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Abstract
Anthropogenic fires pose a serious threat to many terrestrial ecosystems because they can cause loss of biodiversity and car-
bon stocks in the biosphere. Specifically, wildfires impacting natural conservation areas such as European Natura 2000 sites 
(N2K) are of particular concern. The main study objective was to evaluate the long-term effects of wildfires on the organic 
layer and some physical, chemical and biological properties of the underlying soil mineral layer, linked to soil quality. Here, 
we studied two coastal Mediterranean Aleppo pine stands within an N2K site differing for the fires’ years of occurrence, the 
time between fires (TBF) and the time since last fire (TSLF) throughout 24 years. Furthermore, in each stand, differences 
in fire frequency (FF) were considered by selecting three sites—double-fire, single-fire and control (unburnt). Our results 
show the absence of the O-layer in double-fire sites, indicating a loss of this organic carbon (if compared to control) pool 
of 204 g  m−2 in R2F and 139 g  m−2 in M2F. Despite this loss being offset by the  Corg increase in soil mineral layer, the 
disappearance of O-layer may compromise the ecosystem services provided by soil. In each stand, long-term fire effects 
were evident at both single-fire and double-fire sites for some chemical as well as biological soil properties and depended 
on TSLF. Increased rates of nitrogen mineralization and nitrification were found at all burned sites, persisting up to 24 years 
post-fire. Soil quality indicators data highlighted the recovery handicap of the microbial community within the considered 
period. Since our outcomes showed wildfires enduring consequences, mainly relating to TSLF and FF, on different organic 
and mineral soil properties, we advocate employing prompt strategies to mitigate recurring fires.

Keywords Fire history · Pinus halepensis forest · Topsoil property recovery · Carbon pools · Microbial biomass · Microbial 
activities

Introduction

Fire acts as a key ecological factor in several terrestrial eco-
systems worldwide (Bowman et al. 2009; Pausas and Keeley 
2019; Xu et al. 2021), such as in the Mediterranean basin, 

Australia and in the coastal and sub-coastal areas of Cali-
fornia, Chile, or southern Africa (Blasi et al. 2004; Enright 
and Thomas 2008; Úbeda and Sarricolea 2016). Temperate 
and boreal forests have also experienced a long coexistence 
with wildfires (Hoecker et al. 2020; Krikken et al. 2021), 
but with return intervals between natural fires much longer 
than the Mediterranean biome (Buma et al. 2022; Hoy et al. 
2016; Kasischke 2000). Globally, natural wildfires, mainly 
caused by lightning (Bowman et al. 2011; Leone et al. 2009), 
are responsible for less than 5% (Hirschberger 2016; Moreira 
et al. 2012), whereas the majority of fires are caused by 
anthropogenic activity coupled with the effect of climate 
change (IPCC 2022; Martínez et al. 2009; Senf et al. 2021). 
Wildfire frequency, size and severity, as well as the duration 
of fire season, are increasing in many regions of the Earth 
(OECD 2023), damaging ecosystems and species, human 
health, as well as built assets and economic activity (IPCC 
2022). Fire regime trends are not uniform around the Earth 
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(IPCC 2022). In the Mediterranean European countries (Por-
tugal, Spain, France, Italy and Greece), more affected by 
wildfire, the average number of fires per year increased by 
20% from the period 1980–1990 to 2010–2019. In the last 
decade (2010–2019) a reverse trend was observed compared 
to 2000–2010 (31% decrease in average fire number  year−1) 
due to the improvements in fire control/prevention strategy 
(San-Miguel-Ayanz et al. 2021). However, the extreme wild-
fire events that occurred in these same countries, between 
2016 and 2018, have highlighted the limits of wildfire sup-
pression capabilities under exceptional fire-weather condi-
tions, leading to this biome being endangered (Ruffault et al. 
2020).

In addition to the direct impact of greenhouse gas emis-
sions into the atmosphere (Andela et al. 2019; Castaldi et al. 
2010; Jhariya and Raj 2014), a wildfire generally can impact 
several ecosystem components, including flora and fauna, 
as well as biotic and abiotic soil characteristics (Cunillera-
Montcusí et al. 2019; Niccoli et al. 2023a,b; Stinca et al. 
2020). From an ecological perspective, natural areas of 
conservation interest are being increasingly impacted by 
wildfire events. In Europe in 2022 ~ 365,308 hectares of 
surface within Nature 2000 Network (N2K) were burnt 
(highest value in the last decade; San-Miguel-Ayanz et al. 
2023). These sites, hosting habitats protected by the Habi-
tats Directive 92/43/EEC (HD), in addition to ensuring high 
biodiversity, also provide other ecosystem services such as 
water regulation, carbon sequestration, nutrient cycling, etc. 
(Pereira et al. 2018), in which soils play crucial roles (Adhi-
kari and Hartemink 2016).

An increase in the fire frequency (number of fire events 
that occur within an area over a specified period) can lead 
to a shift in the plant species composition (Li et al. 2013), 
especially if return intervals exceed the recovery time of soil 
characteristics and species’ resilience (Syphard et al. 2007). 
According to Notario del Pino and Ruiz-Gallardo (2015), 
fire frequency can be considered high or low depending on 
the different ecosystem types and species-specific. Pausas 
et al. (2004) and Climent et al. (2008) state that wildfire 
return intervals of < 15 years could lead to the local loss of 
the Pinus halepensis Mill. (Aleppo pine), one of the most 
widespread conifers in the Mediterranean basin (EL Khayati 
et al. 2023; Nahal 1962; Rojas-Briales et al. 2023), given the 
time needed to produce fertile seeds (10 ± 5 years; Tapias 
et al. 2001; Trabaud et al. 1985b). According to Flannigan 
et al. (2000) the regularity of fires recurrence favours organ-
isms that better tolerate changes in selection pressure fre-
quency. For example, fires could trigger an invasion of alien 
species or sustain an invasion already underway (Keeley 
2001; Wells et al. 2021; Saulino et al. 2023), which added to 
the direct fire effect could lead to the substitution of a habitat 
as well as inducing changes in the fire regime itself (Brooks 
et al. 2004). Also, more frequent wildfires in the long-term 

(> 5 years) are able to trigger degradation processes in the 
soil, influencing the functioning of the ecosystem as well as 
determining a loss of its resilience, through (i) the reduc-
tion/elimination of vegetation cover and litter (Caon et al. 
2014; Cerdà and Doerr 2008), (ii) the progressive deple-
tion of soil organic matter (SOM) and nutrients (Bowd et al. 
2019; Pellegrini et al. 2018), (iii) the alteration of microbial 
communities (Dangi et al. 2010; Guénon et al. 2011), (iv) 
exposure to erosion by water and wind (Cerdà and Lasanta 
2005; Santana et al. 2016); which mainly in the Mediter-
ranean environment can lead to desertification (Rutigliano 
et al. 2023; Vallejo et al. 2012).

Under current global climate and environmental changes, 
during which fires are expected to increase (Moritz et al. 
2012), it is crucial to intensify studies to better understand 
the long-term relationships between fire history and soil 
quality through the quantification of impacts to help facili-
tate new land management and planning tools.

The present work aims to evaluate the long-term effects 
of wildfires with different fire histories (i.e. fire frequency, 
time between fires and time since last fire) on the physi-
cal, chemical and biological properties of the topsoil in two 
Aleppo pine stands within the Special Area of Conservation 
(SAC) IT9130006—Pinewoods of the Ionian Arch (Apulia 
region, Southern Italy) which hosts the Habitat of Priority 
Interest 2270*. We hypothesized that the longer time passes 
since the last fire, the more likely it is that soil properties 
will return to pre-fire conditions, regardless of the number 
and time elapsed between fires.

In sites with differing fire histories (in terms of fire fre-
quency, time since last fire and time between fires), the 
stated objectives were pursued through the analysis of the 
organic layer (O-layer) as well as physical, chemical and 
microbial properties of mineral soil. These are commonly 
used as indicators of disturbance and also serve as prox-
ies for understanding ecosystem functioning linked to the 
ecosystem services provision (Rutigliano et al. 2023). The 
outcomes of this research could provide knowledge to con-
serve soil quality, which in turn supports the biodiversity of 
the entire ecosystem. Here, this is essential to identify timely 
management actions for high conservation value habitats at 
risk of fire, both in this and other N2K sites.

Material and methods

Study area and sampling methodology

The study was conducted in two Aleppo pine stands within 
the SAC-IT9130006 (Fig. 1). Here, the dominant tree layer 
is characterised by the presence of Pinus halepensis Mill. 
subsp. halepensis and the understory vegetation consists of 
typical Mediterranean shrub formations including Cistus 
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salviifolius L., Myrtus communis L., Pistacia lentiscus L., 
Phillyrea angustifolia L., Rhamnus alaternus L., Rosmari-
nus officinalis L. (Pazienza G., personal observations). Addi-
tionally, within the SAC according to the N2K site’s data 
form, the following Habitats are reported: 1210—Annual 
vegetation of drift lines; 1420—Mediterranean and thermo-
Atlantic halophilous scrubs (Sarcocornetiea fruticosi); 
2230—Malcolmietalia dune grasslands; 2240—Brachypodi-
etalia dune grasslands with annuals; 2250*—Coastal dunes 
with Juniperus spp., 2270*—Wooded dunes with Pinus 
pinea and/or Pinus pinaster (data form: https:// natur a2000. 
eea. europa. eu/ Natur a2000/ SDF. aspx? site= IT913 0006, last 
accessed January 2023; the * symbol indicates the Habitats 
of Priority Interest).

Based on the climatic data collected by Ginosa Marina 
Meteorological Station within the SAC (data sourced 
from the Civil Protection Section of the Apulia Region, 
last accessed January 2023), a thermo-pluviometric dia-
gram illustrating a typical Mediterranean climate was con-
structed (Fig. S1). Furthermore, the three reported time 

frames (1941–1970, 1971–2000 and 2001–2021) reporting 
an unchanged trend over time, also highlighted a greater 
intensity of summer aridity in 1941–1970 and 2001–2021 
as well as a slight temperature increase in the last twenty 
years (Fig. S1). According to the FAO Digital Soil World 
Map (DSMW; FAO 2007) classification system, the soil of 
the study area is Gleyic Luvisol.

Throughout the SAC, one of the most important distur-
bances are wildfires in terms of both severity and recurrence 
(Leone et al. 2000; Moya et al. 2008; Saracino et al. 1997). 
Due to these disturbances, the invasive alien species Acacia 
saligna (Labill.) H.L. Wendl is locally colonising the south-
western sector, named “Galaso”, approximately 20 km away 
from the two stands here studied (Marfella et al. 2023a). 
Within the SAC, two Aleppo pine stands (Romanazzi and 
Marziotta) were selected where wildfires had occurred twice 
within a 24-year period (1997–2021, i.e., from the year of 
the first wildfire to the year of the sampling; Figs. 1, S2).

In each of the two stands, sites were chosen with compa-
rable physiographic characteristics as possible. The stands 

Fig. 1  a Location map of the 
SAC-IT9130006 (red boundary) 
with the cyan stars indicating 
the study areas, Romanazzi 
and Marziotta Aleppo pine 
stands; b Romanazzi stand map 
(1:10,000) with the yellow and 
red boundaries indicating the 
extent of the 1997 and 2006 
wildfires, respectively, and 
the five cyan circles indicat-
ing the positions of the field 
replicates sampled in each of 
the three sampling sites (RC, 
control; R1F, single fire; R2F, 
double fire); c Marziotta stand 
map (1:5000) with the yellow 
and red boundaries indicat-
ing the extent of the 2000 and 
2012 wildfire and the five cyan 
circles indicating the positions 
of the field replicates in each of 
the three sampling sites (MC, 
control; M1F, single fire; M2F, 
double fire)

https://natura2000.eea.europa.eu/Natura2000/SDF.aspx?site=IT9130006
https://natura2000.eea.europa.eu/Natura2000/SDF.aspx?site=IT9130006
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differed for (i) years of fires occurrence, (ii) time between 
fires and (iii) time since last fire (within the 24-year period). 
Accordingly, inside each stand, three sites—double-fire, sin-
gle-fire and control (unburnt)—were selected based on dif-
ferences in fire frequency (FF), time between fires (TBF) and 
time since last fire (TSLF) related to the same time interval 
(24 years; Table 1). The control sites (RC and MC) in both 
stands, based on available information and local knowledge, 
have been fire-free for the last 40 years. The burnt surfaces 
in 1997 and 2006 in Romanazzi (R1F and R2F) were respec-
tively 134 and 1.38 ha, whereas in 2000 and 2012 in Marzi-
otta (M2F and M1F) 0.19 and 21.4 ha were burned, respec-
tively (Fig. S3). The 1997 and 2012 fires (in Romanazzi and 
Marziotta, respectively) were stand-replacing fires, but no 
further specific data on severity, intensity, or duration of the 
four fire events were available.

In each of the three sites for both stands, the sampling was 
carried out in March 2021 considering five field replicates,  
at the centre and at the four cardinal points in a circular sam-
pling unit (13 m radius, Fig. S4a). Samples of the organic 
layer (O-layer; comprising litter and fermentation layers) and 
the underlying 10 cm of soil (S-Layer) were collected from 
40 × 40 cm squares. Within each square, the O-layer (where 
present and after thickness measurement) was gathered in 
paper bags, while five soil samples (Fig. S4b) were cored 
using a cylindrical auger (10 cm height, 6 cm diameter). 
These soil samples were then homogenized in polyethylene 
bags to create composite samples, which were stored in a 
thermal bag with ice for subsequent analyses (Soil Survey 
Staff, 2014a). Although several studies explore the effects 
of fire in the top 5 cm (Certini et al. 2011; Moya et al. 2018; 
Muñoz-Rojas et al. 2016), our interest had laid in the deeper 
investigation to evaluate the microbial transformative activ-
ity and their signal within 10 cm, as also shown elsewhere 
(Lucas-Borja et al. 2020; Memoli et al. 2021; Pellegrini 
et al. 2021). Specifically, this soil depth corresponds to the 
depth at which most microbial biomass and activity are 
expected (Jandl et al. 2014) as well as at which the par-
tially burned organic matter could be translocated (Knicker 
2011; Velasco-Molina et al. 2016). Thus, twenty O-layer 
bags (this layer was missing in R2F and M2F) and one 

hundred and fifty soil mineral cores were collected in total 
from both stands. Moreover, a soil core of the same size as 
above was sampled near each 40 × 40 cm square and brought 
undisturbed to the laboratory to determine the soil's water 
holding capacity, bulk density and porosity (30 undisturbed 
cores). Subsequently, the O-layers samples were air-dried 
to measure weight (OW) and organic carbon (O–Corg); the 
soil samples were sieved (2 mm mesh size) to exclude soil 
coarse fragments and larger plant roots (Soil Survey Staff, 
2014b). Finally, two soil aliquots were identified: one air-
dried to chemical analyses (pH, electrical conductivity, cat-
ion exchange capacity, organic carbon, extractable carbon, 
mineralizable carbon, total nitrogen, C/N ratio, ammonium 
and nitrate content) and the other stored at 4 °C for bio-
logical analyses (microbial biomass carbon, total microbial 
activity, nitrogen mineralization and nitrification).

