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Severe wildfires cause important changes in vegetation and soil properties in Mediterranean ecosystems. The aim of
this work was to evaluate ecosystemmultifunctionality through the study of burn severity short-term effects on differ-
ent ecosystem functions and services. We selected the Cabrera wildfire (2017) in northwest Spain. Burn severity was
quantified using CBI index, differentiating four categories: unburned, low, moderate, and high severity.We established
a total of 126 field plots, where one year after fire the vegetation was evaluated and soil samples for the analysis of
chemical, biochemical, and microbiological properties were collected. Sentinel-2 images were used to obtain vegeta-
tion biophysical variables. Vegetation and soil variables were directly applied as indicators, or used to calculate
other indicators, which were standardized and selected to define ecosystem functions and services: (1) photosynthetic
activity, soil fertility, nutrient cycling, and soil quality (supporting ecosystem service); (2) grass production for livestock
and wood production (provisioning ecosystem service); (3) climate regulation and erosion protection (regulating eco-
system services), and (4) woody species diversity and aesthetic value (cultural ecosystem services). The combination of
these functions and services defined ecosystem multifunctionality. The main results showed that burn severity nega-
tively affected most ecosystem functions, as well as the ecosystem services of supporting, provisioning, and regulating,
and hence, ecosystemmultifunctionality. However, the soil fertility function significantly increased with high burn se-
verity, while woody species diversity and aesthetic value functions and, consequently, the cultural ecosystem service,
only decreased under the effect ofmoderate severity. These results provide a starting point to study burn severity effects
from a multifunctional approach in Mediterranean ecosystems.
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1. Introduction

Fire is a natural and frequent ecological disturbance in the Mediterra-
nean Basin that has shaped its landscape throughout history (Pausas,
2004). However, rural abandonment and loss of traditional agricultural
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and livestock activities have had a significant effect on fire regimes over re-
cent decades (Moreno et al., 2014; Hinojosa et al., 2016) that might lead to
an increase in the risk, frequency, and severity of fires (Moreira et al., 2011;
Jones et al., 2020). In this context, high severity wildfires with unprece-
dented extent in the Iberian Peninsula in 2017 are paradigmatic (Fidelis
et al., 2018). Moreover, future climate change projections indicate an in-
crease in the risk of wildfires and a higher predicted occurrence of extreme
events in countries in the Mediterranean Basin (Moriondo et al., 2006;
Dupuy et al., 2020).

Severe fires have an extremely negative impact on ecosystems, espe-
cially on vegetation and soil properties (Certini, 2005; Pausas et al., 2008;
Moya et al., 2018; Fernández-García et al., 2019a, 2019b, 2019c). These
fires have differential effects on plant species, depending on biological
traits such as regenerative strategies, seed dormancy mechanisms or bud
location, thus influencing ecosystem composition and species diversity
(Keeley et al., 2005; Fernández-García et al., 2020a). In spite of this, high
severity wildfires significantly affect the resilience of plant communities,
as they consume high proportions of vegetation and constrain the recovery
of many species (González-De Vega et al., 2016). Consequently, burn sever-
ity plays an important role in photosynthetic processes, by immediately
removing all green chlorophyll pigments at temperatures above 150 °C
(Soler and Úbeda, 2018), resulting in relevant implications for fauna in re-
lation to the provision of food resources, which benefits the abundance of
some herbivores, e.g., ungulates (Lewis et al., 2022). Similarly, high tem-
peratures reached during wildfires plus the loss of vegetation cover result
in significant effects on soil, which loses its structure, reduces its water in-
filtration capacity, and becomes more vulnerable to degradation, nutrient
losses, and erosion (Mataix-Solera et al., 2011; Marcos et al., 2018;
Pereira et al., 2018a). The loss of organic horizons and biomass associated
to combustion processes reduces soil carbon in burned areas (Certini,
2005), especially after severe fires (Vega et al., 2013; Fernández-García
et al., 2019b). Nutrient availability (N, P) to plants may also be altered
(Neary et al., 2005), because of direct impacts of heating, and indirectly,
related to changes in soil enzymes and microbial communities, which are
responsible for catalysing biological reactions including decomposition
(Mataix-Solera et al., 2009; Mayor et al., 2016; Fernández-García et al.,
2020b). All these shifts may have significant effects on ecosystem functions
(Lucas-Borja et al., 2021; Moghli et al., 2021), affecting the provision of
resources to society (Seidl et al., 2016; Lecina-Diaz et al., 2021). In this
context, ecosystem function and ecosystem services emerge as key concepts
to understand the integral ecological effects of wildfire.

