and vegetation were also detected. Our research is
highly relevant to advance in forest science and could be useful to achieve efficient post-fire management.
Keywords: Wildfires, Soil nutrients, Enzymatic activities, Microbial biomass, Growth forms, Regenerative strategies

Background
Mediterranean regions are characterized by a seasonal
climate, with mild winters that promote fuel accumulation and hot dry summers, facilitating the occurrence of wildfire. Therefore, wildfires have shaped
ecological processes in Mediterranean forest ecosystems for millennia, providing suitable study systems
for the fire ecology discipline (Keeley et al. 2011;
Moreira et al. 2020). Moreover, recent changes in fire
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regimes aggravated by human activity intensification
and climate change (Dupuy et al. 2020; Moreira et al.
2020) are fostering the interest of the scientific community in better understanding ecological processes
in Mediterranean forests after fire (Fernández García
et al. 2020; Sáenz de Miera et al. 2020).
Soils are an essential resource that may undergo significant changes when exposed to fire in terms of physical, chemical and biochemical properties (Certini 2005;
Boerner and Brinkman 2006; Fernández-García et al.
2019a; Verma et al. 2019). Changes in soils caused by
fire may be more or less persistent depending on several
factors (e.g. fire frequency, fire intensity and severity,
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type of soil and post-fire environmental conditions)
(Cerda and Robichaud 2009; Fernández-García et al.
2019b), but in general, recently burned soils are more
prone to erosion than unburned soils, as they tend to be
more hydrophobic, less structured and less protected by
an organic layer (Pereira et al. 2017). Additionally, soils
show decreases in organic matter after fire, and at the
same time tend to be richer in available forms of nitrogen and phosphorus (Certini 2005; Cerda and Robichaud
2009; Caon et al. 2014). Likewise, fire modifies soil biochemical properties, in general, decreasing microbial
biomass and soil enzymatic activity for several years,
which brings about a slowdown of soil biochemical reactions (Fernández-García et al. 2019a, 2019b; FernándezGarcía et al. 2020). All these properties and processes
are closely related to soil quality, and they determine
vegetation composition and growth, but little is known
about the interaction of both ecosystem compartments
in post-fire environments (Moya et al. 2018; Quigley
et al. 2020).
In Mediterranean ecosystems, the predominance of
crown fires leads to large reductions in the amount of
vegetation for several years (Keeley et al. 2011). However, Mediterranean vegetation is highly resilient to fire
(Calvo et al. 2002; De Luis et al. 2006), to the point that
post-fire regeneration has been described as an autosuccessional process that starts during the weeks following fire (Trabaud 1991). Consequently, soil-vegetation
interactions continue in post-fire environments under
extraordinary conditions that influence growth rates and
species composition. In this sense, growth forms and regenerative strategies have been considered key traits in
determining vegetation fitness to fire and their resourceuse capacity in post-fire environments (Ojeda et al.
2005; Blair et al. 2016; Fernández García et al. 2020).
Previous work has indicated that herbaceous species can
colonize burned areas easier than other growth forms
(Capitanio and Carcaillet 2008), and can take advantage
of the nutrients provided by ash because of their superficial roots and rapid growth (Calvo et al. 2003). Focusing
on woody species, most shrubs and trees in Mediterranean ecosystems can be grouped according to their regenerative strategies after fire as (i) obligate resprouters,
which are those species that regenerate after fire only
from buds, (ii) obligate seeders, which only regenerate
from seeds, and (iii) facultatives (also known as facultative seeders or facultative resprouters), which can regenerate by both resprouting and seeding (Calvo et al. 2003;
Arnan et al. 2007; Pausas and Keeley 2014). With respect
to this matter, resprouting allows plants to rapidly regenerate from the surviving biomass, being advantageous
over seeding in competitive environments (Pausas and
Keeley 2014). On the contrary, seeding is advantageous
when seedling success and adult mortality are high,
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which occurs in scarcely competitive environments and
in ecosystems affected by intense wildfires (Pausas and
Keeley 2014).
Although the effects of fire on soil and vegetation have
captured most of the attention in forest fire research
(e.g. Calvo et al. 2003; Certini 2005; Fernández-García
et al. 2019a; Fernández García et al. 2020) it is crucial to
comprehend soil-vegetation relationships to understand
ecosystem functioning and accomplish efficient ecosystem management (Aponte et al. 2011; Moya et al. 2018;
Quigley et al. 2020; Stevens et al. 2020). Currently, it is
well known that in non-disturbed environments there is
a strong feedback dynamic between soil and vegetation,
soil affecting vegetation growth and composition, and in
turn, vegetation determining soil properties by modifying organic matter fluxes, nutrient returns and soil environmental conditions (Aponte et al. 2010, 2011;
Sardans and Peñuelas 2013). Specifically, some studies
have addressed soil-vegetation relationships after fire in
Mediterranean ecosystems. Among them, Keesstra et al.
(2017) suggested that vegetation recovery can increase
soil water repellency in Pinus halepensis Mill. forests in
Israel; Moya et al. (2018) found that vegetation regeneration determined soil chemical properties, including pH,
electrical conductivity and several soil nutrients in P.
halepensis forests in the southeastern Iberian Peninsula;
and López-Poma and Bautista (2014) and Mayor et al.
(2016) revealed positive relationships between vegetation
cover and soil enzyme activities in fire-prone shrublands
in the eastern Iberian Peninsula, the correlation being
stronger in the case of obligate resprouter shrubs than
obligate seeders. However, previous research was restricted to a single ecosystem type and region or to a
single post-fire date, requiring a broader analysis to determine whether there are consistent patterns in soilvegetation relationships in Mediterranean forests after
fire.
The objective of the present work is to study soilvegetation relationships in Mediterranean forest ecosystems after fire. Specifically, we aim to analyze the relationship between soil chemical and biochemical
variables (total organic C, total N, available P, C:N, C:P
and N:P ratios, β-glucosidase, urease, phosphatase, microbial biomass C, and the ratios of β-glucosidase, urease and phosphatase to microbial biomass C) and
vegetation variables (height and cover differentiating
growth forms and regenerative strategies) (i) in contrasting Mediterranean environmental conditions, (ii) at different times after wildfire (1–2 and 3–4 years), (iii) in
terms of absolute values and annual percentage change.
We hypothesize that there are consistent relationships
between soil and vegetation in different environmental
conditions, in terms of both absolute values and annual
changes. We expect soil-vegetation relationships to be
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stronger over the short term after fire (3–4 years) than
over the very short term after fire (1–2 years), because
over the very short-term soil-vegetation feedbacks could
be dissembled by the direct fire impact. In view of previous work (López-Poma and Bautista 2014; Mayor et al.
2016), we anticipate different soil-vegetation relationships depending on vegetation functional traits. For instance, considering faster growth of resprouter species
and higher resource-use, we expect obligate resprouters
to cause greater annual changes in soils than obligate
seeders. On the contrary, the annual growth of obligate
seeders would be more dependent on soil status, because
they cannot take advantage of endogenous resources to
fund regrowth.