Soil physical and chemical characterization

Water content (WC) and water holding capacity (WHC) 
were measured by the gravimetric method according to 
Allen (1989). Bulk density (BD) was assayed on undisturbed 
soil cores (of known volume) dried for 48 h at 105 °C, and 
subsequently porosity (Po) was calculated from BD (Soil 
Survey Staff 2014a). Soil pH was determined by potentio-
metric method with a specific probe (HANNA Instruments, 
HI8424) on a soil/water suspension (1:2.5 ratio). Electri-
cal conductivity (EC) was assessed on aqueous soil extracts 
(1:2 soil/water ratio) by using a digital conductivity meter 
(COND  51+). Cation exchange capacity (CEC) was meas-
ured by complexometric titration after soil treatment with 
barium chloride  (BaCl2) and triethanolamine (TEA) solution 
at pH 8.2 (Soil Survey Staff, 2014a). Organic carbon content 
 (Corg) of dried O- and S- layers samples was determined by 
Springer and Klee (1954) method, which included an oxida-
tion in acid environment  (H2SO4) with potassium dichro-
mate (0.33 M  K2Cr2O7), during a controlled heating step 
(160 °C for 10 min; for complete recovery of the organic car-
bon after Sleutel et al. 2007), followed by back titration with 
0.2 M Fe(II)SO4 solution. Total nitrogen  (Ntot) was measured 
using LECO  TruSpec® Micro CHN Analyser on 0.03 g dry 

Table 1  Stand and site identification codes, altitude above sea level, slope percentage and wildfire history in terms of time of fires occurrence 
(FO), fire frequency (FF), time between fires (TBF), time since last fire (TSLF) and fires extent are reported

Stand Site Altitude (m) Slope (%) FO (year) FF TBF (year) TSLF ( year ) Fire extent (ha)

Romanazzi RC 7 < 5 – – 0 – ≥ 40 –
R1F 5 < 5 1997 – 0.042 – 24 134
R2F 9 < 5 1997 2006 0.083 9 15 1.38

Marziotta MC 9 < 5 – – 0 – ≥ 40 –
M1F 5 < 5 2012 – 0.042 – 9 21.4
M2F 9 < 5 2000 2012 0.083 12 9 0.19
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soil, and then the C/N ratio was calculated as the ratio of  Corg 
to  Ntot both expressed in g  kg−1 d.w. Ammonium and nitrate 
contents were assayed by potentiometric method using ion-
selective electrodes specific for ammonia  (NH4

+–N; ORION 
Model 95–12 ionplus) and nitrate  (NO3

−–N, ORION Model 
97-07 ionplus), after extraction with 0.5 M potassium sul-
phate (1:5 soil/water ratio; Castaldi et al. 2011).

Soil biological characterization

Microbial biomass carbon  (Cmic), which expresses the quan-
tity of microbial carbon present in the soil in mg C  kg−1 
d.w., was determined according to the fumigation-extraction 
method with chloroform (Vance et al. 1987). From fumi-
gated and non-fumigated samples, the organic material was 
extracted by means of a solution of 0.5 M  K2SO4 (1:4 ratio) 
and the total organic carbon  (Corg) was determined by oxi-
dation with potassium dichromate in an acid environment. 
After, from the  Corg content difference between the fumi-
gated and non-fumigated samples (the latter corresponding 
to the extractable organic carbon  (Cext)), the microbial bio-
mass carbon  (Cmic) was calculated after Vance et al. (1987). 
The total microbial activity was measured as soil potential 
respiration (R), i.e. the evolved  CO2 from the samples was 
measured by the alkali trapping method and then quantified 
by titrating according to ISO 16072 (2002). Before perform-
ing the analysis, the soil was preincubated (1 week), to allow 
the initial carbon flush to diminish (Pell et al. 2006). Then, 
soil samples (5 g), inside glass containers, were placed in 
airtight jars containing 10 ml of 0.1 N NaOH and incubated 
for 13 days in standard conditions (25 °C, 55% of WHC, 
in the dark). The  CO2 developed by soil was monitored 
about every 3 days (on the 3rd, 6th, 9th and 13th day of 
incubation), by titrating the excess of NaOH in the jars with 
0.05 M HCl and re-incubating soil samples after the addi-
tion of a new NaOH solution. Respiration was calculated as 
the average value in the considered period and expressed in 
mg  CO2–C  kg−1 d.w.  d−1. The respiration of the last incuba-
tion period (from the 9th to the 13th day) corresponds to 
basal respiration  (Rbas). Lastly, the fast mineralizable car-
bon  (Cmin) was calculated fitting cumulated  CO2–C evolved 
from soil samples vs. incubation time, using a first-order 
pool kinetics model (Riffaldi et al. 1996), with the follow-
ing equation:

where  Ccum is the cumulated mineralized carbon;  C0 is the 
asymptotic maximum quantity of  CO2–C evolved from the 
samples (from now on called  Cmin; g  CO2–C  kg−1 d.w.); k 
is the mineralization rate constant in  days−1; and t is the 
incubation time in days.

(1)Ccum = C0 ×
(

1 − e−k × t
)

Using the values of  NH4
+–N and  NO3

−–N measured on 
the soil samples at the beginning  (t0) and after a 14-day 
period  (t14) of aerobic incubation (55% of field capacity, 
at 25 °C, in the dark), nitrogen mineralization (Min) and 
nitrification (Nit) were calculated according to Castaldi et al. 
(2011), following the Eqs. (2) and (3) respectively:

where  (NH4
+–N +  NO3

−–N)t14 is the mineral N content post 
incubation  (t14);  (NH4

+–N +  NO3
−–N)t0 is the starting min-

eral N content before the incubation  (t0);  (NO3
−–N)t14 is 

the  NO3
− content after incubation  (t14);  (NO3

−–N)t0 is the 
starting  NO3

− content  (t0) and d is the incubation timing 
expresses in days (14 days).

Soil microbial indices

Three microbial indices (Mataix-Solera et al. 2009; Moya 
et al. 2018), all expressed as percentage, were calculated 
as described in Eqs. (4–6): (i) quotient of mineralization 
(qM) derived from  Cmin and  Corg (Dommergues 1960); (ii) 
microbial percentage of total organic carbon content  (Cmic/
Corg; Anderson and Domsch 1993) and (iii) metabolic quo-
tient  (qCO2) calculated according to Anderson and Domsch 
(1993) from basal respiration  (Rbas) and microbial biomass 
 (Cmic). 

Data analysis

Comparative data analysis between sites in the two stands 
assumed that the properties assessed at the control sites 
(RC and MC) are representative of the pre-fire condition. 
Mean (± standard deviations) and coefficient of variation 
(reported in Table S1) for all variables were calculated. 
To test for normal distribution of the data before perform-
ing parametric tests, the Shapiro–Wilk normality and the 
Levene homogeneity variance tests were run; when not 

(2)
Min =

(

NH+
4
−N + NO−

3
−N

)

t14
−
(

NH+
4
−N + NO−

3
−N

)

t0

d

(3)Nit =

(

NO−
3
−N

)

t14
−
(

NO−
3
−N

)

t0

d

(4)qM =
Cmin

Corg

(5)Cmic∕Corg =
Cmic

Corg

(6)qCO2 =
Rbas

Cmic
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normally distributed, data were transformed according to 
Sokal and Rohlf (2011) by using  log10 (except for pH). 
For each variable, to determine the significance of dif-
ferences (p < 0.05) among the three sites in each stand, 
one-way ANOVA (followed, if required, by Student–New-
man–Keuls post-hoc test) was applied. Multivariate anal-
ysis was performed using principal component analysis 
(PCA) for each stand on a matrix of 15 sites and 19 vari-
ables (excluding the derivate ones to avoid collinearity, 
i.e. the three calculated microbial indexes and C/N ratio). 
Then, by means of Euclidean distance and Ward’s method, 
the Cluster analysis to verify the similarity between sites 
was also run. Pearson correlation coefficient was used 
to test further relationships among all the 23 properties 
evaluated from the O- and S- layers, the two PCA axes 
and the different wildfire history conditions. The term fire 
frequency refers to the number of fires occurring within a 
designated area over a specified time unit (i.e. spatiotem-
poral scale-dependent Johnson, 1996) and accordingly was 
calculated as follows:

where  Fn represents the number of fires (1 or 2) recurring in 
the two stands and T the time period considered (24 year).

For time between fires (TBF) and time since the last 
fire (TSLF) the absolute number of years was used (after 
Guénon et al. 2015; Albert-Belda et al. 2023).

Furthermore, for all soil properties that resulted in sig-
nificant differences between the control and the burned 
sites, their percentage variation was calculated according 
to Eq. (8).

(7)FF =
F
n

T
⇒

1

24
= 0.042 and

2

24
= 0.083

where �
n
 is the replica value for a specific parameter and 

�
c
 is the mean value of the control for the same parameter. 

Subsequently, it has been possible to compare the two stands 
with equal FF (R1F vs M1F and R2F vs M2F) using Stu-
dent’s t-test, in order to further explore the effect of time 
since last fire (TSLF). Pearson correlation, PCA and Cluster 
Analysis were run by XLSTAT, all other statistical analyses 
were performed using the software program SigmaPlot 12.5 
(Sigma Stat, Jandel Scientific). The mapping of the study 
areas and the calculation of the burned area were performed 
through the open-source software QGIS Desktop 3.12.1. 
using the official shape files reporting the different exten-
sions of the wildfires provided by Comando Unità Forestali, 
Ambientali e Agroalimentari (CUFAA).

Results

Fire effect on soil organic layer

In both stands, the O-layer was entirely absent in the sites 
affected by the double fire event (R2F and M2F; Table 2). In 
Romanazzi stand, the O-layer of the R1F site had recovered 
(~ 0.3 cm) 24 years after the disturbance, showing no change 
in weight and  Corg content expressed in g  m−2 compared to 
the control site (RC), but there was a significant decrease 
(p < 0.001) in  Corg concentration (mg  g−1 d.w). On the con-
trary, no differences were found between the M1F, burnt in 
2012, and MC sites regarding the three considered proper-
ties. However, both R1F and M1F showed higher coefficient 

(8)
�
n
− �

c

�
c

× 100

Table 2  Mean values 
(± standard deviations, 
n = 5) of weight (g  m−2) 
of the organic layer 
(O-layer = litter + fermentation 
layers) and organic carbon 
content (expressed as both 
mg  g−1 d.w. and g  m−2) for 
the two stands (Romanazzi 
and Marziotta) in the sites 
affected by single (R1F, M1F), 
double (R2F, M2F) fire and 
unburnt sites (RC, MC). In 
the last column is reported the 
calculated C loss, expressed in 
g  m−2 for the sites which lost 
O-layer (R2F, M2F) § Significant differences between the burnt and control sites, in each stand, evaluated by the one-way 

ANOVA (** = p < 0.01, *** = p < 0.001) are reported in the row below sites of each stand. Different letters 
in superscripts (a, b, c)  indicate significant (p ≤ 0.05) differences among sites assayed by Student–New-
man–Keuls test
# Calculated by assuming that burnt sites should show the same  Corg content of control in O-layers if wild-
fires had not occurred

O-layer Calcu-
lated C 
 loss#

Weight (g  m−2) Corg (mg  g−1d.w.) Corg (g  m−2) g  m−2

RC 472 (± 220)a 428 (± 25.7)a 204 (± 96.7)a

R1F 447 (± 241)a 267 (± 38.9)b 123 (± 79.3)a

R2F 0b 0c 0b 204
One-way  ANOVA§ ** *** ***
MC 397 (± 125)a 346 (± 56.0)a 139 (± 55.7)a

M1F 625 (± 260)a 307 (± 23.0)a 188 (± 65.2)a

M2F 0b 0b 0b 139
One-way  ANOVA§ *** *** ***



European Journal of Forest Research 

of variation of O-layer weight and, limited to R1F, also for 
the O-layer  Corg (g  m−2) (Table S1).

Under the assumption that the O-layer at the burnt sites 
should have had a  Corg content equivalent to the sites unaf-
fected by the wildfire if wildfires had not occurred, the 
estimated organic carbon losses of 204 g  m−2 in R2F and 
139 g  m−2 in M2F were reported in Table 2.

Fire effect on soil mineral layer

At Romanazzi, no variations were evident in the topsoil 
(10  cm) for WC, WHC, BD and Po (p > 0.05) between 
the three sites (Table 3). Compared to the control (RC), 
both burnt sites (R1F and R2F) showed higher (p < 0.001) 
pH and EC, with the highest value (pH: 7.66 ± 0.26; EC: 
210 ± 19.6 µS  cm−1) measured in the R1F site (burnt once 
24 years prior to sampling) and intermediate values in R2F 
(burnt for the second time 15 years prior to sampling). Com-
pared to RC, a significant increase (p < 0.05) in  Corg was 
only found in the R1F site (41.3 ± 2.58 g  kg−1 d.w.), while 
in R2F the value of the organic carbon content did not differ 
from those found at both the RC and R1F sites. Likewise, 
the extractable organic C  (Cext) was higher (p < 0.01) at R1F 
and R2F sites by 46 and 38%, respectively, compared to RC. 
No significant differences (p > 0.05) were detected for CEC, 
 Cmin,  Ntot and C/N ratio across the three sites (Table 3). A 
significant rise (p < 0.001) in  NH4

+–N and  NO3
−–N con-

tent was found in both burnt sites compared to RC; with the 
highest values of 28.1 ± 10.5 and 191 ± 43.6 mg  kg−1 d.w., 
respectively, found at the R2F site.

Microbial biomass  (Cmic, Fig. 2a), was significantly lower 
(p < 0.001) at both burnt sites compared to RC, showing the 

lowest value (269 ± 50 mg  kg−1 d.w.) in R1F. Total micro-
bial activity, here evaluated as soil respiration (R; Fig. 2b), 
showed significant change (p < 0.05) only between R1F and 
R2F, but both burnt sites were like RC. Specific microbial 
activities related to the nitrogen cycle were greatly affected 
by fire (Fig. 2c, d), with significant increases (p < 0.001) in 
burnt soils (R1F and R2F) compared to RC for both nitro-
gen mineralization (Min) and nitrification (Nit). Regarding 
index of microbial metabolism, changes due to fire were 
observed for  Cmic/Corg, showing a decrease (p < 0.001) in 
R1F and R2F by approximately 70 and 50%, respectively, 
compared to RC (Fig. 2e), and for  qCO2 (Fig. 2f) that was 
higher (p < 0.05) in R1F site (4.37 ± 1.47 mg  CO2–C %  Cmic 
 d−1) than RC (2.21 ± 0.95 mg  CO2–C %  Cmic  d−1) and R2F 
(2.51 ± 1.15 mg  CO2–C%  Cmic  d−1). Lastly, no changes were 
highlighted for the qM (Fig. 2g).