According to Garland et al. (2021), ecosystem functions are defined as
biotic and abiotic processes occurring in an ecosystem that may influence
the provision of its services (i.e., nature's contributions to people). Thus,
both concepts (ecosystem functions and ecosystem services) are closely
related and often confused (Manning et al., 2018; Garland et al., 2021),
as fundamental research into biological, geochemical, and physical
processes tends to use the functionality approach (ecosystem functions),
whereas science focusing on stakeholders' demands with management
objectives tends to use the ecosystem services approach (Manning et al.,
2018). However, recent works propose a differentiation between the two
concepts, an explanation of the rational relationship between functions
and services, and the careful selection of meaningful function indicators
being necessary (Garland et al., 2021). In this sense, the main categories
of ecosystem services (supporting, provisioning, regulating, and cultural;
MEA, 2005) are regularly used to organise the analysis of the different eco-
system functions, characterized through functional indicators (Manning
et al., 2018; Lucas-Borja et al., 2021).

In the framework of wildfires, modifications in vegetation and soil
properties are the main source of changes in supporting, provisioning,
regulating, and cultural ecosystem services (Lee et al., 2015; Pereira
et al., 2018b, 2021). These are due to shifts in functions such as (1) photo-
synthetic activity, as a primary pillar function of ecosystems proxy of gross
primary production; (2) soil fertility, key to maintaining the productivity of
ecosystems; (3) nutrient storage capacity, as it can act by limiting primary
production; (4) nutrient cycling, being one of the most important ecosystem
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processes for supporting healthy soils and human welfare; (5) food produc-
tion for livestock and wood production; (6) carbon sequestration, which is
relevant for climate change mitigation; (7) shade provision, essential for
umbrophilous plants, to provide refuge for animal species, and for local peo-
ple; (8) biodiversity, as it is essential for maintaining ecosystem functioning;
(9) aesthetic values, related to people's preference for visiting aesthetically
pleasing environments (Helming et al., 2013; Palacios-Agundez et al.,
2015; Lucas-Borja and Delgado-Baquerizo, 2019; Garland et al., 2021;
Lucas-Borja et al., 2021; Pereira et al., 2021).

In recent years, there has been a growing interest in understanding the
capacity of ecosystems to provide multiple functions and services simulta-
neously, as well as the mechanisms behind the relationships between
them (Bennett et al., 2009; Maestre et al., 2012; Lefcheck et al., 2015;
Manning et al., 2018). According to Bennett et al. (2009) and Garibaldi
et al. (2018), ecosystem servicesmay present synergisms, trade-offs or com-
plementary effects. In addition, all these interactions can be unidirectional
or bidirectional in the same or opposite directions (Lucas-Borja and
Delgado-Baquerizo, 2019).

Numerous studies show that a comprehensive approach is required to
understand the global functioning of ecosystems since measuring only
one function does not take synergies or trade-offs into account (Allan
et al., 2015; Garland et al., 2021). This approach enables the integrated
study of the multiple functions and services provided by ecosystems, called
multifunctionality (Maestre et al., 2012). Some authors have analysed the
multifunctionality of Mediterranean ecosystems affected by fire, finding
changes in different functions and services (Lucas-Borja et al., 2021;
Moghli et al., 2021, 2022). However, there is a gap in the analysis of the
short-term burn severity impact on ecosystem multifunctionality in the
Mediterranean Basin.

The main objective of this work was to disentangle the short-term
effects of burn severity on ecosystem multifunctionality in Mediterranean
areas in the Iberian Peninsula. Specifically, we aimed to: (1) study how
burn severity affects a range of ecosystem functions and the ecosystem
services defined through these functions, and (2) identify the presence of
trade-offs and synergies among ecosystem functions.

We hypothesise that ecosystem functions and services can show an
overall decline in severely burned areas, mainly because of the expected
negative effects on vegetation cover and species diversity (Lentile et al.,
2007; Fernandez-Manso et al., 2016; Fernández-García et al., 2018,
2020a; Richter et al., 2019), as well as on enzyme activity, organic carbon,
and soil microbial biomass carbon (Certini, 2005; Neary et al., 2005; Vega
et al., 2013; Heydari et al., 2017; Fernández-García et al., 2019b, 2019c;
Huerta et al., 2020). We therefore assume that, in general, the functions
defining the same ecosystem service could be correlated, showing similar
trends in relation to burn severity.

2. Material and methods

2.1. Study area

The studywas carried out in the Cabreramountain range, León province
(NW Iberian Peninsula). A wildfire occurred in this area in August 2017
(9939 ha) (Fig. 1), mainly affecting shrubby ecosystems dominated by
Erica australis L., Cytisus scoparius (L.) Link, Genista florida L., and forests
dominated by Quercus pyrenaicaWilld at different maturity stages. The veg-
etation in this area is representative of the high heterogeneity of mountain-
ous regions in Southern Europe, where shrubland and forest ecosystems
with different dominant species and fire histories often intermingle.