Methods
Study sites

We selected four study sites (Cabrera, Gátova, Teleno and
Cortes), representing Mediterranean ecosystems with contrasting climatic conditions and soil types (Fig. 1; Table 1).
The four study sites were affected by wildfires that consumed most of the tree canopy cover, the dNBR burn severity index averaging values above 400 (Table 1; Table
A1), which indicates moderate-high and high severities
(Key and Benson 2006). Likewise, the four study sites have
congruent fire histories, with a mean fire frequency of
about 0.16 fires per decade (Table 1; Table A1).
The Cabrera and Teleno study sites are located in the
north-western Iberian Peninsula (Spain) (Fig. 1). Both
sites are characterized by a Mediterranean climate with
dry temperate summers (AEMET-IM 2011), averaging 2
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months of summer drought. Soils in this region were developed over siliceous lithologies (quartzite, sandstone,
slate and conglomerates; GEODE 2020) and are characterized by a sandy loam or sandy clay loam texture, and
low nutrient content (Table 1). In August 2017, a wildfire in the Cabrera study site burned 99 km2 of Quercus
pyrenaica Willd. forests, Erica australis L. heathlands
and Genista hystrix Lange shrublands. In the Teleno
study site, a wildfire in August 2012 burned 119 km2,
mainly dominated by Pinus pinaster Ait. ecosystems
with understory dominated by E. australis, Halimium
lasianthum (Lam.) Spach, and Pterospartum tridentatum
(L.) Willk.
The Gátova and Cortes study sites are located in the
eastern Iberian Peninsula (Spain) (Fig. 1). Both are characterized by typical Mediterranean conditions, with
warm dry summers (AEMET-IM 2011) resulting in 4
months of summer drought. Soils in both study sites
were originated from calcareous lithologies (limestone,
dolomite, sandstone, marl and gypsum; GEODE 2020)
and have a loamy sand or sandy loam texture, and
higher nutrient contents than the north-western study
sites (Table 1). In Gátova, a wildfire that started in June
2017 burned 14 km2, mostly Pinus halepensis Mill. ecosystems. In Cortes, a wildfire initiated in June 2012 affected 297 km2, large extents being dominated by P.
halepensis forests.
Field sampling

We randomly distributed 100 field plots of 30 m × 30 m
in the four study sites (22 in Cabrera, 15 in Gátova, 33

