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Abstract: Natural landscapes in the Mediterranean ecosystem have experienced extensive changes
over the last two centuries due to wildfire activity. Resulting interactions between climatic warming,
vegetation species, soil natural, and meteorological condition before and after a wildfire create
substantial abrupt landscape alterations. This study investigates the evolution (2 days, 3, 6, 9, and
12 months after a fire) of topsoil (0–5 cm) chemical properties in burned Cambisols (Zadar County,
Croatia) with respect to different wildfire severities (HS—high severity, MS—medium severity, C—
unburned) and vegetation species (Quercus pubescens Willd. and Juniperus communis L.). Soil pH,
electrical conductivity (EC), calcium carbonates (CaCO3), total organic carbon (TOC), total nitrogen
(TN), total sulphur (TS), copper (Cu) and zinc (Zn) were significantly higher in HS than in MS and C.
Total soil potassium (TK), Fe and Ni were significantly higher in C than in HS. The increase of TOC
and TN was more pronounced in Quercus p. than Juniperus c., especially in the first three months. Soil
pH, EC, CaCO3, TOC, TN, and TS were most affected by wildfire severity. The distinction between C,
MS and HS categories was less visible 9 and 12 months post-fire, indicating the start of the recovery
of the soil system. Post-fire management and temporal recovery of the soil system should consider
the obvious difference in soil disturbance under HS and MS between vegetation species.

Keywords: soil organic matter; recovery; post-fire management; Quercus pubescens Willd.; Juniperus
communis L.

1. Introduction

Wildfires are an inevitable occurrence in ecosystems worldwide and are considered one
of the main causes of environmental change [1,2]. A warmer and drier climate, along with
land abandonment and afforestation, is leading to an increase in catastrophic wildfires [3–6].

Soils are an important component of the ecosystem and can be significantly altered by
wildfires and their recurrence [7]. The changes in soil systems after wildfires are mainly
caused by high temperatures, duration, and severity of the wildfire [8]. Several authors
have indicated how the increase in wildfire severity can lead to degradative long-term
cumulative effects on soil chemistry [9–11], while low and moderate severity fires increase
soil organic matter (SOM), total nitrogen (TN), and total carbon (TC) [1,12]. Regardless of
the fire severity, organic matter burning leads to rapid mineralisation and an increase of
soil nutrients and trace elements such as iron (Fe), aluminium (Al), zinc (Zn), nickel (Ni),
cadmium (Cd), and lead (Pb) [13]. Their concentrations depend mainly on the severity of
the fire and the type of vegetation burned [8,14,15]. The biological toxicity and potential
bioaccumulation of trace elements in the ecosystem after a wildfire are of major concern
for the contamination and environmental sustainability of downstream lands and water
bodies [13,16,17].
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Understanding the relationships between forest management, vegetation species, fire
severity, and post-fire recovery of forest ecosystems is especially important for developing
fire governance and management strategies to increase socio-ecological resilience in a
rapidly changing environment affected by the changing climate [18]. Fire behaviour is
determined by the quantity and quality of the fuel load. Therefore, the differences in
fire behaviour between grasslands, shrublands, and forests cannot be ignored [19]. Low
fuel loads in grasslands and shrublands result in low fire severity and rapid spread, while
forests generally have slower fire spread and moderate to high fire severity [20,21]. Different
vegetation species in burned forest land have been shown to have significant effects on soil
properties. Lombao et al. [11] studied the effects of wildfires on soil under Eucalyptus and
Quercus vegetation and indicated that vegetation was the most important factor controlling
the overall quality of burned soils and that wildfire is also an important source of variation
in soil quality.

Vegetation species is an important determinant of the composition of ash incorporated
into the soil over time, and because of the close relationship between fire severity, ash, and
soil interaction in the post-fire period, it is critical to conduct research that considers the
overall influence of these interacting factors (vegetation species × fire severity × time) on
soil quality recovery following a wildfire. Few studies have examined the phenomenon
of fire severity in relation to different vegetation species [22–24], while the interaction
between these factors and the evolution of chemical properties and trace elements in burned
soils after a fire is not well understood. To fill this knowledge gap, this study aims to:
(a) determine the short-term evolution of soil chemical properties after a wildfire and their
temporal dynamics and (b) compare the impact of vegetation species (Quercus pubescens
Willd. and Juniperus communis L.) on soil properties in the environmental conditions of
Mediterranean Croatia.