The study area has aMediterranean climatewith dry temperate summers
(AEMET-IM, 2011). Average annual temperature and precipitation are 9 °C
and 700–800 mm, respectively (Ninyerola et al., 2005). The orography is
mountainous, with altitudes ranging from 836 to 1938 m. The predominant
lithologies are slates, sandstones, and quartzites from the Ordovician period
(GEODE, 2021). Soils are acidic (pH around 5), with sandy loam and sandy
clay loam texture, classifiedmainly as Lithic Leptosols andHumic Cambisols
(ITACyL, 2021).



Fig. 1. Location of the study area in the Iberian Peninsula (left). The panel on the right shows the fire perimeter represented on a pre-fire RGB image obtained from Landsat
7 ETM+.
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2.2. Field samplings

Burn severity was quantified immediately after the wildfire using
the Composite Burn Index (CBI) (Key and Benson, 2006) adapted by
Fernández-García et al. (2018) to Iberian ecosystems. For this purpose,
a series of severity indicators (litter consumed, char depth and soil col-
our, foliage consumed, char height, tree mortality, and canopy colour)
were visually evaluated by scoring from 0 (unburned) to 3 (maximum
severity) in 5 different strata of soil and vegetation. Then, we calculated
the average value of all evaluated strata to obtain the final score in 126 field
plots of 2 m × 2 m, georeferenced with a sub-meter accuracy GPS in
post-processing mode and marked for later monitoring. We used the
following severity categories: unburned (CBI < 0.1), low severity
(0.1 < CBI≤ 1.25), moderate severity (1.25 < CBI≤ 2.25), and high se-
verity (CBI > 2.25). Specifically, we differentiated 30 unburned plots,
30 low, 42 moderate, and 24 high severity.

One year after firewe evaluated in each plot: (1) percentage of bare soil,
(2) percentage of litter and branch debris, (3) total percentage cover of
herbaceous species, (4) percentage cover of each woody species, (5) mean
height of woody species, and (6) total percentage cover by vertical strata
(<1 m and >1 m). In addition, a composite soil sample (consisting of 4 sub-
samples) was collected from each plot (2 m × 2 m). Samples were taken
using a core of 7 cm diameter and 3 cm depth, and were sieved in the
field<2mm. Previously, vegetation, litter, and branch debris were removed
from the surface. Each sample was divided into two parts: one was air-dried
and stored in the laboratory (20 °C) for the analysis of chemical properties
(total organic carbon and available phosphorous), and the other was frozen
(−18 °C) for the analysis of chemical (ammonium and nitrate), biochemi-
cal, and microbiological properties.
2.3. Soil analysis

Chemical (total organic carbon, mineral nitrogen (ammonium and
nitrate), and available phosphorus), biochemical (β-glucosidase, urease,
and acid phosphatase enzyme activities), and microbiological (microbial
biomass carbon) properties were analysed in each soil sample.

We used the combustion method by Dumas (1831) to determine the
percentage of total soil organic carbon (C), carried out with a EuroVector
EA3000 elemental analyser (Eurovector SpA, Radovalle, Italy). Ammonium
3

(NH4
+) (mg kg−1) and nitrate (NO3−) (mg kg−1) were analysed according

to the procedure by Keeney and Nelson (1982) using 2 M KCL extraction
and a Kjeldahl automatic analyser (Büchi). The method by Olsen et al.
(1954) was used to measure available phosphorus (P) (mg kg−1) at a
wavelength of 882 nmwith a UVMini 1240 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan).

β-glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21) (μmol p-NP
g−1 dry weight soil h−1) and acid phosphatase (phosphate-monoester
phosphohydrolase, EC 3.1.3.2) (μmol p-NP g−1 dry weight soil h−1) en-
zyme activities were analysed using the procedure by Tabatabai (1994),
while urease activity (urea amidohydrolase, EC 3.5.1.5) (μmol N-NH4

+

g−1 dry weight soil h−1) was determined following the procedure by
Kandeler and Gerber (1988). Specifically, soil was incubated with the
corresponding enzyme substrate: p-nitrophenyl-β-D-glucopyranoside
in the case of β-glucosidase enzyme activity, p-nitrophenyl phos-
phate for acid phosphatase, and urea for urease activity. Absorbance
of p-nitrophenol (p-NP) produced by β-glucosidase and acid phosphatase
activities was measured at a wavelength of 400 nm, and that of NH4

+ re-
leased by urease activity was determined at a wavelength of 690 nm.
These products were colourimetrically measured using a UV-1700
PharmaSpec spectrophotometer (Shimadzu Corporation, Kyoto, Japan).

We determinedmicrobial biomass carbon (μg C g−1 dry weight soil) by
the fumigation-extraction method proposed by Vance et al. (1987). We
measured organic C in the extracts by dichromate digestion (Ministerio
de Agricultura and Pesca y Alimentación, 1993). The following equation
was used:

Microbial biomass C ¼ EC=KEC (1)

where EC is the difference in organic carbon between filtered extracts fumi-
gated with chloroform (CHCL3) for 24 h and non-fumigated soil samples,
with KEC (0.38) as a calibration factor.