Fig. 1 Location of the four study sites in the Iberian Peninsula (panel in the center), and true-color Landsat 8 image of each study site from the
first year of field sampling (1 year or 3 years after fire). Red lines indicate wildfire perimeters
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Table 1 Characteristics of the study sites
Cabrera

Gátova

Teleno

Cortes

Fire alarm date

August 21st, 2017

June 28th, 2017

August 19th, 2012

June 28th, 2012

Wildfire size (km2)

99.39

14.14

118.91

297.52

a

Burn severity (dNBR)

424

406

695

588

b

Fire frequency (fires decade− 1)

0.16

0.14

0.16

0.17

2018, 2019
(1–2 after fire)

2018, 2019
(1–2 after fire)

2015, 2016
(3–4 after fire)

2015, 2016
(3–4 after fire)

Sampling date (year)
Elevation (m)

838–1960

290–815

836–1493

120–942

c

Precipitation (mm)

650–1000

350–600

600–800

400–600

c

Temperature (°C)

5–11

14–16

8–11

13–17

d

Soil pH

5.39

8.33

4.63

8.14

e

Total organic C (mg C·g−1 soil)

51.89

66.14

52.24

36.74

f

Total N (mg N·g− 1 soil)

4.04

2.87

2.07

2.87

g

Available P (μg P·g−1 soil)

Vegetation cover (%)

17.89

25.74

7.14

10.51

42.88

24.07

52.79

48.40

a
Burn severity calculated through the dNBR spectral index using Landsat imagery (see Fernández-García et al. 2018). b The period 1990–2020 (30 years) was used
for the calculation of fire frequency in the study sites. c Mean annual precipitation and temperature obtained from Ninyerola et al. (2005). d pH determined by a
suspension of soil:deionized water (1:2.5, w/v). e Total organic C calculated with the dry combustion method (Dumas 1831). f Total N calculated with the Kjeldahl
method (Bremner and Mulvaney 1982). g Available P calculated with the Olsen et al. (1954) method

in Teleno and 30 in Cortes). In each 30 m × 30 m plot,
we systematically established 2 plots of 2 m × 2 m (Fig. 2),
which were fixed in the field and georeferenced with
high precision GPS (RMSE X, Y < 0.5 m) for monitoring
in different years. Specifically, we sampled soil and vegetation in May–June of two subsequent years in the four
study sites: 1 and 2 years after wildfire in Cabrera and

Gátova (very short-term), and 3 and 4 years after wildfire
in Teleno and Cortes (short-term).
In each 2 m × 2 m plot we collected a sample of
mineral soil, composed by four subsamples taken
from a depth of 3 cm. Soil subsamples were taken at
the four cardinal points of each 2 m × 2 m plot (see
Fig. 2) to obtain a representative sample of the soil.
These samples were air dried, sieved at 2 mm and
stored until laboratory analysis, which was performed
during the 3 months after sampling. Likewise, vegetation sampling was carried out in each 2 m × 2 m plot
using 4 observational units of 1 m × 1 m (Fig. 2), in
which we measured the following vegetation variables: (i) maximum vegetation height, (ii) total percentage cover of vegetation, (iii) percentage cover of
vegetation differentiated by growth forms (trees,
shrubs and herbs), and (iv) percentage cover of vegetation differentiated by regenerative strategies (obligate resprouters, hereafter resprouters; obligate
seeders, hereafter seeders and facultative seeders or
facultative resprouters, hereafter facultatives) (See
species classification in Table A2 – supplementary
material).

Soil analysis and calculations
Fig. 2 Soil and vegetation sampling design within each 30 m × 30 m
field plot. Brown circles indicate the location of the four soil subsamples that compose each soil sample (sample A and sample B).
Vegetation was sampled in each green 2 m × 2 m plot, using
1 m × 1 m quadrats