2. Materials and Methods
2.1. Study Area and Soil Sampling

The study was conducted in Zadar County, Croatia (44◦ 05′ N; 15◦ 22′ E; 72 m a.s.l.),
characterized by hot-summer Mediterranean (Csa) climate according to the Köppen–Geiger
classification [25]. The average annual temperature is 14.9 ◦C, and the average annual
precipitation is 879.2 mm in the period from 1971 to 2000 [26]. Most of the vegetation in
the area consists of Quercus pubescens Willd., Pinus halpensis Mill., Pinus pinaster Ait., Pinus
pinea L., and Juniperus communis L. The soil type of the study area is chromic Cambisol [27]
with calcareous parent material and sandy clay loam to clayey texture. These soils are
characterized by their permeability and good drainage. The general soil properties of the
study area are listed in Table 1.

Table 1. General soil properties in the investigated area.

Horizon
Texture (%) pH SOM

(%)
P2O5 K2O

Sand Silt Clay g kg−1

0–10 cm 56.0 17.8 26.2 6.5 3.2 0.002 0.19
10–60 cm 41.0 12.2 46.8 6.5 0.8 0.002 0.22

The wildfire affected ~13.5 ha of a mixed forest of Quercus pubescens Willd. and
Juniperus communis L. in August 2019. Fire severity was moderate to high, as determined
by visual inspection of burned vegetation and ash characteristics using the methodology
described in Pereira et al. [28] and Úbeda et al. [29]. According to the characteristics of
the burned area, the experimental design recognized three categories of sampling areas:
C—control, unaffected by fire; HS—high severity, which came from sites where the foliage
and trunk were completely burned, and the soil was covered with white ash; and MS—
medium severity, where the foliage and trunk were partially burned, and the soil was
covered with black ash. Additionally, each category was subdivided by the two vegetation
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species, i.e., each of the three severity categories contained thirteen (13) sample areas
under Quercus pubescens Willd. and seven (7) sample areas under Juniperus communis
L. Flat terrain and an area with average wind strength of 2 Beaufort (1.6–3.3 m/s) were
selected to minimize the intensity of immediate ash transport due to terrain slope and
wind. The final experimental design is shown in Figure 1. Soil samples (with the ash layer
removed) were collected at a depth of 0–5 cm using a spade and georeferenced using a
Trimble GeoXH handheld device (GeoExplorer ® 6000 series, Trimble GmbH, Raunheim,
Germany). Samples were collected two days (0 MAF), 3 months (3 MAF), 6 months
(6 MAF), 9 months (9 MAF), and 12 months (12 MAF) after wildfires. During each sampling
period, 60 soil samples were collected (20 per severity category), resulting in a total of
300 samples collected.
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Figure 1. Study area and experimental design. Different shapes denote vegetation species (circle
indicate sample under Quercus pubescens Willd.; triangle indicates sample under Juniperus commu-
nis L.), and different colours denote wildfire severity (green—Control; orange—Medium severity;
red—High severity). Source: Google Earth.

2.2. Laboratory Analysis

Soil samples were air-dried and sieved through a 2 mm sieve. Subsequently, soil
pH, electrical conductivity (EC), carbonates (CaCO3), total organic carbon (TOC), TN,
and total sulfur (TS) were determined by standard laboratory methods: pH and EC were
determined electrometrically, using Beckman’s ϕ 72 pH meter, in H2O (1:2.5) and a HACH-
CO150 conductometer (300–1900 µS), respectively. CaCO3 content was determined via
volumetric Scheibler calcimeter and TOC, TN, and TS content by dry combustion using
a CHNS analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). Total
soil potassium (TK) and trace element (Fe, Zn, Ni, and Cu) contents were determined by
X-ray fluorescence using a VantaTM C series handheld XRF analyzer (Olympus Scientific
Solutions Americas, MA, USA).

2.3. Statistical Analysis

Before statistical analysis was carried out, the collected data were checked for normal-
ity using Q–Q plots and transformed when needed to meet this assumption in the statistical
analysis. Z-scores were subsequently calculated for each variable in order to detect out-
liers, which were removed if the score exceeded 3 standard deviations [30]. Data were
then analyzed using a factorial ANOVA to determine the percent of variation attributable
to each of the factors: fire severity, time, and vegetation species. Tukey’s HSD test was
applied when significant differences were found (p < 0.05). In the case of EC, CaCO3, TK,
and Cu, where data normality could not be achieved, a non-parametric Kruskal–Wallis
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analysis was applied, and a multiple comparison of mean ranks for all groups was used as
a post-hoc test.

A principal component analysis (PCA) was also conducted to examine the relationship
between selected soil variables and wildfire severity during the study period. PCA analysis
was performed separately for each sampling period in the R 3.6.2 environment [31] using
plyr (v1.8.5) and car (v3.0-6) packages and visualized using ggbiplot (v0.55) package.
Statistica 12.0 software [32] was used for factorial ANOVA analysis, and additional graphs
were created using Plotly Chart Studio [33].