The three sites in the Marziotta stand (MC, M1F and 
M2F) did not significantly differ for WC, WHC, CEC,  Ntot 
and  NH4

+–N (Table 4). All other considered properties 
showed significant differences among sites. Po, BD and EC 
exhibited significant differences (p < 0.05) between M1F 
and M2F, but no difference was observed with MC. On the 
other hand, burnt sites showed a significant pH increase 
(p < 0.001) compared to MC, with the maximum values of 
7.59 (± 0.15) in M1F also higher (p < 0.05) than that meas-
ured in M2F (7.41 ± 0.14). A significant increase (p < 0.01) 
in  Corg was found in M2F compared to both MC and M1F 
sites, which showed no difference (Table 4). On the con-
trary, labile organic C fractions  (Cext and  Cmin) decreased in 
M1F and M2F sites, compared to MC (respectively, p < 0.05 
and p < 0.001). The C/N ratio showed an increasing trend 
(M2F > M1F > MC) with the highest value found in M2F 

Table 3  Mean (± standard 
deviations; n = 5) values of 
soil properties at Romanazzi 
stand in control (RC) and 
sites affected by single (R1F) 
or double (R2F) fire events: 
water content (WC), water 
holding capacity (WHC), bulk 
density (BD), porosity (Po), 
pH, electrical conductivity 
(EC), cation exchange capacity 
(CEC), contents of total organic 
C  (Corg), extractable C  (Cext), 
mineralizable C  (Cmin), total 
N, C/N ratio and mineral N 
 (NH4

+–N and  NO3–N)

Results of the one-way ANOVA (ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001) between 
the sites are reported in the last column. Different letters in superscripts indicate statistically significant 
(p ≤ 0.05) differences among plots assayed by Student–Newman–Keuls test

Variable RC R1F R2F one-way 
ANOVA

WC (%) 13.6 (± 1.10) 16.4 (± 4.72) 12.3 (± 4.42) ns
WHC (%) 33.7 (± 3.17) 40.7 (± 8.27) 32.8 (± 6.18) ns
BD (g  cm−3) 1.06 (± 0.06) 0.89 (± 0.25) 1.11 (± 0.19) ns
Po (%) 60.0 (± 2.3) 66.5 (± 9.5) 58.1 (± 7.0) ns
pH 6.29 (± 0.18)a 7.66 (± 0.26)b 7.22 (± 0.06)c ***
EC (µS  cm−1) 103 (± 19.6)a 210 (± 19.6)b 166 (± 20.8)c ***
CEC (cmol  kg−1d.w.) 10.9 (± 2.59) 8.89 (± 2.02) 10.4 (± 2.96) ns
Corg (g  kg−1d.w.) 34.6 (± 5.11)a 41.3 (± 2.58)b 36.6 (± 2.76)ab *
Cext (g  kg−1d.w.) 0.24 (± 0.02)a 0.35 (± 0.03)b 0.33 (± 0.08)b **
Cmin (g  CO2–C  kg−1d.w.) 0.67 (± 0.13) 0.77 (± 0.17) 0.69 (± 0.27) ns
Ntot (g  kg−1d.w.) 1.60 (± 0.52) 1.48 (± 0.35) 1.71 (± 0.48) ns
C/N 23.0 (± 5.87) 29.4 (± 9.06) 23.0 (± 7.48) ns
NH4

+–N (mg  kg−1d.w.) 3.42 (± 1.04)a 13.6 (± 3.59)b 28.1 (± 10.5)c ***
NO3

−–N (mg  kg−1d.w.) 5.17 (± 2.34)a 122 (± 46.3)b 191 (± 43.6)c ***
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differing significantly (p < 0.05) only from MC. Similarly, 
the values measured for nitrate followed the same trend, 
increasing by 56 and 204% in M1F and M2F, respectively, 
compared to MC.

A significant decrease (p < 0.001) was found for  Cmic 
at the burnt sites compared to MC with the lowest value 
detected at the M1F site (Fig. 3a). Soil respiration exhibited 
a significant decrease (p < 0.01) in both burnt sites compared 

to MC, with no differences between M1F and M2F (Fig. 3b). 
The nitrogen cycle was also affected by the fires in this stand 
(Fig. 3c, d), compared to MC with a significant increase 
(p < 0.001) detected in M1F and M2F for both Min and Nit. 
Microbial percentage of total organic carbon content  (Cmic/
Corg) showed a decrease (p < 0.001) in M1F and M2F (which 
were also different each other) compared to MC (Fig. 3e). A 
significant decrease of about 65% in  qCO2 was found in M2F 

Fig. 2  Mean (± standard devia-
tion) values of soil microbial 
variables in control (RC) and 
sites affected by single (R1F) or 
double (R2F) fire in Romanazzi 
(R) stand: a microbial biomass 
C  (Cmic), b respiration (R), c 
nitrogen mineralization (Min), 
d nitrification (Nit), e  Cmic//
Corg ratio, f metabolic quotient 
 (qCO2), g quotient of miner-
alization (qM) and h results 
of one-way ANOVA (ns = not 
significant, * = p < 0.05, 
*** = p < 0.001). For each 
variable, significant (p ≤ 0.05) 
differences among experi-
mental conditions (assayed by 
Student–Newman–Keuls test) 
are reported as different letters 
on bars
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compared to both MC and M1F (p < 0.01; Fig. 3f) and qM 
exhibited changes in both burnt sites compared to the MC 
(p < 0.01), showing the lowest values of 1.4 (± 0.4)  CO2–C 
%  Corg in M2F (Fig. 3g). Finally, it is worth noting that most 
soil properties showed higher variability in burned sites 
compared to the relative control (Table S1).

Overall relationship across sites, stands 
and variables

The overall fire effect on soil, by considering all soil vari-
ables together, was clearly shown by Principal Component 
Analysis (PCA) and Cluster Analysis (Figs. 4, 5). The first 
two axes of the Romanazzi PCA biplot explained 65% of 
the variance (Fig. 4a). Along axis 1 (explaining 36% of vari-
ance) cluster I, comprising the control site, was distinctly 
separated by cluster II, which was constituted by burnt 
sites. Along axis 2 (explaining 29% of variance) clusters 
IIA (including most R2F sites) and IIB (including most R1F 
sites) were separated from each other and placed in opposite 
positions at the bottom and the top of the biplot, respectively. 
The Cluster Analysis (Fig. 4b) shows the sites distribution 
just described above.

The soil properties influencing the separation between 
the control (cluster I) and burnt sites (cluster II) were pH, 
EC,  Cext,  NH4

+–N,  NO3
−–N, Min and Nit, all positively cor-

related with axis 1, as well as OW, O–Corg, and  Cmic, which 
were negatively correlated with the same axis (Table S2). 
On the contrary, soil properties that affected the separation 
between clusters IIA and IIB were OW, WC, WHC, Po, 
 Corg,  Cmin, and R, all positively and BD negatively corre-
lated with axes 2. Axis 1 was correlated positively (r = 0.86, 

p < 0.001) with fire frequency (FF) and negatively (r = -0.92, 
p < 0.001) with time since last fire (TSLF), while axis 2 was 
not correlated with either the latter parameters or TBS as 
well (Table S2). Several soil properties (OW, O–Corg, pH, 
EC,  Cext,  NH4

+–N,  NO3
−–N,  Cmic, Min, and Nit) were cor-

related with both FF and TSLF, which in turn were nega-
tively (r = − 0.99, p < 0.001) correlated each other. OW, 
O–Corg,  NH4

+–N,  NO3
−–N, and R, were also correlated to 

TBS, which was positively (r = 0.86, p < 0.001) and nega-
tively (r = − 0.76, p < 0.001) correlated with FF and TLSF, 
respectively. As expected, the microbial biomass  (Cmic) 
and activity (R, Min and Nit) were affected by chemical 
changes as confirmed by correlations of (i)  Cmic with pH, 
EC,  Cext,  NH4

+–N,  NO3
−–N (− 0.84 < r < − 0.53; p < 0.05), 

(ii) R with  Cmin and qM (0.52 < r < 0.64; p < 0.05) and 
(iii) Min and Nit with pH, EC,  Cext,  NH4

+–N,  NO3
−–N 

(0.60 < r < 0.87; p < 0.05) as well as with O–Corg and  Cmic 
(− 0.76 < r < − 0.68; p < 0.01; Table S2). Changes in  Corg, 
which were positively correlated with Po, EC, and nega-
tively with BD, did not affect microbial biomass  (Cmic) and 
activity (R, Min and Nit), similarly,  Ntot content, which was 
positively correlated with CEC (r = 0.80, p < 0.001) did not 
influence  Cmic, R, Min and Nit.

The two principal axes of the PCA (Fig. 5a) explained 
68% of the variance for Marziotta sites. Along axis 1 
(explaining 36% of variance) cluster I, comprising M2F site, 
was separated from cluster II, which was constituted from 
MC and M1F sites (cluster IIA and cluster IIB, respectively). 
Along axis 2 (explaining 32% of variance) clusters IIA and 
IIB were separated from each other and placed in opposite 
positions at the top and bottom of the biplot, respectively. 
Sites separation is shown in the Cluster Analysis (Fig. 5b). 

Table 4  Mean (± standard 
deviations; n = 5) values of 
soil properties at Marziotta 
stand in control (MC) and 
sites affected by single (M1F) 
or double (M2F) fire events: 
water content (WC), water 
holding capacity (WHC), bulk 
density (BD), porosity (Po), 
pH, electrical conductivity 
(EC), cation exchange capacity 
(CEC), contents of total organic 
C  (Corg), extractable C  (Cext), 
mineralizable C  (Cmin), total N, 
C/N ratio and mineral N (N–
NH4

+ and N–NO3
−)

Results of the one-way ANOVA (ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001) between 
the sites are reported in the last column. Different letters in superscripts indicate statistically significant 
(p ≤ 0.05) differences among plots assayed by Student–Newman–Keuls test

Variable MC M1F M2F one-way 
ANOVA

WC (%) 16.5 (± 3.53) 16.1 (± 5.30) 24.8 (± 8.82) ns
WHC (%) 42.8 (± 6.97) 36.8 (± 5.90) 45.6 (± 9.01) ns
BD (g  cm−3) 0.81 (± 0.09)ab 0.91 (± 0.08)a 0.72 (± 0.11)b *
Po (%) 69.6 (± 3.34)ab 65.7 (± 3.13)a 72.9 (± 4.10)b *
pH 7.18 (± 0.06)a 7.59 (± 0.15)b 7.41 (± 0.14)c ***
EC (µS  cm−1) 227 (± 16.7)ab 186 (± 40.9)a 250 (± 36.4)b *
CEC (cmol  kg−1d.w.) 12.0 (± 2.90) 9.29 (± 2.46) 10.3 (± 5.28) ns
Corg (g  kg−1d.w.) 33.3 (± 2.94)a 30.2 (± 4.39)a 39.7 (± 1.78)b **
Cext (g  kg−1d.w.) 0.42 (± 0.05)a 0.35 (± 0.05)b 0.33 (± 0.03)b *
Cmin (g  CO2–C  kg−1d.w.) 1.40 (± 0.41)a 0.72 (± 0.13)b 0.56 (± 0.14)b ***
Ntot (g  kg−1d.w.) 2.60 (± 0.39) 2.01 (± 0.78) 2.00 (± 0.56) ns
C/N 12.9 (± 1.14)a 16.3 (± 4.72)ab 21.0 (± 5.44)b *
NH4

+–N (mg  kg−1d.w.) 3.78 (± 1.82) 4.79 (± 2.58) 4.74 (± 2.69) ns
NO3

−–N (mg  kg−1d.w.) 34.4 (± 4.12)a 53.5 (± 13.2)b 104.5 (± 34.0)c ***
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The soil properties determining separation between cluster 
I (M2F) and cluster II (MC and M1F) were BD, OW and 
O–Corg, positively correlated with axis I, as well as WC, 
WHC, Po, EC,  Corg and  NO3

−–N, all negatively correlated 
with the same axis (Table S3). In contrast, along axis 2, 
the separation between MC and M1F (cluster IIA and IIB, 
respectively) was linked to the positive correlations between 
CEC,  Cext,  Cmin,  Ntot,  Cmic and R and to the negative cor-
relations of the pH,  NO3

−–N, Min, Nit with the same axis. 

Axis 1 was negatively correlated (r = – 0.58, p < 0.05 and 
r = – 0.81, p < 0.001) with both FF and TBF, while axis 2 
was positively (0.89, p < 0.001) correlated with TSLF and 
negatively (r = – 0.77, p < 0.001) with FF. Different prop-
erties (OW, O–Corg,  Cmin,  NO3

−– N, R, Min, Nit, qM, 
 qCO2 and C/N; Table S3) were generally correlated with 
FF, TLSF and TBF, which in turn resulted in correlation 
only between FF with TSLF and TBF (r = – 0.87, p < 0.001 
and r = 0.86, p < 0.001). Furthermore,  Cext was correlated 

Fig. 3  Mean (± standard devia-
tion) values of soil microbial 
variables in control (MC) and 
sites affected by single (M1F) or 
double (M2F) fire in Marziotta 
(M) stand: a microbial biomass 
C  (Cmic), b respiration (R), c 
nitrogen mineralization (Min), 
d nitrification (Nit), e  Cmic//
Corg ratio, f metabolic quotient 
 (qCO2), g quotient of miner-
alization (qM) and h results of 
one-way ANOVA (** = p < 0.01 
and *** = p < 0.001). For each 
variable, significant (p ≤ 0.05) 
differences among experi-
mental conditions (assayed by 
Student–Newman–Keuls test) 
are reported as different letters 
on bars
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with FF and TSLF (r = – 0.66, and r = 0.69, respectively, 
p < 0.01); OW, O–Corg, with FF (r = – 0.54, and r = – 0.63, 
respectively, p < 0.01) and TBF (r = – 0.81 and r = – 0,85, 
respectively, p < 0.001); pH and  Cmic with TLSF (r = – 0.75, 
p < 0.01 and r = 0.70, p < 0.01, respectively);  Corg with 
FF (r = 0.53, p < 0.05). No correlation was finally high-
lighted between  Corg and  Ntot contents with soil biological 

properties, however, some changes in other chemical param-
eters influenced microbial biomass and activity (i.e.  Cmic 
was correlated negatively with pH and positively with EC; 
soil respiration (R) was positively correlated with  Cext,  Cmin, 
and negatively with pH and C/N ratio; Min and Nit were 
positively correlated to C/N ratio and negatively with  Cext, 
 Cmin, R,  qCO2, and qM).

The comparison between the two stand sites with the 
same fire frequency (expressed as the percentage variation 

Fig. 4  a Biplot deriving from the Principal Component Analysis 
(PCA) and b dendrogram deriving from Cluster Analysis referring 
to 15 sampling points, corresponding to 5 field replicates for each 
sampling site (RC, control; R1F, single fire; R2F, double fire) and 
19 variables. In the PCA biplot a the 15 sampling points are indi-
cated in black and the following 19 variables are in red (with vec-
tor length reflecting the strength of each driving factor): weight of 
the organic layer (OW), total organic C (g  m−2) in organic layer (O–
Corg), soil water content (WC), water holding capacity (WHC), bulk 
density (BD), porosity (Po), pH, electrical conductivity (EC), cation 
exchange capacity (CEC),  organic C  (Corg), extractable C  (Cext), min-
eralizable C  (Cmin), total nitrogen  (Ntot), mineral nitrogen  (NH4

+–N 
and  NO3

−–N), microbial C  (Cmic), respiration (R), N mineralization 
(Min), and nitrification (Nit). The lines in the dendrogram b represent 
the automatic truncations, leading to three main clusters (I, IIA and 
IIB)

Fig. 5  a Biplot deriving from the Principal Component Analysis 
(PCA) and b dendrogram deriving from Cluster Analysis referring 
to 15 sampling points, corresponding to 5 field replicates for each 
sampling site (MC, control; M1F, single fire; M2F, double fire) and 
19 variables. In the PCA biplot a the 15 sampling points are indi-
cated in black and the following 19 variables are in red (with vec-
tor length reflecting the strength of each driving factor): weight of 
the organic layer (OW), total organic C (g  m−2) in organic layer (O–
Corg), soil water content (WC), water holding capacity (WHC), bulk 
density (BD), porosity (Po), pH, electrical conductivity (EC), cation 
exchange capacity (CEC),  organic C  (Corg), extractable C  (Cext), min-
eralizable C  (Cmin), total nitrogen  (Ntot), mineral nitrogen  (NH4

+–N 
and  NO3

−–N), microbial C  (Cmic), respiration (R), N mineralization 
(Min), and nitrification (Nit). The lines in the dendrogram b represent 
the automatic truncations, leading to three main clusters (I, IIA and 
IIB)
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between the respective control; Fig. 6) allows to quantify 
the effect of time since last fire (TSLF) i.e. recovery period. 
Indeed, in the sites affected by a single fire (R1F vs M1F; 
Fig. 6a), a significant increase 24 years after the fire, at the 
R1F site, compared to the 9 years after fire, at M1F site, 
was found for the following properties: pH, EC,  Corg,  Cext, 
 Cmin,  NH4

+–N,  NO3
−–N, R, Min, Nit (p < 0.001). In con-

trast, O–Corg at the M1F site emerged significantly higher 
after 9 years (p < 0.05) than in R1F and no differences were 
found for OW, C/N,  Cmic,  Cmic/Corg, and  qCO2. Likewise, in 
the sites burned twice (Fig. 6b), the percentage increase in 

pH, EC,  Cext,  Cmin,  NH4
+–N,  NO3

−–N, Min, Nit and  qCO2, 
compared to the respective control, was raised as a function 
of the greater TLSF (15 vs. 9 years, respectively at R2F and 
M2F sites). On the contrary, changes in  Corg  and C/N were 
higher (p < 0.05) in M2F versus R2F. As regards  Cmic, the 
percentage decrease, compared to the control, was lower in 
M2F, the reverse was observed for R and qM, showing sig-
nificant lower decreased in R2F. No difference in  Cmic/Corg 
variation, compared to the control, was evidenced between 
R2F and M2F and no organic layers were detected at both 
twice burnt sites.