In this work, we studied (i) chemical variables of the soil:
total organic C (TOC), total N (TN), available P (AP), C:
N ratio, C:P ratio and N:P ratio; and (ii) biochemical variables of the soil: β-glucosidase, urease and phosphatase,
microbial biomass C (MBC), and the ratios of βglucosidase, urease and phosphatase to MBC.
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In the Cabrera and Gátova study sites, TOC was determined following the combustion method (Dumas 1831),
using a EuroVector EA3000 elemental analyzer (Eurovector SpA, Italy). In Teleno and Cortes, we determined
oxidizable organic C by Walkley-Black dichromate oxidation (Nelson and Sommers 1982) after grinding the
soils to < 0.15 mm particle size, and oxidizable organic C
was converted to TOC using a correction factor of 1.32
(Walkley and Black 1934). TN was analyzed by the Kjeldahl procedure (Bremner and Mulvaney 1982) with a
DK 20 digestion unit (VELP Scientifica, Italy) and AP
was determined following the Olsen et al. (1954)
method, at 882 nm wavelength on a UV Mini 1240 spectrophotometer (Shimadzu Corporation, Japan).
β-glucosidase (EC 3.2.1.21; β-D-glucoside glucohydrolase)
and acid-phosphatase (phosphatase: EC 3.1.3.2; phosphatemonoester phosphohydrolase) activities were determined
following the procedure described by Tabatabai (1994), and
urease (urease: EC 3.5.1.5; urea amidohydrolase) activity according to Kandeler and Gerber (1988). The analytical procedure for the three enzymes consists of (i) adding excess
of the correspondent enzyme substrate to soil samples (pnitrophenyl-β-D-glucopyranoside for β-glucosidase, pnitrophenyl-phosphate for phosphatase and urea for urease), (ii) incubating soil samples with the enzyme substrate
in shaking at 37 °C, and (iii) determining colorimetrically
the enzyme products released in the incubation period [pnitrophenol (pNP) for β-glucosidase and phosphatase, and
NH4+ for urease]. pNP was measured at 400-nm wavelength, and NH4+ at 690 nm with a UV-1700 PharmaSpec
spectrophotometer (Shimadzu Corporation, Japan).
MBC was determined by the chloroform fumigationextraction method (Vance et al. 1987). Thus, we calculated
the difference (EC) in organic C, determined by WalkleyBlack dichromate oxidation, between chloroform fumigated
(CHCl3, 24 h) and non-fumigated soil samples. Then, we
calculated microbial biomass C using the following the formula: MBC = EC/kEC, where kEC is an extraction efficiency
coefficient of 0.38 (Vance et al. 1987; Joergensen 1996).
Additionally, we calculated soil ratios reflecting the
soil nutrient stoichiometry (C:N, C:P and N:P) and
physiological capacity of soil microorganisms (specific
activity of β-glucosidase, urease and phosphatase). We
calculated the C:N ratio as micrograms of TOC to micrograms of TN; the C:P ratio as micrograms of TOC to
micrograms of AP, and the N:P as micrograms of TN to
micrograms of AP. Likewise, the specific activity of soil
enzymes was expressed as micrograms of product released (pNP for β-glucosidase and phosphatase, and
NH4+ for urease) per microgram of MBC.
Data analysis

For each sampling date, we calculated the mean values
of soil variables (chemical and biochemical) and
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vegetation variables (vegetation height per m2, total percentage cover, percentage cover by growth forms and
percentage cover by regenerative strategies) in each 30
m × 30 m plot by averaging the data obtained in their
corresponding 2 m × 2 m plots. Additionally, using the
values of the two sampling dates, we calculated the annual percentage change of the studied soil and vegetation variables.
An exploratory analysis of the data was carried out to
select the most appropriate method to study the soilvegetation relationships. We performed a Shapiro-Wilk
normality test and scatterplots that revealed the nonnormality of many studied variables and non-linear relationships between them. Thus, a one-sample Wilcoxon
test was performed to check whether annual changes in
soil and vegetation variables were significantly different
to zero (p < 0.05). Likewise, soil-vegetation relationships
were studied through Spearman correlation tests (rhovalue and significance). Specifically, in each study site we
studied the correlations between: (i) the mean values of
soil variables and the mean values of vegetation variables, (ii) the annual percentage change in vegetation
variables and the initial values of soil variables (values of
soil variables the first year of sampling), (iii) the annual
percentage change in soil variables and the initial values
of vegetation variables.
All statistical analyses were performed with R (R Core
Team 2020), using the Hmisc package (Harrell 2020).

Results
Characterization of soil and vegetation status and
dynamics

Soil analysis revealed that recently burned sites (1–2
years) had the highest AP values, C:P and N:P ratios and
the lowest β-glucosidase activity (Table A3 – supplementary material). Urease and phosphatase activities
were, in general, higher in the north-western sites (Cabrera and Teleno, which are colder, wetter and have siliceous soils), regardless of the time after fire. The rest of
soil properties showed large differences among study
sites (Table A3 – supplementary material). Results for
the annual percentage change (Fig. 3) showed generalized decreases in TOC, AP and C:N in time, while C:P
and N:P ratios tended to increase (both, over the very
short and short term). Soil enzymatic activities (β-glucosidase, urease and phosphatase) and MBC showed annual increases in all study sites, except for phosphatase
in Teleno. The specific activity of enzymes (ratios of enzyme activity to MBC) showed variable behaviour among
sites.
In relation to vegetation, we found greater height and
total cover in the sites studied over the short term after
fire (3–4 years) than in the recently burned ones (1–2
years) (Table A4 – supplementary material). Results also
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Fig. 3 Annual percentage change of soil and vegetation variables in the four study sites. * above bars indicates significant annual
change (p < 0.05)

indicate that trees were relatively abundant in Cabrera
and Gátova, whereas shrubs clearly dominated Teleno
and Cortes. Among woody species, resprouters dominated the north-western study sites whereas seeders
dominated the eastern ones (Gátova and Cortes, which
are warmer, drier and calcareous). Analyzing the annual
changes in vegetation (Fig. 3), we found generalized increases in height and cover, which were more pronounced in the recently burned sites. Facultative species
were not found in the Teleno plots.
Soil-vegetation relationships in terms of absolute values