3. Results
3.1. Meteorological Observations

During the study period, total average precipitation was 959.8 mm, 80.6 mm above the
30-year average (879.2 mm). Precipitation was higher than the average in November and
December 2019 and June 2020, while it was lower in January through May 2020 (Figure 2).
The monthly average temperature was slightly lower (14.5 ◦C) than average (14.9 ◦C)
during the study year. The largest difference was observed in January 2020, when the
average temperature was 2 ◦C lower than the 30-year average. The first major precipitation
events were recorded about 30 days after the fire, on September 24 and 26, with 19.1 and
44.9 mm of precipitation, respectively.
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3.2. Basic Chemical Properties

Factorial and Kruskal–Wallis ANOVA and post-hoc results of soil properties are
presented in Tables 2–4. All properties studied were significantly affected by fire severity.
pH, EC, TOC, TN, TS, and Zn were significantly different for vegetation, while all properties
(with the exception of TN) were significantly different between sampling periods (Table 2).
The difference between fire severity × vegetation interaction was significant for pH, Fe,
and Zn, while the difference between fire severity × time interaction was significant only
for pH and TS. Additionally, the difference between vegetation × time was significant for
TS. Fire severity × vegetation × time was not significant for any soil property.
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Table 2. Factorial ANOVA (for pH, TOC, TN and TS, Fe, Ni, and Zn) and Kruskal–Wallis (for EC, CaCO3, TK, and Cu) test results and mean values for investigated
soil properties according to fire severity, time, vegetation, and their interactions.

pH EC (µS/cm) CaCO3 (%) TOC (%) TN (%) TS (%) TK (g/kg) Fe (g/kg) Ni (mg/g) Cu (mg/kg) Zn (mg/g)

FS *** *** *** *** *** *** *** *** ** *** ***
V ** ** n.s. *** *** *** n.s. n.s. n.s. n.s. *
T *** ** *** * n.s. *** *** *** *** ** **

FS × V * - - n.s. n.s. n.s. - * n.s. - **
FS × T n.s. - - n.s. n.s. ** - n.s. n.s. - n.s.
V × T n.s. - - n.s. n.s. ** - n.s. n.s. - n.s.

FS × V × T n.s. - - n.s. n.s. n.s. - n.s. n.s. - n.s.

Fire severity

C 6.47 ± 0.02 c 106.2 ± 11.91 b 0.07 ± 0.04 b 3.84 ± 0.17 b 0.28 ± 0.01 b 0.07 ± 0.0 b 19.48 ± 0.12 a 29.78 ± 0.23 a 67.63 ± 0.79 a 28.39 ± 0.8 b 73.05 ± 0.82 b
MS 6.71 ± 0.02 b 114.1 ± 11.91 b 0.08 ± 0.04 b 4.06 ± 0.17 b 0.29 ± 0.01 b 0.07 ± 0.0 b 18.83 ± 0.12 ab 28.64 ± 0.23 b 65.59 ± 0.79 ab 29.82 ± 0.8 b 70.39 ± 0.82 b
HS 7.42 ± 0.02 a 277.2 ± 11.91 a 0.53 ± 0.04 a 5.34 ± 0.17 a 0.38 ± 0.01 a 0.08 ± 0.0 a 18.25 ± 0.12 b 28.01 ± 0.23 c 64.12 ± 0.79 b 33.46 ± 0.8 a 74.23 ± 0.82 a

Time

0 MAF 6.90 ± 0.03 b 266.9 ± 15.38 a 0.15 ± 0.05 ab 4.95 ± 0.22 a 0.33 ± 0.01 a 0.05 ± 0.0 c 21.24 ± 0.15 a 30.38 ± 0.3 a 73.21 ± 1.02 a 33.13 ± 1.04 a 72.75 ± 1.06 a
3 MAF 6.85 ± 0.03 b 140.1 ± 15.38 ab 0.37 ± 0.05 a 4.23 ± 0.22 ab 0.32 ± 0.01 a 0.08 ± 0.0 b 16.89 ± 0.15 d 27.83 ± 0.3 c 63.28 ± 1.02 b 28.79 ± 1.04 cb 74.47 ± 1.06 a
6 MAF 7.12 ± 0.03 a 168.1 ± 15.38 ab 0.33 ± 0.05 a 4.59 ± 0.22 ab 0.33 ± 0.01 a 0.08 ± 0.0 b 19.42 ± 0.15 bc 28.78 ± 0.3 b 64.51 ± 1.02 b 31.13 ± 1.04 acb 73.71 ± 1.06 a
9 MAF 6.76 ± 0.03 c 132.8 ± 15.38 b 0.14 ± 0.05 b 4.30 ± 0.22 ab 0.31 ± 0.01 a 0.09 ± 0.0 a 20.62 ± 0.15 ac 29.33 ± 0.3 b 65.08 ± 1.02 b 30.69 ± 1.04 acb 70.52 ± 1.06 bc
12 MAF 6.70 ± 0.03 c 121.4 ± 15.38 b 0.12 ± 0.05 b 4.00 ± 0.22 b 0.30 ± 0.01 a 0.08 ± 0.0 b 16.10 ± 0.15 d 27.73 ± 0.3 c 62.83 ± 1.02 b 29.04 ± 1.04 b 71.33 ± 1.06 ac