2.4. Biophysical variables

Weused two images extracted from the Sentinel-2 satellite on June 19th
2018, covering the fire perimeter to obtain the following biophysical vari-
ables: fraction of absorbed photosynthetically active radiation (FAPAR)
(%) and leaf chlorophyll content (LAI_Cab) (μg cm−2). Sentinel-2 images
were downloaded from theCopernicus Open Access Hubwebsite. The images
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were processed (clipping, resampling to 10m, Sen2Cor atmospheric correc-
tion, and mosaicking), and biophysical variables were calculated with the
Biophysical processor tool of the Sentinel Application Platform software
(SNAP), which is based on the PROSAIL radiative transfer model
(Jacquemoud et al., 2009). The FAPAR and LAI_Cab values were then ex-
tracted from the images for those points corresponding geographically to
the coordinates of the georeferenced field plots.

2.5. Indicators of ecosystem functions

The following variables were used directly as indicators of ecosystem
functions (Table 1): litter and branch debris, total cover of herbaceous spe-
cies, total cover >1 m, total organic carbon, ammonium, nitrate, and avail-
able phosphorus, β-glucosidase, urease, and acid phosphatase enzyme
activities, microbial biomass carbon, fraction of absorbed photosynthetically
active radiation (FAPAR), and leaf chlorophyll content (LAI_Cab). Besides,
other indicators of ecosystem functions were calculated from the field data.
Specifically, the covered soil percentage of each plot was calculated as
100 %minus the percentage of bare soil. Canopy volume (m3) was obtained
by multiplying mean height of woody species (m) by total cover of woody
species (m2). In addition, woody species diversity and floral colours of
shrub species diversity were calculated using the Shannon index
(H) (Shannon, 1948).We classified shrub species into three groups according
to theirfloral colours, and calculated the percentage cover of each group: yel-
low,white, and pinkflowers. Total cover percentage of trees and large shrubs
>1 m was calculated using the percentage cover of each woody species and
total cover percentage >1 m.

The values of each ecosystem function indicator, hereafter indicators
(Table 1), were standardized to obtain a standardized multifunctionality
index, according to the following procedure:

Standardized value ¼ Unstandardized value−Minimum valueð Þ=
Maximum−Minimum valueð Þ

An unstandardized value is the value of each indicator expressed in its
unit of measure. Minimum and maximum values correspond to the lowest
and highest unstandardized values of each indicator, respectively.
Table 1
List of functions for supporting, provisioning, regulating, and cultural ecosystem
services, and indicators used to define these functions.
Adapted from Garland et al. (2021).

Ecosystem
services

Ecosystem functions Functions indicators

Supporting Photosynthetic activity FAPAR (%)
LAI_Cab (μg cm−2)

Soil fertility (NH4
+) (mg kg−1)

(NO3−) (mg kg−1)
Available P (mg kg−1)

Nutrient cycling β-glucosidase
(μmol p-NP g−1 dry weight soil h−1)
Urease (μmol N-NH4

+ g−1

dry weight soil h−1)
Acid phosphatase
(μmol p-NP g−1 dry weight soil h−1)

Soil quality Microbial biomass C (μg C g−1

dry weight soil)
Provisioning Grass production for livestock Total cover of herbaceous species (%)

Wood production Total cover of trees and large
shrubs >1 m (%)

Regulating Climate regulation Total organic C of soil (%)
Canopy volume (m3)
Litter and branch debris (%)
Total cover >1 m (%)

Erosion protection Covered soil (%)
Cultural Woody species diversity Shannon index of woody species

Aesthetic value Shannon index of floral colours of
shrub species
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Consequently, a set of standardized data was obtained for each indicator,
ranging from 0 (minimum value) to 1 (maximum value).

2.6. Ecosystem functions, services, and multifunctionality

The standardized values of the indicators were used to obtain the value
of each ecosystem function (Manning et al., 2018). When there was more
than one indicator per function, their average value was calculated. In the
sameway, the values of each ecosystem service were obtained by averaging
the functions associated to this service (Table 1).

The fraction of photosynthetically active radiation (%) and leaf chloro-
phyll content (μg cm−2) were used as indicators of photosynthetic activity
function (Poenaru et al., 2017; Garland et al., 2021). We considered soil
concentrations of ammonium (mg kg−1), nitrate (mg kg−1), and available
phosphorus (mg kg−1) as indicators of soil fertility function (Jones and
Jacobsen, 2005; Garland et al., 2021). The concentrations of β-glucosidase
(μmol p-NP g−1 dry weight soil h−1), urease (μmol N-NH4

+ g−1 dry weight
soil h−1), and acid phosphatase (μmol p-NP g−1 dryweight soil h−1) enzyme
activities were used as indicators of nutrient cycling function (Dick, 1997;
Garland et al., 2021), while the concentration of microbial biomass carbon
(μg C g−1 dry weight soil) indicated the soil quality function (Kaschuk
et al., 2010). Thus, photosynthetic activity, soil fertility, nutrient cycling,
and soil quality functions were used to define the supporting ecosystem
service (Helming et al., 2013; Garland et al., 2021) (Table 1).