Fig. 6  Percentage variations, 
compared to the relative control, 
of O-layer and soil variables in 
single a and double b fire sites 
of Romanazzi (R1F, R2F, green 
bars) and Marziotta (M1F, M2F, 
blue bars) stands. TSLF refers 
to the time since the last fire 
for each site (see Table 1). The 
following properties  NH4

+–N, 
 NO3

−–N, Min and Nit refer to 
the right axis, all the other prop-
erties refer to the left axis (both 
the axes indicate the percent-
age change relative to control). 
Results of the t-test (ns = not 
significant, * = p < 0.05, 
** = p < 0.01, *** = p < 0.001) 
between the sites are shown 
above or below the bars. For 
parameter labels see Fig. 5
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Discussion

Fire effect on soil organic layer

At Marziotta stand, the total loss of the O-layer in the 
double-fire site (M2F) was accompanied by a significant 
increase in  Corg in the underlying mineral layer of soil, 
likely as a result of the transfer of partially mineralized 
organic layer materials to the mineral soil, as observed 
during low severity fires (Rutigliano et al. 2007). In con-
trast, this did not occur in R2F (where the  Corg increase 
was not significant) most likely due to higher fire sever-
ity that completely burnt the organic layer, however in 
R1F we observed a significant increase in  Corg compared 
to the control. By calculating the increase of soil  Corg 
stock (according to Kirby and Potvin 2007) in R2F and 
M2F sites,  compared to control, values of 395  g   m−2 
and 161 g  m−2 were obtained, respectively. By compar-
ing these data with the  Corg lost from the O-layer (204 
and 139  g   m−2, respectively) within Romanazzi and 
Marziotta stands (Table 2), we can conclude that at both 
stands  Corg stock increase in the soil outweighed the loss 
in the O-layer suggesting no net transfer to the atmos-
phere occurred. On the contrary, in other pine stand 
within the same SAC (near the Galaso river), affected by 
a large wildfire in 2017, the observed  Corg loss of about 
200 g  m−2 from the organic layers observed four years 
after the wildfire was not compensated by accumulation 
in the soil (Marfella et al. 2023a). This suggests the highly 
variable severity of wildfires occurring in the same area. 
Certini et al. 2011 also found, in two forests respectively 
dominated by P. pinaster and P. pinea growing along the 
Tuscan coast (central Italy), that the C loss relative to the 
pre-fire stock was almost totally ascribable to the organic 
horizon burning. Although the disappearance of O-layer, 
in some burnt sites, was balanced by  Corg accumulation in 
soil mineral, the loss of this layer (including litter and fer-
mentation layer) compromises habitat complexity (Moghli 
et al. 2022) with serious negative effects on the soil-related 
ecosystem services such as increased erosion and runoff 
(Gehring et al. 2019; Rulli and Rosso 2007) and altera-
tion of the nutrients and water cycle (Giuditta et al. 2018, 
2019; Moya et al. 2020). Furthermore, the loss of O-layer 
in both double-fire sites and higher variability of O-layer 
weight in single fire sites, compared to control, caused 
higher variability also in the underlying soil layer, prob-
ably determining instability in soil processes. Accord-
ingly, Choreño-Parra et al. (2022) reported that increased 
heterogeneity in the tree forest layer due to disturbances 
(such as fire and reforestation with non-native species) can 
result in instability in litter decomposition process. Our 
findings also showed different recovery dynamics for the 

O-layer in the single-fire sites. In fact, while all the O-layer 
properties in M1F were comparable to control, in R1F, the 
concentration of organic carbon (mg  g−1 d.w.) was still 
lower than in the control. However, in terms of absolute 
quantity (g  m−2), the recovery of the organic layer in R1F 
found 24 years after fire is consistent with Trabaud et al. 
(1985a) who reported that the complete litter restoration in 
a P. halepensis forest is potentially achievable after about 
25–30 years. Consequently, we suggest most likely the 
2012 fire in M1F only partially affected the O-layer. Euge-
nio et al. (2006) also observed, comparing P. halepensis 
stands hit by fire once and twice within a span of 19 years, 
that the organic layers were thicker in areas affected by a 
single fire. Moreover, they did not find significant distinc-
tions between areas that had experienced one and two fire 
events regarding the other properties assessed within the 
organic layers as well as mineral soil.

Fire effect on soil mineral layer

Physical and chemical changes

After the last fires occurred 15 year ago in Romanazzi and 
9 year ago in Marziotta, regardless of the frequency and 
time between fires, the physical properties of the soil have 
been restored. Likewise, Xue et al. (2014) found, in a Pinus 
massoniana Lamb. forest, soil physical variables were com-
parable to the control within 7 years. Generally, very evident 
shifts in the soil physicochemical properties are most often 
found immediately after fires, especially when the fire inten-
sity (temperatures reached at the soil level) and the residence 
time are elevated (Capogna et al. 2009; Giovannini et al. 
1988; Giovannini and Lucchesi 1997). In our case, the lack 
of this information during the last fires makes it difficult to 
depict firm inferences on the unchanged physical proper-
ties. Soil pH increased following the same trend at all burnt 
sites, becoming slightly alkaline, within the two pine stands. 
This is not surprising, as it has been widely observed in 
different ecosystems and under controlled conditions (heat-
ing or prescribed burning) that the conversion of organic 
matter to ash can lead to an increase in soil pH (Catalanotti 
et al. 2018; Certini 2005; Moya et al. 2018; Stinca et al. 
2020). Although this alkalizing effect is transient because it 
is influenced by water or wind transport (Certini et al. 2011; 
Granged et al. 2011a; Úbeda et al. 2009), in the absence of 
these processes it can be observed even several years after 
the disturbance (Granged et al. 2011b; Khanna and Raison 
1986). Post-fire electrical conductivity (EC) also increases 
mainly due to the release of ions (Certini 2005; Notario del 
Pino et al. 2008; Úbeda et al. 2009) and this effect is still 
observable in Romanazzi rather than in Marziotta, where 
EC measurements returned comparable values than control. 
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Muñoz-Rojas et al. (2016) found for both pH and EC by ana-
lysing a chronosequence of fires (1, 5, 7 and 14 years since 
the last fire), that after an initial increase, they returned to 
control values within 5 years, or even lower in the electrical 
conductivity case. However, our Aleppo pine forest is rather 
particular from this point of view because it is affected by 
saline intrusion phenomena (Leone et al. 2000).

Thus, depending on the season, an alteration in the salin-
ity values of the shallow water table can impact the salinity 
of the entire system (as already shown elsewhere Antonel-
lini et al. 2010; Buscaroli et al. 2017; Marfella et al. 2023b; 
Teobaldelli et al. 2004). This may have influenced the pH 
and also explain the non-linear variations in EC between 
the two stands, but above all the 30% higher average values 
measured in the Marziotta stand, which could be more prone 
to salt intrusion being closer to the coastline than to the 
Romanazzi stand.

As mentioned earlier, the accumulation of partially burnt 
material may explain the  Corg rise in some burnt sites (R1F 
and M2F) found over the decades (Liu et al. 2023; Knicker 
2007). Similarly, Li et al. 2021 noted after performing a 
global meta-analysis, that  Corg, after reaching pre-fire lev-
els ~ 10 years post fire, then further increased significantly 
for up to five decades after the fire. Different C pool dynam-
ics were observed in the two stands. In Romanazzi burnt 
sites, we found a higher rise, respect to its control, in  Corg 
and  Cext values in site affected by one wildfire (R1F) than 
in site affected by two wildfires (R2F) as a consequence of 
more time since the last fire (24 year in R1F, and 15 year in 
R2F), as also reported by Mayor et al. (2016), as well as of 
lower fire frequency. According to DeLuca and Sala (2006) 
and Knicker (2007), an increase in fire frequency as well as 
a shorter time between fires could reduce SOM in the long-
term, as repeated fires leads to a decrease in soil organic 
carbon and nutrients. Compared to Romanazzi burnt sites, 
Marziotta sites showed only an increase in total  Corg lim-
ited to site affected by two wildfires (M2F), the last occur-
ring 9 year before our sampling. If of low-medium intensity 
(from 100 to 400 °C; Garcia-Pausas et al. 2022; Ulery et al. 
1996), more recurrent fires could also enrich the soil through 
a fertilizing effect (Pyne 2019; Rodríguez et al. 2017), thus 
explaining organic carbon content increase in M2F than 
M1F. In addition, Pellegrini et al. (2018) following a global 
meta-analysis of 48 sites covering 65 years, demonstrated 
that a high fire frequency corresponded to a reduction in 
carbon and nitrogen concentrations in the soil, but mainly 
in deciduous forests and in the savannah grasslands. In con-
trast, they observed that the same parameters in coniferous 
forests increased by 26% and 21%, respectively, in burned 
sites compared to controls. Despite  Corg shifts, no changes in 
CEC as well as  Ntot content were found in our Aleppo pine 
stands. The unchanged CEC is consistent with findings by 
Muñoz-Rojas et al. (2016) and Hatten et al. (2008), wherein 

14 and 15 years post fire and multiple fire events had not 
evidenced changes in CEC. Also,  Ntot could be lost during 
fires through volatilization, but this effect is generally tem-
porary (Barcenas-Moreno and Bååth 2009). The accumula-
tion of  Corg together with no alteration in  Ntot resulted in an 
increased C/N ratio in M2F. Conversely, Rodríguez et al. 
(2017) found, in a Mediterranean forest hit by multiple fires 
at different times, an increased N percentage in the burnt 
soils compared to the control ones and consequently lower 
values in the C/N ratio. In our stands, the lack of formation 
and accumulation of newly-formed recalcitrant heterocyclic 
N forms due to the incorporation of semi-pyrolyzed mate-
rials could explain the unchanged  Ntot as well as the C/N 
variations only as a function of changes in  Corg (Almendros 
et al. 2003; De la Rosa et al. 2008).

Several studies report on the effects of fires on the mineral 
nitrogen components, and there is therefore ample evidence 
that after a wildfire there is a surge of  NH4

+–N that is subse-
quently oxidized into  NO3

−–N, in the short to medium-term, 
by nitrifying bacteria (Alcañiz et al. 2018; Guénon et al. 
2013; Kong et al. 2019; Wang et al. 2012). According to 
Prieto-Fernández et al. (2004), the  NH4

+content increased 
both after the fire and after heating at different temperatures, 
persisting up to more than 1 year after combustion. In fact, 
2, 5 and 10 years post fire,  NH4

+–N was equivalent to or 
slightly higher than that of undisturbed soil, as was the case 
for Marziotta burnt sites. In contrast, in the Romanazzi stand 
this did not happen showing consistently high  NH4

+values 
and  NO3

− as well. The high amount of  NO3
−–N may be 

attributed to high activity of nitrifying microorganisms, 
which can be favoured by the increased pH (Hanan et al. 
2016; Raison 1979). The nitrate availability found in all our 
burnt sites may lead to a rapid recovery of the underwood, 
as it is absorbable by plants, but at the same time subject to 
leaching (Padilla et al. 2018). However, the high nitrate con-
tent measured 24 and 15 years post fires in Romanazzi and 9 
in Marziotta could also be attributed both to low uptake by 
post-fire vegetation and/or low immobilization by microbial 
communities (Guénon et al. 2013).

Biological changes

The response of the microbial community to the different fire 
conditions examined highlighted a long-term impact. The 
negative fire effect on  Cmic in our burnt sites, which in R1F 
even persists 24 years post-fire, complies with the results of 
a meta-analysis reported by Pressler et al. (2019), who dis-
covered little proof of long-term microbial biomass recovery. 
Frequently in pinewoods, a reduction both in microbial bio-
mass and activity has been documented because of the fire 
direct impacts (Hernández et al. 1997; Mataix-Solera et al. 
2009). However, a few weeks after a wildfire, the wide avail-
ability of nutrients released by the ash and partially burnt 
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organic matter may stimulate the growth of the microor-
ganisms determining a short-term increase in the microbial 
biomass and activity (Dumontet et al. 1996; Rutigliano et al. 
2007). Thereafter, from 2 to > 5 years, there is a decrease 
in  Cmic due to indirect impacts from fires influencing plant 
cover and soil properties, which in turn affect the microbial 
community (Fierro et al. 2007; Snyman 2004). Then, in the 
long-term, other environmental components greatly influ-
ence soil microorganisms such as temperature and water 
availability in burnt areas (Dooley and Treseder 2012; 
Ross 1987). These dynamics could explain the unrecovered 
microbial biomass independently of fire frequency in our 
burned soils and suggest that, regardless of the extent of the 
disturbance in terms of severity or intensity, the recurrence 
of more than one fire in 24 years can lead to land degrada-
tion in arid Mediterranean ecosystems, compromising their 
functions. On the other hand, Moya et al. (2018) studied a 
chronosequence of wildfires (3, 15, and 21 years) of differ-
ent severities in P. halepensis forests in semi-arid areas of 
southeastern Spain, and observed that, irrespective of the fire 
severity, soil quality indicators  (Corg,  Cmic,  Cmic/Corg, etc.) 
recovered 21 years after the fire. Indeed, the longer the time 
between fires, mainly after highly severe fires, the greater 
the likelihood (under optimal conditions) that the ecosystem 
recovers (Buma et al. 2022; Dooley and Treseder 2012). 
On the contrary, in our study at Romanazzi stand, 24 and 
15 years post-fire was enough to find microbial respiration 
comparable to control, but not for  Cmic and  Cmic/Corg still 
showing a clear disturbance evidence, mainly at R1F site 
where this was also supported by the highest  qCO2 value, 
indicating stress conditions for microorganisms (Anderson 
and Domsch 1993; Marzaioli et al. 2010), and corroborat-
ing the expert knowledge that the 1997 wildfire has been 
a stand-replacing fire. Accordingly, Moya et  al. (2019) 
stated that in Mediterranean fire-prone Aleppo pine stands, 
decreases in  Cmic and  Cmic/Corg ratio can be found in soil 
after five years in soil affected by fire. Similarly, 9 years after 
the last fire in both Marziotta burnt sites the same dynamics 
for the same soil microbial indices were observed, in addi-
tion to unrecovered R as well as low qM values indicating 
that the  Corg increase found in M2F was poor mineralizable 
(Marfella et al. 2023a).

Microbial indices provided clues about our soils stress 
conditions, particularly low  Cmic/Corg and high  qCO2 values 
which identifed a weak efficiency of microorganisms to con-
vert the  Corg into microbial biomass and consequently low 
growth rates (Vittori Antisari et al. 2021). In agreement with 
our results, Liu et al. (2023) reported that microbial bio-
mass and metabolic quotient can significantly decrease and 
increase respectively due to fires, stating that both param-
eters are particularly sensitive to this disturbance especially 
in forest ecosystems. In addition, considering that  Cmic/
Corg ratios lower than 2% are critical for microbial growth 

(Anderson 2003; Paz-Ferreiro and Fu 2016), our results sug-
gest a decrease in the organic matter quality in the R1F and 
M1F, where the  Cmic/Corg values were less than 1%.