Vegetation

Quercus p. 6.83 ± 0.01 b 181.5 ± 8.14 a 0.24 ± 0.03 a 4.90 ± 0.11 a 0.36 ± 0.01 a 0.08 ± 0.0 a 18.80 ± 0.11 a 28.68 ± 0.21 a 65.29 ± 0.54 a 30.03 ± 0.75 a 73.29 ± 0.56 a
Juniperus c. 6.90 ± 0.02 a 150.2 ± 11.09 b 0.21 ± 0.03 a 3.93 ± 0.16 b 0.28 ± 0.01 b 0.07 ± 0.0 b 18.91 ± 0.08 a 28.93 ± 0.16 a 66.28 ± 0.74 a 31.09 ± 0.55 a 71.83 ± 0.77 b

Abbreviations: FS—Fire severity; V—Vegetation; T—Time; C—Control; MS—Medium severity; HS—High severity; MAF—Months after fire Significant differences at: p < 0.05 *,
p < 0.01 **, p < 0.001 ***, n.s. not significant at p < 0.05 Different letters represent significant (p < 0.05) differences between fire severity, sampling time and vegetation values following ±
indicate standard deviation.



Agronomy 2022, 12, 1515 6 of 16

Table 3. Results of factorial ANOVA (for pH, TOC, TN, and TS) and Kruskal–Wallis test (for EC and
CaCO3, and TK) during the study period.

C -Q MS -Q HS -Q C -J MS -J HS -J

0 MAF

pH (−log[H+]) 6.57 ± 0.06 c 6.77 ± 0.06 b 7.23 ± 0.06 aB 6.61 ± 0.08 b 6.76 ± 0.08 b 7.45 ± 0.08 aA
EC (µS/cm) 204.9 ± 32.09 b 202.9 ± 32.09 b 558.1 ± 32.09 a 118.4 ± 43.74 b 122.4 ± 43.74 b 394.6 ± 43.74 a
CaCO3 (%) 0.05 ± 0.01 b 0.06 ± 0.01 b 0.35 ± 0.01 a 0.08 ± 0.12 b 0.07 ± 0.12 b 0.30 ± 0.12 a

TOC (%) 4.43 ± 0.44 b 4.41 ± 0.44 b 7.77 ± 0.44 aA 3.79 ± 0.61 a 4.89 ± 0.61 a 4.41 ± 0.61 aB
TN (%) 0.30 ± 0.03 b 0.30 ± 0.03 b 0.54 ± 0.03 aA 0.26 ± 0.04 a 0.28 ± 0.04 a 0.28 ± 0.04 aB
TS (%) 0.05 ± 0.00 b 0.05 ± 0.00 b 0.06 ± 0.00 aA 0.05 ± 0.00 a 0.05 ± 0.00 a 0.05 ± 0.00 aB

TK (g/kg) 21.71 ± 0.32 a 21.04 ± 0.32 ab 20.65 ± 0.32 b 21.65 ± 0.43 a 21.34 ± 0.43 ab 21.04 ± 0.43 b

3 MAF

pH (−log[H+]) 6.39 ± 0.06 c 6.64 ± 0.06 b 7.35 ± 0.06 a 6.43 ± 0.08 c 6.79 ± 0.08 b 7.51 ± 0.08 a
EC (µS/cm) 104.1 ± 32.09 b 99.3 ± 32.09 b 249.1 ± 32.09 a 83.1 ± 43.74 b 101.1 ± 43.74 b 203.9 ± 43.74 a
CaCO3 (%) 0.08 ± 0.01 b 0.09 ± 0.01 b 0.96 ± 0.01 a 0.06 ± 0.12 b 0.09 ± 0.12 b 0.96 ± 0.12 a

TOC (%) 4.15 ± 0.44 bA 4.34 ± 0.44 bA 6.22 ± 0.44 aA 3.36 ± 0.61 aB 3.39 ± 0.61 aB 3.92 ± 0.61 aB
TN (%) 0.31 ± 0.03 bA 0.31 ± 0.03 bA 0.48 ± 0.03 aA 0.26 ± 0.04 aB 0.26 ± 0.04 aB 0.29 ± 0.04 aB
TS (%) 0.08 ± 0.0 aA 0.08 ± 0.0 a 0.08 ± 0.00 a 0.07 ± 0.00 aB 0.07 ± 0.00 a 0.07 ± 0.00 a