Total cover of herbaceous species (%) was considered as an indicator of
grass production for the livestock function (Suttie et al., 2005;Moghli et al.,
2021). Cover percentage of trees and shrubs>1m (%)was considered as an
indicator of the wood production function. Both functions were used to
define the provisioning ecosystem service (Palacios-Agundez et al., 2015;
Garland et al., 2021) (Table 1).

Total organic carbon concentration of soil (%), canopy volume (m3),
percentage cover of litter and branch debris, and total cover >1 m (%)
were selected as indicators of the climate regulation function (Al-Kaisi,
2008; Negash and Kanninen, 2015; Moghli et al., 2021). The percentage
of covered soil was used as an indicator of the erosion protection function.
The climate regulation and erosion protection functionswere used to define
the regulating ecosystem service (Garland et al., 2021) (Table 1).

Thewoody species and floral colours of shrub species Shannon diversity
index were used as indicators of woody species diversity and aesthetic
value functions, respectively. Both functions were selected to define the
cultural ecosystem service (Garland et al., 2021) (Table 1).

Finally, ecosystem multifunctionality was calculated by averaging the
values of supporting, provisioning, regulating, and cultural ecosystem
services (Maestre et al., 2012; Garland et al., 2021).

2.7. Data analysis

We evaluated the effects of burn severity on ecosystem functions, ser-
vices, and multifunctionality. Generalized linear models (GLMs) with quasi-
binomial error distribution and a logit link function were selected because
they are adequate to work with proportional overdispersed data restricting
predictions to the response variables domain (from 0 to 1) (log link function).
We selected burn severity categories as predictor variables (1) unburned,
(2) low severity, (3) moderate severity, and (4) high severity. Response
variables were: (1) photosynthetic activity function, (2) soil fertility
function, (3) nutrient cycling function, (4) soil quality function,
(5) supporting ecosystem service, (6) grass production for livestock
function, (7) wood production function, (8) provisioning ecosystem ser-
vice, (9) climate regulation function, (10) erosion protection function,
(11) regulating ecosystem service, (12) woody species diversity func-
tion, (13) aesthetic value function, (14) cultural ecosystem service,
and (15) ecosystem multifunctionality.

Pairwise comparisons were performed to detect the presence of signifi-
cant differences (p < 0.05) between burn severity categories. Besides, we
performed a non-metric multidimensional scaling analysis (NMDS) to iden-
tify the main indicators associated with the different burn severity
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categories (unburned, low severity, moderate severity, and high severity).
Finally, Spearman correlations were performed between the different eco-
system functions to analyse the synergies and trade-off among them.

Statistical analysis was performed with R software (R Core Team,
2021), using the multcomp package (Hothorn et al., 2008), and with PAST
4.05 software (Hammer et al., 2001).

3. Results

3.1. Effects of burn severity on ecosystem functions, services, and
multifunctionality

The soil fertility function increased in high severity situations (p< 0.01).
However, photosynthetic activity, nutrient cycling, and soil quality functions
showed an inverse relationship with burn severity (Table A.1). Therefore,
the supporting ecosystem service was negatively affected by burn se-
verity, being significantly lower under moderate and high severity
levels (p < 0.001) (Fig. 2).
Fig. 2. Average value and standard error of the (a) photosynthetic activity function,
and (e) supporting ecosystem service, for each severity category (unburned, low, m
differences (p < 0.05) between burn severity categories. D2 values indicate the dev
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In general, the provisioning ecosystem service was negatively affected
by burn severity (p < 0.001), since grass production for livestock function
(p < 0.01) and wood production function (p < 0.001) decreased from low
to high burn severity (Fig. 3, Table A.1).

Burn severity exerted a significant negative effect (p< 0.001) on climate
regulation and erosion protection functions (Fig. 4). Consequently, the
same pattern was observed for the regulating ecosystem service, which sig-
nificantly decreased with increasing burn severity (p < 0.001) (Fig. 4,
Table A.1).

Moderate severity reduced woody species diversity and aesthetic value
functions, as well as cultural ecosystem services (Fig.5, Table A.1). However,
no significant differences were observed between unburned, low, and high
severity burned areas (Fig. 4).

Ecosystem multifunctionality was reduced by burn severity, being
significantly lower (p < 0.001) in moderate and high severity situations in
relation to low severity and unburned plots (Fig. 6, Table A.1).