In general, the correlations between soil and vegetation
absolute values showed variable results, depending on
the time after fire and environmental conditions (study
sites), as well as depending on growth forms and regenerative strategies (Fig. 4). At the community level, we
found that vegetation height and cover tended to be
positively related to the specific activity of soil enzymes
(enzyme activity to MBC) in most cases, four of 24 relationships being significant.
Focusing on growth forms, tree cover was higher in
areas with elevated AP content and stoichiometry (low
C:P and N:P) over the short term. In addition, trees were
positively related to most soil biochemical variables over
the very short term (5 of 14 relationships being significant), but inversely related to them over the short term
(5 of 14 relationships being significant). In the northwestern sites (Cabrera and Teleno), shrubs had higher
cover in areas with lower AP, in terms of both concentration and stoichiometry (C:P and N:P), whereas herbs
showed opposite patterns over the very short and short
term.
Differentiating regenerative strategies, results indicated
that resprouters cover was positively related to TN, C:P,

and N:P in most study sites (3 of 6 relationships being
significant), and to soil enzymatic activities over the
short term (3 of 6 relationships being significant). Nevertheless, seeders did not show consistent patterns among
study sites, whereas facultatives were positively related
to AP, and inversely related to C:N and C:P (3 of 9 relationships being significant).
Relationships between soil absolute values and annual
change in vegetation

Results showed that roughly, vegetation growth
(height and total cover) tended to be positively related to AP content and stoichiometry (low C:P and
N:P ratios) and inversely to enzymatic activities and
MBC, although most correlations were not significant and there were differences among study sites
(Fig. 5). Moreover, increases in height and cover
tended to be inversely related to the N:P ratio, enzymatic activities and MBC, three of the correlations
being significant.
Differentiating growth forms, the growth of trees and
shrubs (annual change in cover) showed stronger correlations than herbaceous vegetation with soil variables.
Tree growth was positively related to AP content and
stoichiometry (C:P, N:P) (3 of 12 relationships being significant), and inversely related to phosphatase activity
and MBC (1 of 8 relationships being significant). On the
contrary, the growth of shrubs showed contrasting patterns depending on the time after fire.
In relation to regenerative strategies, we found that the
growth of seeders and facultatives (annual change in
cover) exhibited stronger correlations than that of
resprouters with soil variables. Roughly, the growth of
seeders was greater in areas with high TOC, TN and AP,
and with low C:P and N:P ratios.

Fernández-García et al. Forest Ecosystems

(2021) 8:18

Page 7 of 13

Fig. 4 Relationships between soil and vegetation variables in terms of mean absolute values (average values from 1 and 2 years after fire in
Cabrera and Gátova – in the upper part of each square, and from 3 and 4 years after fire in Teleno and Cortes –in the bottom of each square).
Height was measured in cm as the mean maximum height per m2, total cover and the cover by growth forms and regenerative strategies were
calculated as the mean percentage cover. Circle sizes are proportional to the absolute value of Spearman’s correlation coefficient (Rho-value). *
indicates significant correlation (p < 0.05). A hyphen indicates that data are not available

Relationships between vegetation absolute values and
annual changes in soil

Results showed that generally, the relationship between
annual changes in soil and vegetation variables varied
among study sites (Fig. 6). However, at community level
we found that C:P; N:P ratios increased in the areas with
more vegetation, mainly over the very short term after
fire (3 of 8 relationships being significant).
Differentiating growth forms, results indicate that increases in C:P and N:P ratios over the very short term
were larger in areas with high cover of trees and shrubs.
Differentiating regenerative strategies, we found the
cover resprouters to be more related to changes in soil
properties than seeders (i.e.: TOC, TN and AP tended to
decrease with resprouter cover). Results also revealed
that increases in specific enzyme activities over the very
short term were positively related with tree cover (2 of 6
relationships being significant).