TK (g/kg) 17.8 ± 0.32 a 17.11 ± 0.32 a 15.59 ± 0.32 b 17.54 ± 0.43 a 17.16 ± 0.43 a 16.13 ± 0.43 b

6 MAF

pH (−log[H+]) 6.71 ± 0.06 b 6.82 ± 0.06 b 7.70 ± 0.06 a 6.77 ± 0.08 c 7.02 ± 0.08 b 7.71 ± 0.08 a
EC (µS/cm) 105.3 ± 32.09 b 112.9 ± 32.09 b 242.9 ± 32.09 a 104.2 ± 43.74 b 116.9 ± 43.74 b 326.6 ± 43.74 a
CaCO3 (%) 0.07 ± 0.01 b 0.12 ± 0.01 b 0.92 ± 0.01 a 0.07 ± 0.12 b 0.14 ± 0.12 ab 0.66 ± 0.12 a

TOC (%) 4.18 ± 0.44 b 4.04 ± 0.44 b 5.87 ± 0.44 a 3.83 ± 0.61 ab 3.70 ± 0.61 b 5.93 ± 0.61 a
TN (%) 0.31 ± 0.03 b 0.30 ± 0.03 b 0.44 ± 0.03 a 0.29 ± 0.04 ab 0.27 ± 0.04 b 0.41 ± 0.04 a
TS (%) 0.07 ± 0.00 b 0.07 ± 0.00 b 0.08 ± 0.00 aB 0.07 ± 0.00 b 0.07 ± 0.00 b 0.09 ± 0.00 aA

TK (g/kg) 20.31 ± 0.32 a 19.48 ± 0.32 ab 18.56 ± 0.32 b 20.28 ± 0.43 a 19.38 ± 0.43 ab 18.52 ± 0.43 b

9 MAF

pH (−log[H+]) 6.41 ± 0.06 c 6.70 ± 0.06 b 7.14 ± 0.06 aB 6.32 ± 0.08 c 6.57 ± 0.08 b 7.39 ± 0.08 aA
EC (µS/cm) 98.7 ± 32.09 b 126.5 ± 32.09 b 209.0 ± 32.09 a 66.3 ± 43.74 b 87.4 ± 43.74 b 208.8 ± 43.74 a
CaCO3 (%) 0.12 ± 0.01 ab 0.06 ± 0.01 b 0.26 ± 0.01 a 0.09 ± 0.12 b 0.07 ± 0.12 b 0.26 ± 0.12 a

TOC (%) 4.11 ± 0.44 bA 4.67 ± 0.44 ab 5.88 ± 0.44 a 3.07 ± 0.61 bB 3.75 ± 0.61 a 4.35 ± 0.61 a
TN (%) 0.29 ± 0.03 bA 0.33 ± 0.03 abA 0.43 ± 0.03 aA 0.23 ± 0.04 bB 0.27 ± 0.04 abB 0.30 ± 0.04 aB
TS (%) 0.09 ± 0.00 b 0.10 ± 0.00 abA 0.10 ± 0.00 a 0.09 ± 0.00 a 0.09 ± 0.00 aB 0.09 ± 0.00 a

TK (g/kg) 21.29 ± 0.32 a 20.06 ± 0.32 b 19.88 ± 0.32 b 21.33 ± 0.43 a 20.61 ± 0.43 b 20.54 ± 0.43 b

12 MAF

pH (−log[H+]) 6.25 ± 0.06 c 6.52 ± 0.06 b 7.25 ± 0.06 a 6.29 ± 0.08 b 6.47 ± 0.08 b 7.44 ± 0.08 a
EC (µS/cm) 94.0 ± 32.09 b 100.3 ± 32.09 b 215.1 ± 32.09 a 83.4 ± 43.74 b 71.6 ± 43.74 b 163.8 ± 43.74 a
CaCO3 (%) 0.02 ± 0.01 b 0.05 ± 0.01 b 0.34 ± 0.01 a 0.02 ± 0.12 b 0.02 ± 0.12 b 0.29 ± 0.12 a

TOC (%) 3.85 ± 0.44 b 4.21 ± 0.44 bA 5.36 ± 0.44 aA 3.65 ± 0.61 a 3.22 ± 0.61 aB 3.70 ± 0.61 aB
TN (%) 0.29 ± 0.03 b 0.31 ± 0.03 b 0.41 ± 0.03 aA 0.27 ± 0.04 a 0.25 ± 0.04 a 0.26 ± 0.04 aB
TS (%) 0.08 ± 0.00 a 0.08 ± 0.00 a 0.08 ± 0.00 aA 0.08 ± 0.00 a 0.07 ± 0.00 a 0.07 ± 0.00 aB

TK (g/kg) 16.62 ± 0.32 a 15.9 ± 0.32 a 15.97 ± 0.32 a 16.23 ± 0.43 a 16.23 ± 0.43 a 15.67 ± 0.43 a

Abbreviations: C—Control; MS—Medium severity; HS—High severity; Q—Quercus pubescens Willd.; J—Juniperus
communis L.; MAF—Months after fire. Values represent the sampling means followed with standard deviation.
Different letters indicate significant (p < 0.05) differences between fire severity (lowercase letters) in one vegetation
group and vegetation (uppercase letters).
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Table 4. Results of factorial ANOVA (for Fe, Ni and Zn) and Kruskal–Wallis test (for Cu) during the
study period.