Regardless of different fire conditions, nitrogen miner-
alization and nitrification increased in all burnt sites. The 
same trend was also observed in Galaso stand four years 
after the 2017 wildfire with no dependency on fire severity 
(Marfella et al. 2023a). Increased Min and Nit have usu-
ally been reported after one or more fire events, both the 
short-medium to long-term, in several environments such as 
chaparral and Mediterranean maquis (Hanan et al. 2016; Pel-
legrini and Jackson 2020), as well as temperate and boreal 
forests (Choromanska and DeLuca 2002; DeLuca et al. 2002; 
DeLuca and Sala 2006). These processes strictly depend on 
specific conditions, such as pH, substrate availability and 
competition with plants and heterotrophic microbes, which 
can be substantially altered due to fires through direct and 
indirect effects as observed in our study sites and also shown 
elsewhere (Hanan et al. 2016; Knicker 2007). Decades may 
pass before the heterotrophic biomass recovers (Choroman-
ska and DeLuca 2002; Grasso et al. 1996) allowing microor-
ganisms engaged in nitrogen mineralization and nitrification 
to increase their activity in the long-term. The increase in 
pH at all our burnt sites, as well as the supply of  NH4

+–N 
rich ash rather than partially burnt organic matter, may also 
explain this increase. In agreement with DeLuca and Sala 
(2006) charcoal plays a key role in stimulating nitrification 
because substances that could inhibit nitrification (phenolic 
compounds, etc.) can be adsorbed on its surface, inducing 
the immobilization of  NH4

+–N and  NO3
−–N. This over-

stated increase (especially in R1F and R2F up to 15 times 
compared to the control) could also be explained because 
of the accumulation of pyrogenic organic matter as a nitro-
gen source in line with Xu et al. (2022). However, it is not 
necessarily a positive effect as it may stimulate the inva-
sion of nitrophilous and/or exotic invasive species that with 
shorter life cycles may have an advantage on the native flora 
in frequently disturbed ecosystems. Nevertheless, in order to 
avoid long-term N losses in this forest ecosystem, the role 
of recovering plants is necessary to limit leaching N losses.

Overall soil response to fire history variables

The PCA analyses, highlighting the main soil proper-
ties mostly affected and responsible for the separation of 
the clusters, allowed us to assess the long-term impacts of 
the wildfires. The study of fire impact on soil are complex 
because the results depend on the effects of the different 
components of fire characteristics, such as fire and fuel type, 
fire intensity and severity, residence time, size of burnt area, 
fire frequency and interval, fire season (Mataix-Solera et al. 
2011a, b; Galizia et al. 2022) and their interactions. In the 
Romanazzi stand, the separation between control and burnt 
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sites first and foremost shows a clear fire effect with R2F 
experiencing an additive effect due to the second fire that 
broke out 15 years before sampling. Therefore, in R2F the 
worst soil conditions, compared to R1F (one fire, 24 year 
before sampling) may depend on both higher fire frequency 
(FF) and shorter time since last fire (TSLF). On the other 
hand, in the Marziotta stand, the TSLF is the same for sites 
affected by one (M1F) or two (M2F) fires, so the observed 
difference between these sites, which were separated in 
PCA biplot and dendrogram deriving from Cluster Analy-
sis, mainly depended on FF. To better evidence the effect of 
TSLF, we compared, for each FF, the variation of soil vari-
ables in two stands, with respect to the relative control. This 
analysis show that most variables increased with increase 
of TSLF in both FF. The effect of time between fires (TBF) 
also appeared a weak regulating factor considering that dis-
similarity between R1F and R2F (Fig. 4b) was lower than 
that between M1F and M2F (Fig. 5b) notwithstanding lower 
TBF at Romanazzi than at Marziotta (9 vs. 12 year). The 
effect of TBF appeared less relevant than TSLF because 
only few variables appeared improved in Marziotta than in 
Romanazzi when double fire sites were compared (Fig. 6b). 
Therefore, the following order of importance between fire 
history variables TSLF = FF > TBF would be recognized. 
According to this, Albert-Belda et al. (2023) showed no 
implication of TBF over TSLF and fire recurrence leading 
to changes in soil mineral properties. These latter two fire 
history variables strongly interact with each other and are 
highly dependent on the spatiotemporal scale at which they 
are considered, making it complex to discern between them 
(Fernández-Guisuraga et al. 2023; Moghli et al. 2022). In 
fact, in our correlations, in Romanazzi the same soil proper-
ties correlated with both TSLF and FF (in opposite ways), 
while TBF, completely insignificant in Romanazzi, was 
more relevant in Marziotta probably because it was longer 
than in Romanazzi.

Conclusions

Notably, our findings illustrate that fires represent a distur-
bance that yields enduring consequences on  Corg pools and 
soil chemical properties, as well as impacting soil microbial 
communities. Rejecting our initial hypothesis, these effects 
are still observed from 9 to 24 years since the last fire in P. 
halepensis coastal forests of southern Italy. The accumula-
tion of partially burnt material in mineral soil may explain 
the  Corg rise over the decades found in our sites that could 
have had a long-term effect on the microbial community 
processes (i.e. C or N mineralization). Increased nitrogen 
mineralization and nitrification may lead to a change in veg-
etation successional pathways in the medium to long term. 
At this N2K site, we suggest an effort to monitor vegetation 

in the surrounding areas and within the fire perimeter to 
prevent the establishment of invasive species.

Both fire frequency (FF) and times since the last fire 
(TSLF) affected soil properties. FF was the main factor influ-
encing O-layer which was completely missing in double-fire 
sites i.e. still not recovered 9 and 15 years since the last fire. 
This caused a  Corg loss of 204 g  m−2 in R2F and 139 g  m−2 
in M2F over 24 years, which was more than compensated 
by organic C accumulation in the mineral soil. However, 
the loss of O-layer compromises habitat complexity, which 
could lead to a severe decline in crucial ecosystem services 
such as protection from erosion and runoff as well as regula-
tion of water cycle. Moreover, regardless of frequency, the 
longer the time since the last fire (TSLF), the greater the soil 
recovery. Therefore, in arid ecosystems subject to recurring 
fires, strategies that reduce the frequency of fires to allow 
the system to recover are strongly suggested.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10342- 024- 01696-8.

Acknowledgements The authors are grateful to the managing authority 
of the Reserve, “Carabinieri Ufficio Territoriale per la Biodiversità di 
Martina Franca (TA)” and the “Carabinieri Comando Stazione Nucleo 
Forestale Marina di Ginosa (TA)”, that approved and supported the 
fieldwork. Luigi Marfella and Helen Glanville also want to thank their 
former institution, Keele University, where they were employed when 
this work was envisioned. Gaetano Pazienza was supported by a fel-
lowship from Regione Puglia – ADISU (DGR n.2174 del 12/12/2017).

Author contributions Luigi Marfella: Conceptualization, Methodol-
ogy, Investigation, Software, Formal analysis, Visualization, Writing—
original Draft. Rossana Marzaioli: Conceptualization, Methodology, 
Investigations, Software, Formal analysis, Visualization, Writing—
review and editing. Gaetano Pazienza: Investigation. Paola Mairota: 
Conceptualization, Methodology, Investigation, Validation, Resources, 
Project administration, Writing—review and editing. Helen Catherine 
Glanville: Conceptualization, Validation, Resources, Writing—review 
and editing. Flora Angela Rutigliano: Conceptualization, Methodology, 
Investigation, Validation, Resources, Project administration, Writing—
review and editing.

Funding Not applicable.

Data availability Additional data used in this paper are available as 
Supplementary Material.

Code availability Not applicable.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

https://doi.org/10.1007/s10342-024-01696-8


European Journal of Forest Research 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adhikari K, Hartemink AE (2016) Linking soils to ecosystem services 
- a global review. Geoderma 262:101–111. https:// doi. org/ 10. 
1016/j. geode rma. 2015. 08. 009

Albert-Belda E, Hinojosa MB, Laudicina VA, Moreno JM (2023) Soil 
biogeochemistry and microbial community dynamics in Pinus 
pinaster Ait. forests subjected to increased fire frequency. Sci 
Total Environ. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 159912

Alcañiz M, Outeiro L, Francos M, Úbeda X (2018) Effects of pre-
scribed fires on soil properties: a review. Sci Total Environ 613–
614:944–957. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 09. 144

Allen SE (1989) Chemical analysis of ecological materials. Blackwell 
Scientific Publications, Hoboken

Almendros G, Knicker H, González-Vila FJ (2003) Rearrangement 
of carbon and nitrogen forms in peat after progressive thermal 
oxidation as determined by solid-state 13C- and 15N-NMR spec-
troscopy. Org Geochem 34:1559–1568. https:// doi. org/ 10. 1016/ 
S0146- 6380(03) 00152-9

Andela N, Morton DC, Giglio L et al (2019) The Global Fire Atlas 
of individual fire size, duration, speed and direction. Earth Syst 
Sci Data 11:529–552. https:// doi. org/ 10. 5194/ essd- 11- 529- 2019

Anderson TH (2003) Microbial eco-physiological indicators to asses 
soil quality. Agric Ecosyst Environ 98:285–293. https:// doi. org/ 
10. 1016/ S0167- 8809(03) 00088-4

Anderson TH, Domsch KH (1993) The metabolic quotient for  CO2 
 (qCO2) as a specific activity parameter to assess the effects of 
environmental conditions, such as ph, on the microbial biomass 
of forest soils. Soil Biol Biochem 25:393–395. https:// doi. org/ 
10. 1016/ 0038- 0717(93) 90140-7

Antonellini M, Mollema PN (2010) Impact of groundwater salinity 
on vegetation species richness in the coastal pine forests and 
wetlands of Ravenna, Italy. Ecol Eng 36:1201–1211. https:// doi. 
org/ 10. 1016/j. ecole ng. 2009. 12. 007

Blasi CG, Bovio G, Corona P, et al (2004) Incendi e complessità eco-
sistemica: dalla pianificazione forestale al recupero ambientale. 
Ministero dell’Ambiente e della Tutela del Territorio. Società 
Botanica italiana. Roma

Bowd EJ, Banks SC, Strong CL, Lindenmayer DB (2019) Long-term 
impacts of wildfire and logging on forest soils. Nat Geosci 
12:113–118. https:// doi. org/ 10. 1038/ s41561- 018- 0294-2

Bowman DMJS, Balch JK, Artaxo P et al (2009) Fire in the earth 
system. Science 324:481–484. https:// doi. org/ 10. 1126/ scien ce. 
11638 86

Bowman DMJS, Balch J, Artaxo P et al (2011) The human dimension 
of fire regimes on Earth. J Biogeogr 38:2223–2236. https:// doi. 
org/ 10. 1111/j. 1365- 2699. 2011. 02595.x

Brooks ML, D’Antonio CM, Richardson DM et al (2004) Effects of 
invasive alien plants on fire regimes. Bioscience 54:677–688. 
https:// doi. org/ 10. 1641/ 0006- 3568(2004) 054[0677: EOIAPO] 
2.0. CO;2

Buma B, Hayes K, Weiss S, Lucash M (2022) Short-interval fires 
increasing in the Alaskan boreal forest as fire self-regulation 
decays across forest types. Sci Rep 12:1–10. https:// doi. org/ 10. 
1038/ s41598- 022- 08912-8

Buscaroli A, Zannoni D (2017) Soluble ions dynamics in Mediterra-
nean coastal pinewood forest soils interested by saline ground-
water. CATENA 157:112–129. https:// doi. org/ 10. 1016/j. catena. 
2017. 05. 014

Bárcenas-Moreno G, Bååth E (2009) Bacterial and fungal growth in 
soil heated at different temperatures to simulate a range of fire 
intensities. Soil Biol Biochem 41:2517–2526. https:// doi. org/ 10. 
1016/j. soilb io. 2009. 09. 010

Caon L, Vallejo VR, Coen RJ, Geissen V (2014) Effects of wildfire 
on soil nutrients in Mediterranean ecosystems. Earth-Sci Rev 
139:47–58. https:// doi. org/ 10. 1016/j. earsc irev. 2014. 09. 001

Capogna F, Persiani AM, Maggi O et al (2009) Effects of different 
fire intensities on chemical and biological soil components and 
related feedbacks on a Mediterranean shrub (Phillyrea angus-
tifolia L.). Plant Ecol 204:155–171. https:// doi. org/ 10. 1007/ 
s11258- 009- 9579-2

Carreira JA, Niell FX (1992) Plant nutrient changes in a semi-arid 
Mediterranean shrubland after fire. J Veg Sci 3:457–466. https:// 
doi. org/ 10. 2307/ 32358 02

Carrión JS, Sánchez-Gómez P, Mota JF et al (2003) Holocene vegeta-
tion dynamics, fire and grazing in the Sierra de Gádor, southern 
Spain. Holocene 13:839–849. https:// doi. org/ 10. 1191/ 09596 
83603 hl662 rp

Castaldi S, De Grandcourt A, Rasile A et al (2010)  CO2,  CH4 and  N2O 
fluxes from soil of a burned grassland in Central Africa. Biogeo-
sciences 7:3459–3471. https:// doi. org/ 10. 5194/ bg-7- 3459- 2010

Castaldi S, Riondino M, Baronti S et al (2011) Impact of biochar appli-
cation to a Mediterranean wheat crop on soil microbial activity 
and greenhouse gas fluxes. Chemosphere 85:1464–1471. https:// 
doi. org/ 10. 1016/j. chemo sphere. 2011. 08. 031

Catalanotti AE, Giuditta E, Marzaioli R et al (2018) Effects of single 
and repeated prescribed burns on soil organic C and microbial 
activity in a Pinus halepensis plantation of Southern Italy. Appl 
Soil Ecol 125:108–116. https:// doi. org/ 10. 1016/j. apsoil. 2017. 
12. 015

Cerdà A, Doerr SH (2008) The effect of ash and needle cover on sur-
face runoff and erosion in the immediate post-fire period. CAT-
ENA 74:256–263. https:// doi. org/ 10. 1016/j. catena. 2008. 03. 010

Cerdà A, Lasanta T (2005) Long-term erosional responses after fire 
in the Central Spanish Pyrenees: 1. Water and Sediment Yield. 
CATENA 60:59–80. https:// doi. org/ 10. 1016/j. catena. 2004. 09. 
006

Certini G (2005) Effects of fire on properties of forest soils: a review. 
Oecologia 143:1–10. https:// doi. org/ 10. 1007/ s00442- 004- 1788-8

Certini G, Nocentini C, Knicker H et al (2011) Wildfire effects on soil 
organic matter quantity and quality in two fire-prone Mediterra-
nean pine forests. Geoderma 167–168:148–155. https:// doi. org/ 
10. 1016/j. geode rma. 2011. 09. 005

Choreño-Parra EM, Ángeles-Pérez G, Villegas-Ríos M et al (2022) 
Tree stratum alteration decreases C use efficiency and the stabil-
ity of litter decomposition in a sacred fir (Abies religiosa) forest. 
Botan Sci 100(4):857–876. https:// doi. org/ 10. 17129/ botsci. 3029

Choromanska U, DeLuca TH (2002) Microbial activity and nitrogen 
mineralization in forest mineral soils following heating: evalua-
tion of post-fire effects. Soil Biol Biochem 34:263–271. https:// 
doi. org/ 10. 1016/ S0038- 0717(01) 00180-8

Climent J, Prada MA, Calama R et al (2008) To grow or to seed: 
ecotypic variation in reproductive allocation and cone production 
by young female Aleppo pine (Pinus halepensis, Pinaceae). Am 
J Bot 95:833–842. https:// doi. org/ 10. 3732/ ajb. 20073 54

Cunillera-Montcusí D, Gascón S, Tornero I et al (2019) Direct and 
indirect impacts of wildfire on faunal communities of Mediter-
ranean temporary ponds. Freshw Biol 64:323–334. https:// doi. 
org/ 10. 1111/ fwb. 13219

DSMW; FAO (2007) Food and agriculture organization of the United 
Nations (FAO) [WWW Document]. https:// data. apps. fao. org/ 
map/ catal og/ srv/ eng/ catal og. search? id= 14116#/ metad ata/ 446ed 
430- 8383- 11db- b9b2- 000d9 39bc5 d8