Discussion
Soil and vegetation dynamics in Mediterranean forests
after fire

Our study shows the post-fire dynamics of soil and
vegetation in Mediterranean forests ecosystems affected by crown fires, 1 to 2 and 3 to 4 years after
fire. Specifically, we found that soil organic C, AP

and C:N ratio undergo annual decreases the years following fire, whereas the enzymatic activities, MBC
and vegetation cover and height exhibit significant increases. Many studies have reported that combustion
decreases the organic C concentration and C:N ratio
in forests from different Mediterranean-type climate
regions such as the conifer and oak ecosystems of the
Mediterranean Basin (Kutiel and Naveh 1987; Pereira
et al. 2012; Vega et al. 2013) and California (Goforth
et al. 2005) as well as in Eucalyptus and Acacia ecosystems of Australia (Bui and Henderson 2013).
Moreover, we found decreases in both variables in
the post-fire environment, which can be a consequence of increases in mineralization rates (Alcañiz
et al. 2016). Likewise, fire increases AP concentration,
particularly at moderate and high severities (Vega
et al. 2013), but the following years may experience
decreases, as it is immobilized, adsorbed onto mineral
surfaces, leached, or assimilated by plants (Hinojosa
et al. 2016; Fernández-García et al. 2019c). This dynamic is common in all types of forests (Certini
2005) and thus it is expected for the different Mediterranean forests across the globe (Kutiel and Naveh
1987; Caon et al. 2014). The enzymatic activities and
MBC are intensely slowed down with burn severity in
Mediterranean forests (Miesel et al. 2011; Vega et al.

Fernández-García et al. Forest Ecosystems

(2021) 8:18

Page 8 of 13

Fig. 5 Relationships between soil absolute values the first sampling year (1 year after fire in Cabrera and Gátova; 3 years after fire in Teleno and
Cortes), and the annual percentage change in vegetation variables between the 2 years of field sampling (1 and 2 years after fire in Cabrera and
Gátova, 3 and 4 years after fire in Teleno and Cortes). Height was measured in cm as the mean maximum height per m2, total cover and the
cover by growth forms and regenerative strategies were calculated as the mean percentage cover. Circle sizes are proportional to the absolute
value of Spearman’s correlation coefficient (Rho-value). * indicates significant correlation (p < 0.05). A hyphen indicates that data are not available

2013; Pourreza et al. 2014; Fernández-García et al.
2019a), with annual increases thereafter. Both variables are closely related, as soil microorganisms are
the main source of soil enzymes (Tabatabai 1994;
Hinojosa et al. 2016), and their increase could be attributed to the amelioration of soil microclimatic conditions and the recovery of vegetation (FernándezGarcía et al. 2020). This assumption is supported by
our results, as we found significant increases in vegetation height and cover, which varied with functional
traits in the different study sites. In relation to growth
forms, shrubs showed larger increases than trees the
first years after fire (1–2 years), which has been attributed to their high resilience and higher productivity
in the early successional stages (Montès et al. 2004).
Analyzing the regenerative strategies, we found
resprouting dominated over seeding in the northwestern sites (siliceous and cooler), and the opposite
pattern in south-eastern sites (calcareous and drier).
According to previous work in Mediterranean ecosystems from Europe (Arnan et al. 2007; Fernández García et al. 2020), Australia (Lamont and Markey 1995;
Clarke et al. 2005; Pausas and Bradstock 2006), California (Keeley et al. 2016) and Cape region from
South Africa (Ojeda 1998), this result can be

attributed to differences in environmental conditions
such as climate and soil fertility.
Soil-vegetation relationships in Mediterranean forests
after fire

The correlation analysis between soil and vegetation at
the community level showed several common patterns
among study sites: (i) higher AP in terms of stoichiometry (i.e. low C:P and N:P ratios, which are indicators of
high mobilization and low P limitation respectively, Bui
and Henderson 2013) was positively related to vegetation growth (annual increases), and additionally, AP decreases with time were higher in the areas with more
vegetation. This reflects a feedback loop between AP
and vegetation growth, vegetation assimilating orthophosphate for growth, which consequently decreases its
soil concentration (Ruttenberg 2005). This fact is widely
recognized worldwide, but could be highly relevant in
Mediterranean-type climate ecosystems, where phosphorus is often the limiting nutrient (Specht 1969;
McLaughlin 1996; Sardans et al. 2005; Sardans and
Peñuelas 2007; Orians and Millewski 2007), and fast
post-fire regeneration demands substantial amounts of
orthophosphate (Ruttenberg 2005; Sardans et al. 2005).
(ii) Urease, phosphatase and MBC were inversely related
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Fig. 6 Relationships between the annual percentage change in soil variables during the 2 years of field sampling (1 and 2 years after fire in
Cabrera and Gátova, 3 and 4 years after fire in Teleno and Cortes) and the absolute values of vegetation variables during the first sampling year
(1 year after fire in Cabrera and Gátova; 3 years after fire in Teleno and Cortes). Height was measured in cm as the mean maximum height per m2,
total cover and the cover by growth forms and regenerative strategies were calculated as the mean percentage cover. Circle sizes are
proportional to the absolute value of Spearman’s correlation coefficient (Rho-value). * indicates significant correlation (p < 0.05). A hyphen
indicates that data are not available