The non-metric multidimensional scaling analysis (Fig. 7) separated
ecosystem functions into differentiated groups based on burn severity
(b) soil fertility function, (c) nutrient cycling function, (d) soil quality function,
oderate, and high severity). Different letters show the presence of significant

iance explained by the generalized linear models.



Fig. 3. Average value and standard error of the (a) grass production for livestock function, (b) wood production function, and (c) provisioning ecosystem service, for each
severity category (unburned, low, moderate, and high severity). Different letters show the presence of significant differences (p < 0.05) between burn severity categories.
D2 values indicate the deviance explained by the generalized linear models.
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categories. Specifically, the soil fertility function showed a closer relation-
ship with high severity plots. Woody species diversity and aesthetic value
functions (cultural ecosystem service) were not associated to any particular
burn severity situations. The rest of the ecosystem functions were only re-
lated to unburned and low severity burned areas: photosynthetic activity,
nutrient cycling, soil quality (supporting ecosystem service), grass produc-
tion for livestock, wood production (provisioning ecosystem service),
climate regulation, and erosion protection (regulating ecosystem service).

3.2. Trade off and synergies among ecosystem functions

The Spearman analysis showed the highest synergies between photosyn-
thetic activity and erosion protection functions (r=0.84; p < 0.05), and be-
tween nutrient cycling and soil quality functions (r = 0.75; p < 0.05)
(Fig. 8). Significant positive relationships were observed among supporting
functions, with the exception of soil fertility. For provisioning functions
(grass for livestock and wood production), main positive relationships
were found with photosynthetic activity (r = 0.61; r = 0.62; p < 0.05)
and erosion protection (r = 0.57; r = 0.5; p < 0.05) (Fig. 8). Regulating
functions showed positive and significant synergies with most of the
supporting functions. Climate regulation and erosion protection functions
were positively correlated (r = 0.61; p < 0.05). The cultural functions
(woody species diversity and aesthetic value) presented a high correlation
(r= 0.69; p < 0.05), but were negatively related to the majority of the eco-
system functions (Fig. 8). In summary, most of the supporting, provisioning,
and regulating functions were positively correlated among each other and
inversely related to the cultural functions.

4. Discussion

In this work, we evaluated post-fire ecosystem multifunctionality in
northwestern areas of the Iberian Peninsula by studying the short-term
6

effects of burn severity on different ecosystem functions and services.
According to our results, we accept our initial hypothesis, since ecosystem
multifunctionality decreased in burned areas, with significantly lower
values under the influence of moderate and high severities. This was due
to the negative effect exerted by burn severity on most ecosystem services.
We observed a decrease in supporting, provisioning, and regulating ecosys-
tem services as burn severity increased. The lowest values for the cultural
ecosystem service being found at moderate severity. In general, most func-
tions within each service contributed to these results as positive synergies
among them were detected.

The supporting ecosystem service decreasedwith burn severity one year
after fire. This was mainly due to the negative impacts derived from fire on
photosynthesis, nutrient cycling, and soil quality functions, which are func-
tionally very dependent on each other as found in our correlation analysis.
Burn severity exerts important changes in photosynthetic activity, and thus
in post-fire primary production, which depends firstly on the recovery of
the plant community (Semeraro et al., 2019). This function is essential for
supporting most ecosystem functions, including those from the provision-
ing and regulating services, as shown by their strong positive relationships
with grass production for livestock, wood production or erosion protection
functions. The loss or consumption of a high percentage of foliage, directly
interrupts or decreases photosynthetic activity after burning (Sun et al.,
2020), and indirectly through changes caused in soil quality, which are
key factors controlling primary production. For instance, the observed
decreases in microbial biomass C, which are in line with those reported in
the literature (Knelman et al., 2015; Fernández-García et al., 2019b;
Lombao et al., 2020), are detrimental for the supply of nutrients, essential
for soil fertility and vegetation recovery (Schoenholtz et al., 2000;
Kaschuk et al., 2010; Hedo et al., 2015). This decline is usually attributed
to the heat pulse that causes high rates of mortality in the microbial
community (Vourlitis et al., 2022). However, this heat pulse only affects
the first few centimetres of the soil (Marcos et al., 1998), as mineral soil