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.geoderma.2015.08.009
https://doi.org/10.1016/j.geoderma.2015.08.009
https://doi.org/10.1016/j.scitotenv.2022.159912
https://doi.org/10.1016/j.scitotenv.2017.09.144
https://doi.org/10.1016/S0146-6380(03)00152-9
https://doi.org/10.1016/S0146-6380(03)00152-9
https://doi.org/10.5194/essd-11-529-2019
https://doi.org/10.1016/S0167-8809(03)00088-4
https://doi.org/10.1016/S0167-8809(03)00088-4
https://doi.org/10.1016/0038-0717(93)90140-7
https://doi.org/10.1016/0038-0717(93)90140-7
https://doi.org/10.1016/j.ecoleng.2009.12.007
https://doi.org/10.1016/j.ecoleng.2009.12.007
https://doi.org/10.1038/s41561-018-0294-2
https://doi.org/10.1126/science.1163886
https://doi.org/10.1126/science.1163886
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1641/0006-3568(2004)054[0677:EOIAPO]2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054[0677:EOIAPO]2.0.CO;2
https://doi.org/10.1038/s41598-022-08912-8
https://doi.org/10.1038/s41598-022-08912-8
https://doi.org/10.1016/j.catena.2017.05.014
https://doi.org/10.1016/j.catena.2017.05.014
https://doi.org/10.1016/j.soilbio.2009.09.010
https://doi.org/10.1016/j.soilbio.2009.09.010
https://doi.org/10.1016/j.earscirev.2014.09.001
https://doi.org/10.1007/s11258-009-9579-2
https://doi.org/10.1007/s11258-009-9579-2
https://doi.org/10.2307/3235802
https://doi.org/10.2307/3235802
https://doi.org/10.1191/0959683603hl662rp
https://doi.org/10.1191/0959683603hl662rp
https://doi.org/10.5194/bg-7-3459-2010
https://doi.org/10.1016/j.chemosphere.2011.08.031
https://doi.org/10.1016/j.chemosphere.2011.08.031
https://doi.org/10.1016/j.apsoil.2017.12.015
https://doi.org/10.1016/j.apsoil.2017.12.015
https://doi.org/10.1016/j.catena.2008.03.010
https://doi.org/10.1016/j.catena.2004.09.006
https://doi.org/10.1016/j.catena.2004.09.006
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1016/j.geoderma.2011.09.005
https://doi.org/10.1016/j.geoderma.2011.09.005
https://doi.org/10.17129/botsci.3029
https://doi.org/10.1016/S0038-0717(01)00180-8
https://doi.org/10.1016/S0038-0717(01)00180-8
https://doi.org/10.3732/ajb.2007354
https://doi.org/10.1111/fwb.13219
https://doi.org/10.1111/fwb.13219
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search?id=14116#/metadata/446ed430-8383-11db-b9b2-000d939bc5d8
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search?id=14116#/metadata/446ed430-8383-11db-b9b2-000d939bc5d8
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search?id=14116#/metadata/446ed430-8383-11db-b9b2-000d939bc5d8


 European Journal of Forest Research

Dangi SR, Stahl PD, Pendall E et al (2010) Recovery of soil microbial 
community structure after fire in a sagebrush-grassland ecosys-
tem. L Degrad Dev 21:423–432. https:// doi. org/ 10. 1002/ ldr. 975

DeLuca TH, Nilsson MC, Zackrisson O (2002) Nitrogen mineraliza-
tion and phenol accumulation along a fire chronosequence in 
northern Sweden. Oecologia 133:206–214. https:// doi. org/ 10. 
1007/ s00442- 002- 1025-2

DeLuca TH, Sala A (2006) Frequent fire alters nitrogen transforma-
tions in ponderosa pine stands of the Inland Northwest. Ecol-
ogy 87:2511–2522. https:// doi. org/ 10. 1890/ 0012- 9658(2006) 
87[2511: FFANTI] 2.0. CO;2

Dommergues Y (1960) La notion de coefficient de minéralisation du 
carbone dans les sols. Agron Trop 15(1):54–60

Dooley SR, Treseder KK (2012) The effect of fire on microbial bio-
mass: a meta-analysis of field studies. Biogeochemistry 109:49–
61. https:// doi. org/ 10. 1007/ s10533- 011- 9633-8

Dumontet S, Dinel H, Scopa A et al (1996) Post-fire soil microbial 
biomass and nutrient content of a pine forest soil from a dunal 
Mediterranean environment. Soil Biol Biochem 28:1467–1475. 
https:// doi. org/ 10. 1016/ S0038- 0717(96) 00160-5

EL Khayati M, Chergui B, Santos X et al (2023) Short-term post-fire 
structural and compositional habitat resilience in pine plan-
tations. Eur J for Res 142:811–821. https:// doi. org/ 10. 1007/ 
s10342- 023- 01559-8

Enright NJ, Thomas I (2008) Pre-European fire regimes in Australian 
ecosystems. Geogr Compass 2:979–1011. https:// doi. org/ 10. 
1111/j. 1749- 8198. 2008. 00126.x

Eugenio M, Lloret F, Alcañiz JM (2006) Regional patterns of fire 
recurrence effects on calcareous soils of Mediterranean Pinus 
halepensis communities. For Ecol Manag 221:313–318. 
https:// doi. org/ 10. 1016/j. foreco. 2005. 10. 011

Fernandes PM, Botelho HS (2003) A review of prescribed burning 
effectiveness in fire hazard reduction. Int J Wildl Fire 12:117–
128. https:// doi. org/ 10. 1071/ WF020 42

Fierro A, Rutigliano FA, De MA et al (2007) Post-fire stimulation 
of soil biogenic emission of  CO2 in a sandy soil of a Mediter-
ranean shrubland. Int J Wildl Fire 16:573–583. https:// doi. org/ 
10. 1071/ WF061 14

Flannigan MD, Stocks BJ, Wotton BM (2000) Climate change and 
forest fires. Sci Total Environ 262:221–229. https:// doi. org/ 10. 
1016/ S0048- 9697(00) 00524-6

Galizia LF, Curt T, Barbero R, Rodrigues M (2022) Understanding 
fire regimes in Europe. Int J Wildland Fire 31:56–66. https:// 
doi. org/ 10. 1071/ WF210 81

Ganteaume A, Camia A, Jappiot M et al (2013) A review of the 
main driving factors of forest fire ignition over Europe. 
Environ Manag 51:651–662. https:// doi. org/ 10. 1007/ 
s00267- 012- 9961-z

Garcia-Pausas J, Romanyà J, Casals P (2022) Post-fire recovery of soil 
microbial functions is promoted by plant growth. Eur J Soil Sci 
73:1–15. https:// doi. org/ 10. 1111/ ejss. 13290

Gehring E, Conedera M, Maringer J et al (2019) Shallow landslide 
disposition in burnt European beech (Fagus sylvatica L.) forests. 
Sci Rep 9:1–11. https:// doi. org/ 10. 1038/ s41598- 019- 45073-7

Giovannini G, Lucchesi S (1997) Modifications induced in soil 
physico-chemical parameters by experimental fires at different 
intensities. Soil Sci 162:479–486. https:// doi. org/ 10. 1097/ 00010 
694- 19970 7000- 00003

Giovannini G, Lucchesi S, Giachetti M (1988) Effect of heating on 
some physical and chemical parameters related to soil aggre-
gation and erodibility. Soil Sci. https:// doi. org/ 10. 1097/ 00010 
694- 19881 0000- 00006

Giuditta E, Coenders-Gerrits AMJ, Bogaard TA et al (2018) Measur-
ing changes in forest floor evaporation after prescribed burn-
ing in Southern Italy pine plantations. Agric for Meteorol 256–
257:516–525. https:// doi. org/ 10. 1016/j. agrfo rmet. 2018. 04. 004

Giuditta E, Marzaioli R, Esposito A et al (2019) Soil microbial diver-
sity, biomass, and activity in two pine plantations of southern 
italy treated with prescribed burning. Forests. https:// doi. org/ 10. 
3390/ f1101 0019

Granged AJP, Jordán A, Zavala LM et al (2011a) Short-term effects 
of experimental fire for a soil under eucalyptus forest (SE Aus-
tralia). Geoderma 167–168:125–134. https:// doi. org/ 10. 1016/j. 
geode rma. 2011. 09. 011

Granged AJP, Zavala LM, Jordán A, Bárcenas-Moreno G (2011b) 
Post-fire evolution of soil properties and vegetation cover in a 
Mediterranean heathland after experimental burning: A 3-year 
study. Geoderma 164:85–94. https:// doi. org/ 10. 1016/j. geode rma. 
2011. 05. 017

Grasso G, Ripabelli G, Sammarco M, Mazzoleni S (1996) Effects of 
heating on the microbial populations of a grassland soil. Int J 
Wildl Fire 6:67. https:// doi. org/ 10. 1071/ WF996 0067

Guénon R, Gros R (2015) Increasing the maturity of compost used 
affects the soil chemical properties and the stability of microbial 
activity along a mediterranean post-fire chronosequence. Eur J 
Soil Biol 66:1–10. https:// doi. org/ 10. 1016/j. ejsobi. 2014. 11. 002

Guénon R, Vennetier M, Dupuy N et al (2011) Soil organic matter qual-
ity and microbial catabolic functions along a gradient of wildfire 
history in a Mediterranean ecosystem. Appl Soil Ecol 48:81–93. 
https:// doi. org/ 10. 1016/j. apsoil. 2011. 01. 004

Guénon R, Vennetier M, Dupuy N et al (2013) Trends in recovery 
of Mediterranean soil chemical properties and microbial activi-
ties after infrequent and frequent wildfires. Land Degrad Dev 
24:115–128. https:// doi. org/ 10. 1002/ ldr. 1109

Hanan EJ, D’Antonio CM, Roberts DA, Schimel JP (2016) Factors 
regulating nitrogen retention during the early stages of recovery 
from fire in coastal chaparral ecosystems. Ecosystems 19:910–
926. https:// doi. org/ 10. 1007/ s10021- 016- 9975-0

Hatten JA, Zabowski D, Ogden A, Thies W (2008) Soil organic matter 
in a ponderosa pine forest with varying seasons and intervals of 
prescribed burn. For Ecol Manag 255:2555–2565. https:// doi. 
org/ 10. 1016/j. foreco. 2008. 01. 016

Hernández T, García C, Reinhardt I (1997) Short-term effect of wildfire 
on the chemical, biochemical and microbiological properties of 
Mediterranean pine forest soils. Biol Fertil Soils 25:109–116. 
https:// doi. org/ 10. 1007/ s0037 40050 289

Hirschberger P (2016) Forests ablaze: causes and effects of global for-
est fires. Available at https:// www. wwf. de/ filea dmin/ fm- wwf/ 
Publi katio nen- PDF/ WWF- Study- Fores ts- Ablaze. pdf. Accessed 
12 June 2022

Hoecker TJ, Higuera PE, Kelly R, Hu FS (2020) Arctic and boreal 
paleofire records reveal drivers of fire activity and departures 
from Holocene variability. Ecology 101:1–17. https:// doi. org/ 
10. 1002/ ecy. 3096

Hoy EE, Turetsky MR, Kasischke ES (2016) More frequent burning 
increases vulnerability of Alaskan boreal black spruce forests. 
Environ Res Lett. https:// doi. org/ 10. 1088/ 1748- 9326/ 11/9/ 
095001

Jandl R, Rodeghiero R, Martinez C et al (2014) Current status, uncer-
tainty and future needs in soil organic carbon monitoring. Sci 
Total Environ 468–469:376–383. https:// doi. org/ 10. 1016/j. scito 
tenv. 2013. 08. 026

Jhariya MK, Raj A (2014) Effects of wildfires on flora, fauna and 
physico-chemical properties of soil-an overview. J Appl Nat Sci 
6:887–897. https:// doi. org/ 10. 31018/ jans. v6i2. 550

Johnson EA (1996) Fire and vegetation dynamics: studies from the 
North American boreal forest. Cambridge University Press, 
Cambridge

Kasischke ES (2000) Boreal ecosystems in the global carbon cycle. 
Springer, New York, pp 19–30. https:// doi. org/ 10. 1007/ 
978-0- 387- 21629-4_2

https://doi.org/10.1002/ldr.975
https://doi.org/10.1007/s00442-002-1025-2
https://doi.org/10.1007/s00442-002-1025-2
https://doi.org/10.1890/0012-9658(2006)87[2511:FFANTI]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[2511:FFANTI]2.0.CO;2
https://doi.org/10.1007/s10533-011-9633-8
https://doi.org/10.1016/S0038-0717(96)00160-5
https://doi.org/10.1007/s10342-023-01559-8
https://doi.org/10.1007/s10342-023-01559-8
https://doi.org/10.1111/j.1749-8198.2008.00126.x
https://doi.org/10.1111/j.1749-8198.2008.00126.x
https://doi.org/10.1016/j.foreco.2005.10.011
https://doi.org/10.1071/WF02042
https://doi.org/10.1071/WF06114
https://doi.org/10.1071/WF06114
https://doi.org/10.1016/S0048-9697(00)00524-6
https://doi.org/10.1016/S0048-9697(00)00524-6
https://doi.org/10.1071/WF21081
https://doi.org/10.1071/WF21081
https://doi.org/10.1007/s00267-012-9961-z
https://doi.org/10.1007/s00267-012-9961-z
https://doi.org/10.1111/ejss.13290
https://doi.org/10.1038/s41598-019-45073-7
https://doi.org/10.1097/00010694-199707000-00003
https://doi.org/10.1097/00010694-199707000-00003
https://doi.org/10.1097/00010694-198810000-00006
https://doi.org/10.1097/00010694-198810000-00006
https://doi.org/10.1016/j.agrformet.2018.04.004
https://doi.org/10.3390/f11010019
https://doi.org/10.3390/f11010019
https://doi.org/10.1016/j.geoderma.2011.09.011
https://doi.org/10.1016/j.geoderma.2011.09.011
https://doi.org/10.1016/j.geoderma.2011.05.017
https://doi.org/10.1016/j.geoderma.2011.05.017
https://doi.org/10.1071/WF9960067
https://doi.org/10.1016/j.ejsobi.2014.11.002
https://doi.org/10.1016/j.apsoil.2011.01.004
https://doi.org/10.1002/ldr.1109
https://doi.org/10.1007/s10021-016-9975-0
https://doi.org/10.1016/j.foreco.2008.01.016
https://doi.org/10.1016/j.foreco.2008.01.016
https://doi.org/10.1007/s003740050289
https://www.wwf.de/fileadmin/fm-wwf/Publikationen-PDF/WWF-Study-Forests-Ablaze.pdf
https://www.wwf.de/fileadmin/fm-wwf/Publikationen-PDF/WWF-Study-Forests-Ablaze.pdf
https://doi.org/10.1002/ecy.3096
https://doi.org/10.1002/ecy.3096
https://doi.org/10.1088/1748-9326/11/9/095001
https://doi.org/10.1088/1748-9326/11/9/095001
https://doi.org/10.1016/j.scitotenv.2013.08.026
https://doi.org/10.1016/j.scitotenv.2013.08.026
https://doi.org/10.31018/jans.v6i2.550
https://doi.org/10.1007/978-0-387-21629-4_2
https://doi.org/10.1007/978-0-387-21629-4_2


European Journal of Forest Research 

Keeley JE (2001) Fire and invasive species in Mediterranean-climate 
ecosystems of California. In: Fire Conf 2000 First Natl Congr 
Fire Ecol Prev Manag Miscellane, pp 81–94

Khanna P, Raison R (1986) Effect of fire intensity on solution chem-
istry of surface soil under a Eucalyptus pauciflora forest. Aust J 
Soil Res 24:423–434. https:// doi. org/ 10. 1071/ SR986 0423

Kirby KR, Potvin C (2007) Variation in carbon storage among tree 
species: Implications for the management of a small-scale carbon 
sink project. For Ecol Manag 246:208–221. https:// doi. org/ 10. 
1016/j. foreco. 2007. 03. 072