to vegetation growth (annual increases), mainly over the
very short term after fire (1–2 years). Enzyme activities
can be inversely related to vegetation growth because
they are scarce in fertile soils (Bünemann 2008). In fact,
microorganisms and plants produce extracellular enzymes to catalyze the release of nutrients (ammonia in
the case of urease, and phosphate in the case of phosphatase) when there is a deficit (Sollins et al. 1996; Tabatabai 1994; Miesel et al. 2011; Fernández-García et al.
2019b). On the contrary, MBC and vegetation cover are,
in general, positively related (Goberna et al. 2007; Ravindran and Yang 2015), because vegetation originates litter, produces root exudates, and better microclimatic
conditions for microorganisms, which contribute to nutrient supply source due to fast turnover (Rutigliano
et al. 2004; Fernández-García et al. 2020). (iii) The specific activity of soil enzymes (enzyme activity to MBC ratios) was positively related to vegetation cover and
height. This result could indicate a higher physiological
capacity of the microbial community in soils with high
vegetation cover (Waldrop et al. 2000; Rutigliano et al.
2004; Fernández-García et al. 2019a). However, this correlation may also indicate a higher proportion of enzymes secreted by roots instead of microorganisms in
densely vegetated areas.

Differentiating vegetation by growth forms, we found
consistent soil-vegetation relationships across the different study sites for trees, but not for shrubs and herbaceous vegetation. In this sense, our study indicates that
AP (in terms of concentration and stoichiometry) is
positively related to the growth of trees (annual change
in cover), a fact that has been documented worldwide
(e.g. McLaughlin 1996; Gradowski and Thomas 2006;
Baribault et al. 2012). As the concentration of extractable P in soil depends on the balance between nutrient
uptake by plants and organic P mineralization
(McLaughlin 1996; Gallardo 2003; Ruttenberg 2005), we
can attribute our results to: (i) The necessity of high AP
concentrations for trees to grow, although in general,
nutrient uptakes and accumulation capacities are higher
in early successional species such as herbs (Sardans and
Peñuelas 2013); (ii) The higher organic P mineralization
rates in areas covered by trees. In this sense, Gallardo
(2003) attributed the higher AP to the role of tree roots
and mycorrhizas in mineralizing P, not only via phosphatase activity but also to P dissolution by oxalates.
We noted differences in soil-vegetation relationships depending on regenerative strategies. In fact,
we found that the annual changes in soil properties
were more related to resprouters than to seeders,
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whereas the growth of seeders was more related to
soil properties than the growth of resprouters. In
this sense, Sardans and Peñuelas (2013) indicate that
resprouters are more competitive than seeders in nutrient uptake the first years after fire, thus, potentially influencing soils to a greater extent. Other
authors also attributed the higher impact of resprouters on soils to the persistence of their radicular system after fire (López-Poma and Bautista 2014;
Mayor et al. 2016) and to their higher percentage of
belowground biomass (Knox and Clarke 2005). In
contrast, the recovery of seeders is highly dependent
on environmental conditions, including soil properties and climate (Calvo et al. 2002), as seedlings do
not have enough reserves to fund a vigorous regeneration, and they have to develop a new radicular
system (Pausas and Keeley 2014).
Focusing on the time after fire, we found that soilvegetation relationships were more significant over
the very short term (1–2 years) than over the short
term (3–4 years). Additionally, we found that some
correlations even changed sign depending on the
time after fire (e.g. the absolute value of C:P, N:P
and soil biochemical properties with the cover of
trees; and the absolute values of enzymatic activities
and MBC with the annual growth of shrubs). Both
results indicate that the nature of soil-vegetation relationships may change over time as fire effects on
soil and vegetation are less pronounced. This assumption is supported by the fact that fire impacts
on soil and vegetation reported in the literature
(Certini 2005; Caon et al. 2014; Fernández-García
et al. 2019a; Fernández García et al. 2020) led to the
relationships found in this study over the very short
term. Specifically, it has been demonstrated that in
severely burned areas there is a large decrease in enzymatic activities and MBC (Vega et al. 2013; Pourreza et al. 2014; Knelman et al. 2015; FernándezGarcía et al. 2019a), in general, shrubs regenerating
better than trees (Fernández-García et al. 2019c; Fernández García et al. 2020). However, many studies
indicate that fire impact on soil and vegetation diminishes with time (Calvo et al. 2002; Granged et al.
2011), causing direct soil-vegetation interactions to
become more relevant with time. In this sense, previous research in Mediterranean ecosystems indicates
that the fire impacts on soil AP, enzymatic activities
and MBC are insignificant or highly softened 5–6
years after fire (Muñoz-Rojas et al. 2016; Hinojosa
et al. 2019), and differences in vegetation recovery
caused by fire are also attenuated over the short
term (Calvo et al. 2002, 2005) suggesting that correlations between soil and vegetation variables during
the first years after fire might be mediated by fire
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impacts rather than by interactions between both
compartments.
Potential influence of fire regime variables and
environmental conditions