Fig. 4.Average value and standard error of the (a) climate regulation function, (b) erosion protection function, and (c) regulating ecosystem service, for each severity category
(unburned, low,moderate, and high severity). Different letters show the presence of significant differences (p< 0.05) between burn severity categories. D2 values indicate the
deviance explained by the generalized linear models.
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is a bad conductor of heat. This condition, together with the presence of
bacteria with heat-resistance capabilities (Sáenz de Miera et al., 2020),
and plant species with heat-stimulated germination (Fernández-García
et al., 2020a) might favour the recovery of regulating functions over time.
In addition, in our study we found a strong association between nutrient
cycling and soil quality functions. Nutrient cycling is highly dependent on
soil enzymes, which play an important role in decomposition processes
(Mayor et al., 2016). As in the case of microbial biomass, the reduction of
soil enzyme activity is proportional to burn severity (Huerta et al., 2020).
The decreases in β-glucosidase, urease, and phosphatase activities are
mainly attributed to the denaturation of enzyme structures at high temper-
atures (Fernández-García et al., 2019c; Lombao et al., 2020). The impact of
burn severity is lower on β-glucosidase activity, which can quickly recover
in low severity conditions (Moya et al., 2018). In addition to the denatur-
ation processes, low soil moisture values, and loss of soil organic matter
and vegetation cover have a negative influence on enzyme activity in
burned soils (Lucas-Borja et al., 2012; Fultz et al., 2016; Fernández-García
et al., 2019c). Besides, increased soil nutrient availability requires less pro-
duction of ureases and phosphatases, which catalyse biological reactions to
release nutrients into the soil (Mataix-Solera et al., 2009; Fernández-García
et al., 2019c). Particularly, in the present study we observed a strong asso-
ciation between soil fertility and high severity plots as a consequence of in-
creased available nutrients. This occurs because high temperatures can
oxidise organic matter, transforming organic nitrogen and phosphorus
into ammonium and orthophosphate, respectively, which are the inorganic
forms available to plants (Certini, 2005). Likewise, higher nitrification rates
were observed in burned soils, mainly due to: (1) the increase in NH4

+ pool;
(2) stimulating autotrophic nitrification; (3) increased abundance of N cy-
cling functional genes such as AOA amoA and AOB amoA (Zhang et al.,
2018). Therefore, both mineralisation and nitrification processes exert an
important influence on fertility and productivity in burned soils (Neary
et al., 2005), and changes in plant biomass, nutrient storage capacity, and
7

soil enzyme and microbial activity affect processes that are necessary for
the development and production of ecosystem functions and services
(Garland et al., 2021).

The provisioning ecosystem service was also negatively affected by
burn severity, as grass production for livestock and wood production func-
tions decreased with burn severity. The decrease in grass production could
be explained by the low recovery of herbaceous species in areas severely af-
fected by fire, which germination from the soil seed bank were negatively
affected. In this context, González-De Vega et al. (2018) also observed a
lower presence of herbaceous species with increasing burn severity, as
well as high recovery of this type of vegetation one year after fire in Medi-
terranean ecosystems, probably associated to the destruction of the soil
seed bank in the first soil centimetres. These pioneer species are able to re-
generate quickly after fire due to less competition with woody vegetation
and better use of available light and nutrients (Castro and Leverkus,
2019). The negative effect of burn severity on wood production can be at-
tributed to the high probability of tree species survival, which enables veg-
etation to return to pre-fire conditions under low burn severity (Graham
et al., 2004; Keeley, 2009). On the contrary, high burn severity causes
greater canopy consumption and tree mortality (Key and Benson, 2006;
Fernández-García et al., 2018). Thus, Morgan et al. (2015) found less vege-
tation cover and species richness in high severity areas compared tomoder-
ate and low severity one year after fire. According to these authors, high
severities may lead to less favourable soil conditions for the reestablish-
ment of the plant community.

The negative impact in regulating ecosystem service is a consequence of
burn severity effects on climate regulation and erosion protection functions
one year afterfire. Severe fires often eliminate a large proportion of vegeta-
tion cover (Fernández-García et al., 2018), which requires more than one
year to recover pre-fire conditions (Lentile et al., 2007). Therefore, the
soil is not protected during this period and could be affected by erosion pro-
cesses under rain events (Vieira et al., 2015). However, survival of



Fig. 5.Average value and standard error of the (a) woody species diversity function, (b) aesthetic value function, and (c) cultural ecosystem service, for each severity category
(unburned, low,moderate, and high severity). Different letters show the presence of significant differences (p< 0.05) between burn severity categories. D2 values indicate the
deviance explained by the generalized linear models.
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vegetation is higher in less severely affected areas, thus facilitating short-
term recovery of plant cover (Graham et al., 2004) and soil protection
(Francos et al., 2016). Besides, the loss of aerial biomass during fires re-
leases large amounts of carbon into the atmosphere due to the combustion
of vegetation, as well as the subsequent decomposition of burned debris,
which has important implications for carbon sequestration in the ecosystem
(Hurteau et al., 2011). Moreover, combustion processes contribute to the
reduction of soil organic horizons (Neill et al., 2007) that influence the
carbon sequestration capacity in the uppermost horizons, where the most
recalcitrant organic compounds are found (Lorenz and Lal, 2005).
Fig. 6. Average value and standard error of ecosystem multifunctionality for each
severity category (unburned, low, moderate, and high severity). Different letters
show the presence of significant differences (p < 0.05) between burn severity
categories. D2 values indicate the deviance explained by the generalized linear
models.
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Furthermore, the loss of organic matter affects soil structure, especially in
high severity fires (Mataix-Solera et al., 2002, 2011). This is mainly due
to the destabilization of soil aggregates (Mataix-Solera and Cerdà, 2009),
which reduces water infiltration capacity and increases surface runoff
(Inbar et al., 2014). Consequently, loss of surface protection and reduction
in organic matter content favour sediment entrainment and soil erosion
losses (Hosseini et al., 2016; Hrelja et al., 2020). Therefore, all these effects
Fig. 7. Location of field plots by burn severity level (unburned, low, moderate, and
high severity) in the plane defined by the axes of the non-metric multidimensional
scaling analysis (NMDS). Vectors show the increasing direction of the different
ecosystem functions: PAT: photosynthetic activity; SF: soil fertility; NC: nutrient
cycling; SQ: soil quality; GPL: grass production for livestock; WP: wood
production; CR: climate regulation; EP: erosion protection; WD: woody species
diversity; AV: aesthetic value.