Kloster S, Mahowald NM, Randerson JT et al (2010) Fire dynam-
ics during the 20th century simulated by the community land 
model. Biogeosciences 7:1877–1902. https:// doi. org/ 10. 5194/ 
bg-7- 1877- 2010

Knicker H (2007) How does fire affect the nature and stability of soil 
organic nitrogen and carbon? A review. Biogeochemistry 85:91–
118. https:// doi. org/ 10. 1007/ s10533- 007- 9104-4

Knicker H (2011) Pyrogenic organic matter in soil: Its origin 
and occurrence, its chemistry and survival in soil environ-
ments. Quatern Int 243(2):251–263. https:// doi. org/ 10. 1007/ 
s10533- 007- 9104-4

Knorr W, Arneth A, Jiang L (2016) Demographic controls of future 
global fire risk. Nat Clim Chang 6:781–785. https:// doi. org/ 
10. 1038/ nclim ate29 99

Kong JJ, Yang J, Liu B, Qi L (2019) Wildfire alters spatial patterns 
of available soil nitrogen and understory environments in a 
valley boreal larch forest. Forests 10:1–16. https:// doi. org/ 10. 
3390/ f1002 0095

Krawchuk MA, Moritz MA, Parisien MA et al (2009) Global pyroge-
ography: the current and future distribution of wildfire. PLoS 
ONE. https:// doi. org/ 10. 1371/ journ al. pone. 00051 02

Krikken F, Lehner F, Haustein K et al (2021) Attribution of the 
role of climate change in the forest fires in Sweden 2018. Nat 
Hazards Earth Syst Sci 21:2169–2179. https:// doi. org/ 10. 5194/ 
nhess- 21- 2169- 2021

Lasanta T, Cerdà A (2005) Long-term erosional responses after fire 
in the Central Spanish Pyrenees: 2. Solute release. CATENA 
60:81–100. https:// doi. org/ 10. 1016/j. catena. 2004. 09. 005

Leone V, Borghetti M, Saracino A (2000) Ecology of post-fire 
recovery in Pinus halepensis in Southern Italy. In: Trabaud 
L (ed) Life and Environment in the Mediterranean. Advances 
in ecological sciences, 3. WIT Press, Ashurst, Southampton, 
pp 129–154

Leone V, Lovreglio R, Martín MP et al (2009) Human factors of fire 
occurrence in the Mediterranean. Earth observation of wildland 
fires in mediterranean ecosystems. Springer, Berlin, Heidelberg, 
pp 149–170. https:// doi. org/ 10. 1007/ 978-3- 642- 01754-4_ 11

Li J, Pei J, Liu J et al (2021) Spatiotemporal variability of fire effects 
on soil carbon and nitrogen: a global meta-analysis. Glob Change 
Biol 27:4196–4206. https:// doi. org/ 10. 1111/ gcb. 15742

Li W, Zuo X, Knops JMH (2013) Different fire frequency impacts 
over 27 years on vegetation succession in an infertile old-field 
Grassland. Rangel Ecol Manag 66:267–273. https:// doi. org/ 10. 
2111/ REM-D- 11- 00226.1

Liu W, Zhang Z, Li J et al (2023) Effects of fire on the soil micro-
bial metabolic quotient: a global meta-analysis. CATENA 
224:106957. https:// doi. org/ 10. 1016/j. catena. 2023. 106957

Lucas-Borja ME, Ortega R, Miralles I et al (2020) Effects of wild-
fire and logging on soil functionality in the short-term in Pinus 
halepensis M. forests. Eur J for Res 139:935–945. https:// doi. org/ 
10. 1007/ s10342- 020- 01296-2

López-Poma R, Orr BJ, Bautista S (2014) Successional stage after land 
abandonment modulates fire severity and post-fire recovery in a 
Mediterranean mountain landscape. Int J Wildl Fire 23:1005–
1015. https:// doi. org/ 10. 1071/ WF131 50

Marfella L, Marzaioli R, Pazienza G et al (2023a) Medium-term effects 
of wildfire severity on soil physical, chemical and biological 
properties in Pinus halepensis Mill. woodland (Southern Italy): 
An opportunity for invasive Acacia saligna colonization? For 
Ecol Manag 542:121010. https:// doi. org/ 10. 1016/j. foreco. 2023. 
121010

Marfella L, Rufino F, Glanville HC et al (2023b) Distribution of the 
invasive alien species Cotula coronopifolia L. (Asteraceae) relat-
ing to water halinity and sodicity in the Variconi wetland (Cam-
pania, southern Italy). Hydrobiologia. https:// doi. org/ 10. 1007/ 
s10750- 023- 05175-w

Martínez J, Vega-Garcia C, Chuvieco E (2009) Human-caused wildfire 
risk rating for prevention planning in Spain. J Environ Manage 
90:1241–1252. https:// doi. org/ 10. 1016/j. jenvm an. 2008. 07. 005

Marzaioli R, D’Ascoli R, De Pascale RA, Rutigliano FA (2010) Soil 
microbial community as affected by heavy metal pollution in a 
Mediterranean area of Southern Italy. Fresenius Environ Bull 
19:2411–2419

Mataix-Solera J, Cerdà A, Arcenegui V et al (2011a) Fire effects on 
soil aggregation: a review. Earth-Sci Rev 109:44–60. https:// doi. 
org/ 10. 1016/j. earsc irev. 2011. 08. 002

Mataix-Solera J, Cerdà A, Arcenegui V, Jordán A, Zavala LM (2011b) 
Fire effects on soil aggregation: a review. Earth-Sci Rev 109:44–
60. https:// doi. org/ 10. 1016/j. earsc irev. 2011. 08. 002

Mataix-Solera J, Guerrero C, García-Orenes F et al (2009) Forest fire 
effects on soil microbiology. Fire effects on soils and restoration 
strategies. CRC Press, Florida, pp 2–23

Mayor AG, Valdecantos A, Vallejo VR et al (2016) Fire-induced pine 
woodland to shrubland transitions in Southern Europe may pro-
mote shifts in soil fertility. Sci Total Environ 573:1232–1241. 
https:// doi. org/ 10. 1016/j. scito tenv. 2016. 03. 243

Memoli V, Santorufo L, Santini G et al (2021) Role of seasonality and 
fire in regulating the enzymatic activities in soils covered by dif-
ferent vegetation in a mediterranean area. Appl Sci. https:// doi. 
org/ 10. 3390/ app11 188342

Moghli A, Santana VM, Baeza MJ et al (2022) Fire Recurrence and 
time since last fire interact to determine the supply of multi-
ple ecosystem services by Mediterranean forests. Ecosystems 
25:1358–1370. https:// doi. org/ 10. 1007/ s10021- 021- 00720-x

Moreira F, Arianoutsou M, Vallejo VR et al (2012) Post-fire manage-
ment and restoration of southern European forests. Manag for 
Ecosyst 24:93–119. https:// doi. org/ 10. 1007/ 978- 94- 007- 2208-8

Moritz MA, Parisien M-A, Batllori E et al (2012) Climate change and 
disruptions to global fire activity. Ecosphere 3:1–22. https:// doi. 
org/ 10. 1890/ es11- 00345.1

Moya D, González-De Vega S, García-Orenes F et al (2018) Tem-
poral characterisation of soil-plant natural recovery related to 
fire severity in burned Pinus halepensis Mill. forests. Sci Total 
Environ 640–641:42–51. https:// doi. org/ 10. 1016/j. scito tenv. 
2018. 05. 212

Moya D, González-De Vega S, Lozano E et al (2019) The burn severity 
and plant recovery relationship affect the biological and chemical 
soil properties of Pinus halepensis Mill. stands in the short and 
mid-terms after wildfire. J Environ Manag 235:250–256. https:// 
doi. org/ 10. 1016/j. jenvm an. 2019. 01. 029

Moya D, Sagra J, Lucas-Borja ME et al (2020) Post-fire recovery of 
vegetation and diversity patterns in semiarid pinus halepensis 
mill. Habitats after Salvage Logging. Forests 11:1–16. https:// 
doi. org/ 10. 3390/ f1112 1345

Moya D, Saracino A, Salvatore R et al (2008) Anatomic basis and insu-
lation of serotinous cones in Pinus halepensis Mill. Trees Struct 
Funct 22:511–519. https:// doi. org/ 10. 1007/ s00468- 008- 0211-1

Muñoz-Rojas M, Erickson TE, Martini D et al (2016) Soil physico-
chemical and microbiological indicators of short, medium and 
long term post-fire recovery in semi-arid ecosystems. Ecol Indic 
63:14–22. https:// doi. org/ 10. 1016/j. ecoli nd. 2015. 11. 038

https://doi.org/10.1071/SR9860423
https://doi.org/10.1016/j.foreco.2007.03.072
https://doi.org/10.1016/j.foreco.2007.03.072
https://doi.org/10.5194/bg-7-1877-2010
https://doi.org/10.5194/bg-7-1877-2010
https://doi.org/10.1007/s10533-007-9104-4
https://doi.org/10.1007/s10533-007-9104-4
https://doi.org/10.1007/s10533-007-9104-4
https://doi.org/10.1038/nclimate2999
https://doi.org/10.1038/nclimate2999
https://doi.org/10.3390/f10020095
https://doi.org/10.3390/f10020095
https://doi.org/10.1371/journal.pone.0005102
https://doi.org/10.5194/nhess-21-2169-2021
https://doi.org/10.5194/nhess-21-2169-2021
https://doi.org/10.1016/j.catena.2004.09.005
https://doi.org/10.1007/978-3-642-01754-4_11
https://doi.org/10.1111/gcb.15742
https://doi.org/10.2111/REM-D-11-00226.1
https://doi.org/10.2111/REM-D-11-00226.1
https://doi.org/10.1016/j.catena.2023.106957
https://doi.org/10.1007/s10342-020-01296-2
https://doi.org/10.1007/s10342-020-01296-2
https://doi.org/10.1071/WF13150
https://doi.org/10.1016/j.foreco.2023.121010
https://doi.org/10.1016/j.foreco.2023.121010
https://doi.org/10.1007/s10750-023-05175-w
https://doi.org/10.1007/s10750-023-05175-w
https://doi.org/10.1016/j.jenvman.2008.07.005
https://doi.org/10.1016/j.earscirev.2011.08.002
https://doi.org/10.1016/j.earscirev.2011.08.002
https://doi.org/10.1016/j.earscirev.2011.08.002
https://doi.org/10.1016/j.scitotenv.2016.03.243
https://doi.org/10.3390/app11188342
https://doi.org/10.3390/app11188342
https://doi.org/10.1007/s10021-021-00720-x
https://doi.org/10.1007/978-94-007-2208-8
https://doi.org/10.1890/es11-00345.1
https://doi.org/10.1890/es11-00345.1
https://doi.org/10.1016/j.scitotenv.2018.05.212
https://doi.org/10.1016/j.scitotenv.2018.05.212
https://doi.org/10.1016/j.jenvman.2019.01.029
https://doi.org/10.1016/j.jenvman.2019.01.029
https://doi.org/10.3390/f11121345
https://doi.org/10.3390/f11121345
https://doi.org/10.1007/s00468-008-0211-1
https://doi.org/10.1016/j.ecolind.2015.11.038


 European Journal of Forest Research

Nahal I (1962) Le Pin d ’ Alep (Fines halepensis Mill.). Étude tax-
onomique, phytogéographique, écologique et sylvicole. Ann 
Ecole Eaux Foret (nancy) 19:473–688

Niccoli F, Altieri S, Kabala JP, Battipaglia G (2023a) Fire affects tree 
growth, water use efficiency and carbon sequestration ecosystem 
service of Pinus nigra Arnold: a combined satellite and ground-
based study in central Italy. Forests. https:// doi. org/ 10. 3390/ 
f1410 2033

Niccoli F, Pacheco-Solana A, Delzon S et al (2023b) Effects of wild-
fire on growth, transpiration and hydraulic properties of Pinus 
pinaster Aiton forest. Dendrochronologia 79:126086. https:// doi. 
org/ 10. 1016/j. dendro. 2023. 126086

Notario del Pino J, Dorta Almenar I, Rodríguez Rodríguez A et al 
(2008) Analysis of the 1:5 soil: water extract in burnt soils to 
evaluate fire severity. CATENA 74:246–255. https:// doi. org/ 10. 
1016/j. catena. 2008. 03. 001

Notario del Pino JS, Ruiz-Gallardo JR (2015) Modelling post-fire soil 
erosion hazard using ordinal logistic regression: a case study in 
South–eastern Spain. Geomorphology 232:117–124. https:// doi. 
org/ 10. 1016/j. geomo rph. 2014. 12. 005

OECD (2023) Taming wildfires in the context of climate change. 
OECD Publishing, Paris. https:// doi. org/ 10. 1787/ dd00c 367- en

Padilla FM, Gallardo M, Manzano-Agugliaro F (2018) Global trends 
in nitrate leaching research in the 1960–2017 period. Sci Total 
Environ 643:400–413. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 
06. 215

Pausas JG, Bradstock RA, Keith DA et al (2004) Plant functional traits 
in relation to fire in crown-fire ecosystems. Ecology 85:1085–
1100. https:// doi. org/ 10. 1890/ 02- 4094

Pausas JG, Keeley JE (2019) Wildfires as an ecosystem service. Front 
Ecol Environ 17:289–295. https:// doi. org/ 10. 1002/ fee. 2044

Paz-Ferreiro J, Fu S (2016) Biological indices for soil quality evalua-
tion: perspectives and limitations. Land Degrad Dev 27:14–25. 
https:// doi. org/ 10. 1002/ ldr. 2262

Pechony O, Shindell DT (2010) Driving forces of global wildfires over 
the past millennium and the forthcoming century. Proc Natl Acad 
Sci U S A 107:19167–19170. https:// doi. org/ 10. 1073/ pnas. 10036 
69107

Pell M, Stenström J, Granhall U (2006) Monitoring and evaluating soil 
quality. In: Bloem J, Benedetti A, Hopkins DW (eds) Microbio-
logical methods for assessing soil quality. CAB International, 
Wallingford, pp 117–127

Pellegrini AFA, Ahlström A, Hobbie SE et al (2018) Fire frequency 
drives decadal changes in soil carbon and nitrogen and ecosys-
tem productivity. Nature 553:194–198. https:// doi. org/ 10. 1038/ 
natur e24668

Pellegrini AFA, Caprio AC, Georgiou K et al (2021) Low-intensity 
frequent fires in coniferous forests transform soil organic matter 
in ways that may offset ecosystem carbon losses. Glob Chang 
Biol 27:3810–3823. https:// doi. org/ 10. 1111/ gcb. 15648

Pellegrini AFA, Jackson RB (2020) The long and short of it: a review 
of the timescales of how fire affects soils using the pulse-press 
framework. Adv Ecol Res 62:147–171. https:// doi. org/ 10. 1016/ 
bs. aecr. 2020. 01. 010

Pereira P, Bogunovic I, Muñoz-Rojas M, Brevik EC (2018) Soil eco-
system services, sustainability, valuation and management. Curr 
Opin Environ Sci Heal 5:7–13. https:// doi. org/ 10. 1016/j. coesh. 
2017. 12. 003

Pressler Y, Moore JC, Cotrufo MF (2019) Belowground community 
responses to fire: meta-analysis reveals contrasting responses of 
soil microorganisms and mesofauna. Oikos 128:309–327. https:// 
doi. org/ 10. 1111/ oik. 05738

Prieto-Fernández Á, Carballas M, Carballas T (2004) Inorganic and 
organic N pools in soils burned or heated: Immediate alterations 

and evolution after forest wildfires. Geoderma 121:291–306. 
https:// doi. org/ 10. 1016/j. geode rma. 2003. 11. 016

Pyne SJ (2019) Fire: a brief history. University of Washington Press
IPCC (2022) Summary for Policymakers. In: Pörtner HO, Roberts DC, 

Tignor M et al (eds) Climate change 2022: impacts, adaptation 
and vulnerability. Contribution of working group II to the sixth 
assessment report of the intergovernmental panel on climate 
change. Cambridge University Press, Cambridge