C -Q MS -Q HS -Q C -J MS -J HS -J

0 MAF

Fe (g/kg) 31.00 ± 0.61 a 30.76 ± 0.61 a 28.15 ± 0.61 b 31.56 ± 0.83 a 30.38 ± 0.83 a 30.42 ± 0.83 a
Ni (mg/kg) 75.46 ± 2.09 a 73.92 ± 2.09 a 68.00 ± 2.09 a 74.71 ± 2.85 a 72.71 ± 2.85 a 74.43 ± 2.85 a
Cu (mg/kg) 29.69 ± 2.13 b 34.85 ± 2.13 ab 34.38 ± 2.13 a 31.29 ± 2.90 b 29.00 ± 2.90 ab 39.57 ± 2.90 a
Zn (mg/kg) 72.38 ± 2.17 a 73.08 ± 2.17 a 72.46 ± 2.17 a 73.57 ± 2.96 a 71.00 ± 2.96 a 74.00 ± 2.96 a

3 MAF

Fe (g/kg) 28.39 ± 0.61 a 28.29 ± 0.61 a 26.28 ± 0.61 b 28.56 ± 0.83 a 27.53 ± 0.83 a 27.96 ± 0.83 a
Ni (mg/kg) 65.38 ± 2.09 a 64.15 ± 2.09 a 59.00 ± 2.09 b 63.43 ± 2.85 a 63.29 ± 2.85 a 64.43 ± 2.85 a
Cu (mg/kg) 25.31 ± 2.13 a 30.00 ± 2.13 a 28.00 ± 2.13 a 28.14 ± 2.90 a 26.71 ± 2.90 a 34.57 ± 2.90 a
Zn (mg/kg) 73.23 ± 2.17 b 76.38 ± 2.17 bA 79.23 ± 2.17 a 74.00 ± 2.96 a 69.00 ± 2.96 aB 75.00 ± 2.96 a

6 MAF

Fe (g/kg) 29.42 ± 0.61 a 28.71 ± 0.61 a 27.63 ± 0.61 b 30.65 ± 0.83 a 28.39 ± 0.83 a 27.85 ± 0.83 b
Ni (mg/kg) 66.77 ± 2.09 a 66.08 ± 2.09 a 61.38 ± 2.09 b 68.71 ± 2.85 a 61.71 ± 2.85 a 62.43 ± 2.85 a
Cu (mg/kg) 28.15 ± 2.13 a 31.54 ± 2.13 a 31.08 ± 2.13 a 30.00 ± 2.90 a 27.71 ± 2.90 a 38.29 ± 2.90 a
Zn (mg/kg) 71.85 ± 2.17 a 69.54 ± 2.17 a 76.62 ± 2.17 a 77.29 ± 2.96 a 68.43 ± 2.96 b 78.57 ± 2.96 a

9 MAF

Fe (g/kg) 30.50 ± 0.61 a 28.72 ± 0.61 b 28.54 ± 0.61 c 30.68 ± 0.83 a 28.31 ± 0.83 b 29.24 ± 0.83 a
Ni (mg/kg) 65.00 ± 2.09 a 62.92 ± 2.09 a 62.85 ± 2.09 a 70.14 ± 2.85 a 65.14 ± 2.85 a 64.43 ± 2.85 a
Cu (mg/kg) 26.15 ± 2.13 b 32.15 ± 2.13 ab 30.85 ± 2.13 a 28.86 ± 2.90 b 28.86 ± 2.90 ab 37.29 ± 2.90 a
Zn (mg/kg) 72.00 ± 2.17 a 69.69 ± 2.17 a 73.31 ± 2.17 a 72.00 ± 2.96 a 67.00 ± 2.96 a 69.14 ± 2.96 a