Fig. 8. Spearman correlation coefficients between ecosystem functions: PAT: photosynthetic activity, SF: soil fertility, NC: nutrient cycling, SQ: soil quality (supporting
ecosystem service); GPL: grass production for livestock, WP: wood production (provisioning ecosystem service); CR: climate regulation, EP: erosion protection (regulating
ecosystem service); WD: woody species diversity, AV: aesthetic value (cultural ecosystem service). Only significant correlations (p < 0.05) are shown in the matrix.

S. Huerta et al. Science of the Total Environment 844 (2022) 157193
of burn severity on vegetation surface cover, carbon sequestration, and soil
erosion rates shape regulating processes in the ecosystem (Vukomanovic
and Steelman, 2019).

Low severity burned areas also showed high values of woody species
diversity and aesthetic value functions, which influenced the response of
the cultural ecosystem service one year after fire. This may be due to
lower shrub and tree mortality, which makes these areas more similar to
unburned systems in terms of composition and diversity, because the
resprouter species, dominant in the study area, appear immediately after
fire (Richter et al., 2019; Fernández-García et al., 2020a), facilitating the
maintenance of species diversity (Pausas and Keeley, 2019). In addition, de-
creases in overall vegetation cover caused by high severity are known to
create gaps that prevent competitive exclusion, decreasing dominance
and increasing plant diversity (Fernández-García et al., 2020a). This fact ex-
plains the trade-offs found between woody plant diversity and aesthetic
value with the rest of the evaluated functions, in which overall vegetation
cover plays a relevant role by directly determining photosynthesis, grass
andwoody production, aboveground carbon stocks, and erosion protection;
and indirectly by releasing extracellular soil enzymes and ameliorating soil
quality and soil C.

The simultaneous study of multiple vegetation and soil variables that
are indicators of functions allowed us to document the net influence of
burn severity on the ability of the ecosystem tomaintain and provide differ-
ent functions and services one year after fire. Likewise, the combined anal-
ysis of all functions through a multifunctionality index (Lucas-Borja et al.,
2021) revealed the important negative effects of burn severity on the
multifunctionality of Mediterranean ecosystems over the short-term after
fire. Therefore, this indicates a benchmark for a broader and more integra-
tive approach to analysing ecosystem functioning in post-fire environ-
ments, allowing the identification of trade-offs and synergies among
different ecosystem processes (Manning et al., 2018). These studies could
be useful for the selection of more sustainable practices aimed at the
9

recovery of the natural value of these ecosystems, and the conservation of
the different services they provide (Pereira et al., 2018b).
5. Conclusions

The present study shows that high andmoderate burn severity decrease
ecosystemmultifunctionality, understood as the emergent property of com-
bining supporting, provisioning, regulating, and cultural ecosystem ser-
vices assessed by multiple underlying ecosystem functions.

One year after fire supporting, provisioning, and regulating ecosystem
services decreased proportionally to burn severity. This was a consequence
of the negative effect exerted by burn severity on the functions of photosyn-
thetic activity, nutrient cycling, soil quality, grass production for livestock,
wood production, climate regulation, and erosion protection. Conse-
quently, strong correlations were found between photosynthetic activity
and erosion protection functions, because of their close relationship with
overall vegetation cover, and between nutrient cycling and soil quality
functions, closely linked to soil heating during fire. Despite this general pat-
tern, we found a strong association between the soil fertility function and
high severity due to the release of soil nutrients with high temperatures.
The functions of the cultural service did not show significant changes
with burn severity, although trade-offs were detected among them and
the rest of functions.

The implementation of post-fire management strategies should be de-
signed from the perspective of ecosystem multifunctionality, considering
as priority areas those affected by high burn severity. Further research
would focus on the mechanisms behind relationships between ecosystem
functions, with the aim of improving our ability to manage burned areas
and increasing ecosystem benefits.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.157193.
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