Raison RJ (1979) Modification of the soil environment by vegetation 
fires, with particular reference to nitrogen transformations: a 
review. Plant Soil 51:73–108. https:// doi. org/ 10. 1007/ BF022 
05929

Riffaldi R, Saviozzi A, Levi-Minzi R (1996) Carbon mineralization 
kinetics as influenced by soil properties. Biol Fertil Soils 22:293–
298. https:// doi. org/ 10. 1007/ BF003 34572

Rodríguez J, González-Pérez JA, Turmero A et al (2017) Wildfire 
effects on the microbial activity and diversity in a Mediterra-
nean forest soil. CATENA 158:82–88. https:// doi. org/ 10. 1016/j. 
catena. 2017. 06. 018

Rojas-Briales E, Oliver-Villanueva JV, Lerma-Arce V et al (2023) 
Improving sustainable forest management of Pinus halepensis 
Mill. Mid-aged stands in a context of rural abandonment, climate 
change, and wildfires. Forests. https:// doi. org/ 10. 3390/ f1403 0527

De la Rosa JM, González-Pérez JA, González-Vázquez R et al (2008) 
Use of pyrolysis/GC-MS combined with thermal analysis to 
monitor C and N changes in soil organic matter from a Mediter-
ranean fire affected forest. CATENA 74:296–303. https:// doi. org/ 
10. 1016/j. catena. 2008. 03. 004

Ross DJ (1987) Soil microbial biomass estimated by the fumigation-
incubation procedure: seasonal fluctuations and influence of soil 
moisture content. Soil Biol Biochem 19:397–404. https:// doi. org/ 
10. 1016/ 0038- 0717(87) 90029-0

Ruffault J, Curt T, Moron V et al (2020) Increased likelihood of heat-
induced large wildfires in the Mediterranean Basin. Sci Rep 
10:1–9. https:// doi. org/ 10. 1038/ s41598- 020- 70069-z

Rulli MC, Rosso R (2007) Hydrologic response of upland catchments 
to wildfires. Adv Water Resour 30:2072–2086. https:// doi. org/ 
10. 1016/j. advwa tres. 2006. 10. 012

Rutigliano FA, De Marco A, D’Ascoli R et al (2007) Impact of fire on 
fungal abundance and microbial efficiency in C assimilation and 
mineralisation in a Mediterranean maquis soil. Biol Fertil Soils 
44:377–381. https:// doi. org/ 10. 1007/ s00374- 007- 0214-x

Rutigliano FA, Marzaioli R, Grilli E et al (2023) Microbial, physi-
cal and chemical indicators together reveal soil health changes 
related to land cover types in the southern European sites under 
desertification risk. Pedobiologia (jena) 99–100:150894. https:// 
doi. org/ 10. 1016/j. pedobi. 2023. 150894

San-Miguel-Ayanz J, Durrant T, Boca R, et al (2021) Forest fires in 
europe, middle east and north Africa 2020. Publications Office 
of the European Union, Luxembourg, 2021, JRC126766. https:// 
doi. org/ 10. 2760/ 05933

San-Miguel-Ayanz J, Durrant T, Boca R, et al (2023) Advance report 
on forest fires in Europe, middle east and north Africa 2022. 
Publications Office of the European Union, Luxembourg, 2023, 
JRC133215. https:// doi. org/ 10. 2760/ 091540

Santana VM, González-Pelayo O, Maia PAA et al (2016) Effects of fire 
recurrence and different salvage logging techniques on carbon 
storage in Pinus pinaster forests from northern Portugal. Eur J for 
Res 135:1107–1117. https:// doi. org/ 10. 1007/ s10342- 016- 0997-0

Saracino A, Pacella R, Leone V, Borghetti M (1997) Seed dispersal 
and changing seed characteristics in a Pinus halepensis mill. for-
est after fire. Plant Ecol 130:13–19. https:// doi. org/ 10. 1023/A: 
10097 65129 920

Saulino L, Rita A, Stinca A et al (2023) Wildfire promotes the inva-
sion of Robinia pseudoacacia in the unmanaged Mediterranean 

https://doi.org/10.3390/f14102033
https://doi.org/10.3390/f14102033
https://doi.org/10.1016/j.dendro.2023.126086
https://doi.org/10.1016/j.dendro.2023.126086
https://doi.org/10.1016/j.catena.2008.03.001
https://doi.org/10.1016/j.catena.2008.03.001
https://doi.org/10.1016/j.geomorph.2014.12.005
https://doi.org/10.1016/j.geomorph.2014.12.005
https://doi.org/10.1787/dd00c367-en
https://doi.org/10.1016/j.scitotenv.2018.06.215
https://doi.org/10.1016/j.scitotenv.2018.06.215
https://doi.org/10.1890/02-4094
https://doi.org/10.1002/fee.2044
https://doi.org/10.1002/ldr.2262
https://doi.org/10.1073/pnas.1003669107
https://doi.org/10.1073/pnas.1003669107
https://doi.org/10.1038/nature24668
https://doi.org/10.1038/nature24668
https://doi.org/10.1111/gcb.15648
https://doi.org/10.1016/bs.aecr.2020.01.010
https://doi.org/10.1016/bs.aecr.2020.01.010
https://doi.org/10.1016/j.coesh.2017.12.003
https://doi.org/10.1016/j.coesh.2017.12.003
https://doi.org/10.1111/oik.05738
https://doi.org/10.1111/oik.05738
https://doi.org/10.1016/j.geoderma.2003.11.016
https://doi.org/10.1007/BF02205929
https://doi.org/10.1007/BF02205929
https://doi.org/10.1007/BF00334572
https://doi.org/10.1016/j.catena.2017.06.018
https://doi.org/10.1016/j.catena.2017.06.018
https://doi.org/10.3390/f14030527
https://doi.org/10.1016/j.catena.2008.03.004
https://doi.org/10.1016/j.catena.2008.03.004
https://doi.org/10.1016/0038-0717(87)90029-0
https://doi.org/10.1016/0038-0717(87)90029-0
https://doi.org/10.1038/s41598-020-70069-z
https://doi.org/10.1016/j.advwatres.2006.10.012
https://doi.org/10.1016/j.advwatres.2006.10.012
https://doi.org/10.1007/s00374-007-0214-x
https://doi.org/10.1016/j.pedobi.2023.150894
https://doi.org/10.1016/j.pedobi.2023.150894
https://doi.org/10.2760/05933
https://doi.org/10.2760/05933
https://doi.org/10.2760/091540
https://doi.org/10.1007/s10342-016-0997-0
https://doi.org/10.1023/A:1009765129920
https://doi.org/10.1023/A:1009765129920


European Journal of Forest Research 

Castanea sativa coppice forests. Front for Glob Chang 6:1–15. 
https:// doi. org/ 10. 3389/ ffgc. 2023. 11775 51

Senf C, Seidl R (2021) Mapping the forest disturbance regimes 
of Europe. Nat Sustain 4:63–70. https:// doi. org/ 10. 1038/ 
s41893- 020- 00609-y

Sleutel S, De Neve S, Singier B et al (2007) Quantification of organic 
carbon in soils: a comparison of methodologies and assessment 
of the carbon content of organic matter. Commun Soil Sci Plant 
Anal 38:19–20. https:// doi. org/ 10. 1080/ 00103 62070 16628 77

Snyman HA (2004) Short-term response in productivity following an 
unplanned fire in a semi-arid rangeland of South Africa. J Arid 
Environ 56:465–485. https:// doi. org/ 10. 1016/ S0140- 1963(03) 
00069-7

Soil Survey Staff (2014b) Soil survey field and laboratory methods 
manual. Soil survey investigations report no. 51. Version 2.0. 
R. Burt and Soil Survey Staff. U.S. Department of Agriculture. 
Natural Resources Conservation Service

Soil Survey Staff (2014a) Kellogg soil survey laboratory methods 
manual. Soil survey investigations report no. 42. Version 5.0. 
R. Burt and Soil Survey Staff. U.S. Department of Agriculture. 
Natural Resources Conservation Service

Sokal RR, Rohlf FJ (2011) Biometry: the principles and practice of 
statistics in biological research, 4th edn. WH Freeman and Com-
pany, New York, p 937

Springer U, Klee J (1954) Prüfung der Leistungsfähigkeit von einigen 
wichtigeren Verfahren zur Bestimmung des Kohlenstoffs mittels 
Chromschwefelsäure sowie Vorschlag einer neuen Schnellmeth-
ode. Z Pflanzenernähr Dang Bodenk 64:1–26

Stinca A, Ravo M, Marzaioli R et al (2020) Changes in multi-level 
biodiversity and soil features in a burned beech forest in the 
southern Italian coastal mountain. Forests 11:1–31. https:// doi. 
org/ 10. 3390/ f1109 0983

Syphard AD, Radeloff VC, Keeley JE et al (2007) Human influence 
on California fire regimes. Ecol Appl 17:1388–1402. https:// doi. 
org/ 10. 1890/ 06- 1128.1

Tapias R, Gil L, Fuentes-Utrilla P, Pardos JA (2001) Canopy seed 
banks in Mediterranean pines of southeastern Spain: a compari-
son between Pinus halepensis Mill., P. pinaster Ait., P. nigra 
Arn. and P. pinea L. J Ecol 89:629–638. https:// doi. org/ 10. 
1046/j. 1365- 2745. 2001. 00575.x

Teobaldelli M, Mencuccini M, Piussi P (2004) Water table salinity, 
rainfall and water use by umbrella pine trees (Pinus pinea L.). 
Plant Ecol 171:23–33. https:// doi. org/ 10. 1023/B: VEGE. 00000 
29384. 40192. cc

Trabaud L, Grosman J, Walter T (1985a) Recovery of burnt Pinus 
halepensis Mill. forests. I. Understorey and litter phytomass 
development after wildfire. For Ecol Manage 12:269–277. 
https:// doi. org/ 10. 1016/ 0378- 1127(85) 90095-7

Trabaud L, Michels C, Grosman J (1985b) Recovery of burnt Pinus 
halepensis mill. forests. II. Pine reconstruction after wildfire. For 
Ecol Manag 13:167–179. https:// doi. org/ 10. 1016/ 0378- 1127(85) 
90032-5

Ulery AL, Graham RC, Bowen LH (1996) Forest fire effects on soil 
phyllosilicates in California. Soil Sci Soc Am J 60:309–315. 
https:// doi. org/ 10. 2136/ sssaj 1996. 03615 99500 60000 10047x

Vallejo VR, Smanis A, Chirino E et al (2012) Perspectives in dryland 
restoration: approaches for climate change adaptation. New for 
43:561–579. https:// doi. org/ 10. 1007/ s11056- 012- 9325-9

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method for 
measuring soil microbial biomass C. Soil Biol Biochem 19:703–
707. https:// doi. org/ 10. 1016/ 0038- 0717(87) 90052-6

Velasco-Molina M, Berns AE, Macías F, Knicker H (2016) Biochemi-
cally altered charcoal residues as an important source of soil 
organic matter in subsoils of fire-affected subtropical regions. 
Geoderma 262:62–70. https:// doi. org/ 10. 1016/j. geode rma. 2015. 
08. 016

Vittori AL, Ferronato C, De Feudis M et al (2021) Soil biochemi-
cal indicators and biological fertility in agricultural soils: a case 
study from northern Italy. Minerals 11:1–15. https:// doi. org/ 10. 
3390/ min11 020219

Wang Q, Zhong M, Wang S (2012) A meta-analysis on the response 
of microbial biomass, dissolved organic matter, respiration, and 
N mineralization in mineral soil to fire in forest ecosystems. For 
Ecol Manag 271:91–97. https:// doi. org/ 10. 1016/j. foreco. 2012. 
02. 006

Wells AG, Munson SM, Sesnie SE, Villarreal ML (2021) Remotely 
sensed fine-fuel changes from wildfire and prescribed fire in a 
semi-arid grassland. Fire 4:1–22. https:// doi. org/ 10. 3390/ fire4 
040084

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warm-
ing and earlier spring increase western U.S. forest wildfire activ-
ity. Science 313:940–943. https:// doi. org/ 10. 1126/ scien ce. 11288 
34

Xu W, Elberling B, Ambus PL (2022) Pyrogenic organic matter as a 
nitrogen source to microbes and plants following fire in an Arctic 
heath tundra. Soil Biol Biochem 170:108699. https:// doi. org/ 10. 
1016/j. soilb io. 2022. 108699

Xu L, Saatchi SS, Yang Y et al (2021) Changes in global terrestrial 
live biomass over the 21st century. Adv Sci. https:// doi. org/ 10. 
1126/ sciadv. abe98 29

Xue L, Li Q, Chen H (2014) Effects of a wildfire on selected physical, 
chemical and biochemical soil properties in a Pinus massoniana 
forest in South China. Forests 5:2947–2966. https:// doi. org/ 10. 
3390/ f5122 947

Úbeda X, Pereira P, Outeiro L, Martin DA (2009) Effects of fire tem-
perature on the physical and chemical characteristics of the ash 
from two plots of cork oak (Quercus suber ). Land Degrad Dev 
20:589–608. https:// doi. org/ 10. 1002/ ldr. 930

Úbeda X, Sarricolea P (2016) Wildfires in Chile: a review. Glob Planet 
Change 146:152–161. https:// doi. org/ 10. 1016/j. glopl acha. 2016. 
10. 004

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3389/ffgc.2023.1177551
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1080/00103620701662877
https://doi.org/10.1016/S0140-1963(03)00069-7
https://doi.org/10.1016/S0140-1963(03)00069-7
https://doi.org/10.3390/f11090983
https://doi.org/10.3390/f11090983
https://doi.org/10.1890/06-1128.1
https://doi.org/10.1890/06-1128.1
https://doi.org/10.1046/j.1365-2745.2001.00575.x
https://doi.org/10.1046/j.1365-2745.2001.00575.x
https://doi.org/10.1023/B:VEGE.0000029384.40192.cc
https://doi.org/10.1023/B:VEGE.0000029384.40192.cc
https://doi.org/10.1016/0378-1127(85)90095-7
https://doi.org/10.1016/0378-1127(85)90032-5
https://doi.org/10.1016/0378-1127(85)90032-5
https://doi.org/10.2136/sssaj1996.03615995006000010047x
https://doi.org/10.1007/s11056-012-9325-9
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/j.geoderma.2015.08.016
https://doi.org/10.1016/j.geoderma.2015.08.016
https://doi.org/10.3390/min11020219
https://doi.org/10.3390/min11020219
https://doi.org/10.1016/j.foreco.2012.02.006
https://doi.org/10.1016/j.foreco.2012.02.006
https://doi.org/10.3390/fire4040084
https://doi.org/10.3390/fire4040084
https://doi.org/10.1126/science.1128834
https://doi.org/10.1126/science.1128834
https://doi.org/10.1016/j.soilbio.2022.108699
https://doi.org/10.1016/j.soilbio.2022.108699
https://doi.org/10.1126/sciadv.abe9829
https://doi.org/10.1126/sciadv.abe9829
https://doi.org/10.3390/f5122947
https://doi.org/10.3390/f5122947
https://doi.org/10.1002/ldr.930
https://doi.org/10.1016/j.gloplacha.2016.10.004
https://doi.org/10.1016/j.gloplacha.2016.10.004

	Long-term impact of wildfire on soil physical, chemical and biological properties within a pine forest
	Abstract
	Introduction
	Material and methods
	Study area and sampling methodology
	Soil physical and chemical characterization
	Soil biological characterization
	Soil microbial indices
	Data analysis

	Results
	Fire effect on soil organic layer
	Fire effect on soil mineral layer
	Overall relationship across sites, stands and variables

	Discussion
	Fire effect on soil organic layer

	Fire effect on soil mineral layer
	Physical and chemical changes
	Biological changes
	Overall soil response to fire history variables

	Conclusions
	Acknowledgements 
	References