12 MAF

Fe (g/kg) 27.82 ± 0.61 a 28.57 ± 0.61 a 27.5 ± 0.61 a 29.25 ± 0.83 a 26.70 ± 0.83 b 26.52 ± 0.83 c
Ni (mg/kg) 60.00 ± 2.09 b 65.38 ± 2.09 a 63.00 ± 2.09 b 66.71 ± 2.85 a 60.57 ± 2.85 a 61.29 ± 2.85 a
Cu (mg/kg) 27.46 ± 2.13 a 32.23 ± 2.13 a 28.54 ± 2.13 a 28.86 ± 2.90 a 25.14 ± 2.90 a 32.00 ± 2.90 a
Zn (mg/kg) 70.23 ± 2.17 b 72.77 ± 2.17 b 76.53 ± 2.17 aA 74.00 ± 2.96 a 67.00 ± 2.96 a 67.43 ± 2.96 aB

Abbreviations: C—Control; MS—Medium severity; HS—High severity; Q—Quercus pubescens Willd.; J—Juniperus
communis L.; MAF—Months after fire. Values represent the sampling means followed with standard deviation.
Different letters indicate significant (p < 0.05) differences between fire severity (lowercase letters) and vegetation
(uppercase letters).

Wildfires caused an increase in soil pH, EC, and soil CaCO3 content. Throughout the
study period, pH was significantly higher in HS and MS than in C. Soil samples collected
under Juniperus communis L. had significantly higher pH values than those collected under
Quercus pubescens Willd. (Table 2). Both MS -Q and HS -Q (collected under Quercus pubescens
Willd. Vegetation) had significantly higher values than C-Q throughout the monitoring
period, with the exception of 6 MAF, where a significant difference in pH was observed only
in the HS -Q samples (Table 3). There was no significant difference between C-J and MS -J
(taken under Juniperus communis L. vegetation) in 0 MAF and 12 MAF, while significantly
higher pH values were observed mainly in HS -J. The overall significantly higher pH values
in samples MS and HS persisted until 12 MAF (Table 3).

Soil samples collected under Quercus p. had significantly higher EC values than
samples collected under Juniperus c., but no significant differences in CaCO3 were observed
in samples from the two vegetation species (Table 2). Both EC and CaCO3 behaved
similarly and were significantly higher in HS than in MS and C samples at all sampling
times, regardless of the vegetation species under which they were taken (Table 3).

Overall, TOC, TN, and TS content were significantly higher in HS than in MS and C
samples collected during the study period and significantly lower in soil samples under
Juniperus c. than under Quercus p. (Table 2). Immediately after a wildfire, the higher content
of TOC, TN, and TS were evident in HS -Q samples compared to HS -J samples. One year
after a wildfire, both MS -Q and HS -Q had significantly higher TOC content than MS -J
and HS -J, respectively. Significantly higher TOC and TN content in soil samples under
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Quercus p. were observed in HS than in C during all sampling periods. Under Juniperus c.,
significantly higher content of TOC and TN values were observed in HS than in C at 9 MAF.
Furthermore, 6 MAF TOC and TN under Juniperus c. were significantly higher in HS than
in MS. Additionally, the overall increase in TOC and TN content was significant in HS -Q
and MS -Q compared to C-Q throughout the study period, while HS -J and MS -J showed a
slight relative increase compared to C-J; however, it was significant only at 6 and 9 MAF
(Table 3). In soil samples under Quercus p., a significantly higher TS content was observed
in HS compared to C 0, 6, and 9 MAF. Under Juniperus c., a significantly higher TS content
was observed in HS compared to C 6 MAF.

Furthermore, TK content was significantly lower in HS in the first 6 months after
a fire, while at 9 MAF, whereas it was significantly lower in both HS and MS than in C
9 months after fire (Table 3). No significant differences in TK content were observed in the
soil samples taken under different vegetation species (Table 2).

3.3. Soil Trace Elements

During the 12-month observation period, significantly lower Fe and Ni content was
observed in HS and MS than in C. HS showed significantly higher Cu and Zn content than
MS and C (Table 2). Zn content was significantly higher under Quercus p. (Table 2). Under
Quercus p., Fe content was significantly lower in HS than in C and MS during 0 to 9 MAF,
while under Juniperus c., on 6 and 12 MAF, Fe content was significantly lower in HS than in
MS and C. Moreover, the significant effect of fire severity on Ni content was found mainly
in Quercus p. on 3 and 6 MAF (Table 4). Ni concentrations were significantly lower in HS
than in MS and C (Table 2).

The significantly lower Cu content was observed at 0 and 9 MAF in C than at MS, which
was collected under both Quercus p. and Juniperus c. (Table 4). In addition, significantly
higher Zn content was observed under Quercus p. at 3 and 12 MAF in HS than in C and MS.
Among Juniperus c., at 6 MAF, significantly more Zn was seen in C and HS than in MS.