Previous work has reported that the post-fire status and
dynamics of both, soil and vegetation can be affected by
fire regime variables such as fire frequency and burn severity (Boerner and Brinkman 2006; Pellegrini et al. 2018;
Fernández-García et al. 2019a; Fernández García et al.
2020). In general, frequent fires lead to decreases in organic C and soil fertility in Mediterranean-type ecosystems (Eugenio et al. 2006; Bui and Henderson 2013;
Hinojosa et al. 2020), and may cause increases in soil enzymatic activities and microbial biomass (Fernández-García et al. 2020), Likewise, frequent fires can modify the
structure and composition of vegetation, usually fostering
transition from forests to shrublands (Caon et al. 2014;
Fernández García et al. 2020). In this sense, fire frequency
in our study sites ranges from 0.14 to 0.16 fires per decade, a fact that should be considered when extrapolating
our results to other situations. In addition, changes caused
by fire in soil and vegetation are proportional to burn severity (Goforth et al. 2005; Cerda and Robichaud 2009;
Vega et al. 2013), which is also related to post-fire recovery rates (Keeley 2009). Thus, some of the relationships
between soil and vegetation in our study sites, where burn
severity was, in general, high (dNBR > 400), could be a
consequence of the indirect effect of fire impacts rather
than of an interaction between both compartments. This
fact helps to explain the absence of a positive feedback between soil properties and vegetation cover, which is typical
in undisturbed Mediterranean ecosystems and drives
vegetation succession (Sardans and Peñuelas 2013; LópezPoma and Bautista 2014).
A significant influence of environmental conditions
such as climate and lithology on soil and vegetation as
well as on their relationships after fire, is also expected.
Our results show consistent patterns in relation to these
factors for (i) urease and phosphatase activities, which
were higher in the north-western sites, because they can
be stimulated under wetter conditions (Zuccarini et al.
2020). Acid-phosphatase activity can also be higher in siliceous soils (north-western) than in calcareous soils
(eastern) (Tabatabai 1994). (ii) The higher cover of
resprouters than seeders in the north-western sites, and
vice versa. This coincides with the theoretical model
supported by Clarke et al. (2005) and Pausas and Keeley
(2014), in which seeding is advantageous over resprouting under aridity conditions, because of the existence of
gaps and the ability of seeds to delay germination until
conditions are optimal. (iii) The inverse relationship of
shrubs and resprouters with the available P concentration and stoichiometry in the north-western sites, which
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could be explained by differences in climate, but also by
the low nutritional demands of the shrub species that
dominate in Cabrera and Teleno acidic soils (Erica australis, Pterospartum tridentatum and Halimium
lasianthum) (Turrión et al. 2007). In view of the foregoing, we encourage future research to further disentangle
the influence of fire regime variables, climate conditions
and soil type on soil-vegetation relationships in Mediterranean post-fire environments.

Conclusions
In this work we have provided pioneer insights into relationships between soil and vegetation status and dynamics after four large wildfires. Thus, we have
accomplished an extensive analysis to show soilvegetation relationships at different times after wildfires,
in ecosystems with contrasting environmental conditions, and differentiating vegetation growth forms and
regenerative strategies.
Among the contributions of the present work, we
would like to highlight the following: (i) the study site
conditions play an important role in mediating soilvegetation relationships; (ii) available P content and stoichiometry (C:P and N:P) are closely related to vegetation
growth, and particularly to the growth of trees; (iii) enzymatic activities and microbial biomass are inversely related to vegetation growth rates; (iv) the specific activity
of soil enzymes is higher in areas with higher vegetation
height and cover; (v) annual changes in soil properties
were more related to resprouters than to seeders,
whereas the growth of seeders was more related to soil
status than the growth of resprouters; (vi) the nature of
soil-vegetation relationships may change over time as
fire effects are less dominant in both ecosystem
compartments.
This study constitutes a benchmark in the analysis of
soil-vegetation interactions, and contributes to advancing knowledge of the post-fire dynamics of Mediterranean forest ecosystems. Likewise, we encourage future
research to specifically elucidate the importance of factors that can influence soil-vegetation relationships after
fire, such as fire frequency, burn severity or post-fire meteorological conditions.
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