3.4. Multivariate Analysis

For each sample date, a matrix was constructed with three principal components,
with the corresponding proportion of variance explained by them, as well as the variables
with the highest loadings (Table 5). The relationship between PC1 and PC2 for each
corresponding sampling time is shown in Figure 3. The variables with the highest loadings
do not differ much between sampling dates. These are TOC, TN, and EC in PC1, which
explain 35 to 54% of the variance in all sampling dates, and Ni, Cu, Zn, and Fe in PC2, which
account for 17 to 24% of the total variance throughout the sampling period. The remainder
of 11 to 15% of the variance can be attributed to high pH, CaCO3, and TS loadings in PC3.

Table 5. Summary of the results of principal component analysis.

0 MAF 3 MAF 6 MAF 9 MAF 12 MAF
PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

Eigenvalue 2.38 1.38 1.19 2.25 1.58 1.30 2.43 1.38 1.12 2.18 1.61 1.14 1.96 1.59 1.29
Proportion
of variance 0.51 0.17 0.13 0.46 0.23 0.15 0.54 0.17 0.11 0.43 0.24 0.12 0.35 0.23 0.15

Cumulative
proportion 0.51 0.68 0.81 0.46 0.69 0.84 0.54 0.71 0.82 0.43 0.67 0.79 0.35 0.58 0.73

Eigenvectors
pH (−log[H+]) 0.269 0.257 −0.453 0.324 0.128 −0.441 0.308 0.232 −0.354 0.342 0.022 −0.499 0.295 0.196 −0.488

EC (µS/cm) 0.336 0.133 −0.191 0.399 0.075 −0.212 0.381 0.076 −0.041 0.405 0.051 −0.297 0.434 0.114 −0.195
CaCO3 (%) 0.328 0.132 −0.285 0.364 0.103 −0.318 0.302 0.226 −0.391 0.278 0.098 −0.411 0.273 0.182 −0.356

TOC (%) 0.370 0.018 0.308 0.380 0.049 0.355 0.366 −0.050 0.329 0.415 0.084 0.278 0.470 −0.021 0.240
TN (%) 0.384 0.036 0.293 0.382 0.078 0.332 0.360 −0.040 0.359 0.412 0.102 0.305 0.463 −0.045 0.272
TS (%) 0.363 0.070 0.341 0.180 0.229 0.533 0.328 0.033 0.264 0.329 0.210 0.323 0.291 −0.221 0.452

TK (g/kg) −0.325 0.232 0.110 −0.371 0.061 0.116 −0.340 0.017 0.104 −0.331 0.220 −0.206 −0.237 −0.216 0.040
Fe (g/kg) −0.331 0.349 0.117 −0.256 0.476 0.027 −0.299 0.404 0.228 −0.208 0.511 −0.009 −0.025 −0.586 −0.135

Ni (mg/kg) −0.231 0.495 0.090 −0.245 0.456 −0.036 −0.264 0.467 0.103 −0.164 0.477 −0.050 −0.011 −0.484 −0.316
Cu (mg/kg) 0.087 0.501 −0.371 −0.014 0.477 −0.308 0.070 0.496 −0.359 0.094 0.321 −0.343 0.073 −0.137 −0.372
Zn (mg/kg) 0.125 0.470 0.456 0.130 0.491 0.169 0.136 0.506 0.459 0.049 0.535 0.239 0.261 −0.470 −0.055

The loadings that significantly contribute to each principal component are shown in bold.
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The relationships between PC1 and PC2 shown in the graphs reveal that pH, EC,
CaCO3, TN, TS, and TOC are positively correlated and are most responsible for separating
the C, MS, and HS groups. In addition, the graph for 0 MAF shows that EC, CaCO3, TN,
TS, and TOC are inversely related to TK and Fe content, and while this relationship persists
at 12 MAF, it is less pronounced for Fe.
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4. Discussion
4.1. Basic Chemical Properties

Soil pH values were significantly higher on both MS and HS than on C taken under
both vegetation species during the entire study period. The observed increase was due to
the combustion of above-ground organic matter, which produced large quantities of ash
containing base cations [28,29,34], and to the loss of hydroxyl groups (-OH) and organic
acids during the oxidation process of burning [35]. At 12 MAF, the observed pH values
were still significantly higher at MS and HS than at C, which was consistent with previous
studies that reported high pH values one year [1,36] and up to two years post-fire [37,38].
Higher pH in Juniperus c. samples was consistent with a study by Huang et al. [39] that
found a relationship between increasing SOM content and a decrease in pH due to the
release of organic acids following SOM decomposition. In this study, Juniperus c. samples
had lower TOC contents and consequently higher pH values.

Higher levels of EC and CaCO3 content were also observed in burned areas. However,
significantly higher values were only observed in HS, while MS was not significantly
different from C. High values of EC and CaCO3 in HS soil samples observed under both
vegetation species and throughout the study period might have resulted from the burning
of organic matter, which produced high levels of inorganic ions [40]. However, many
authors reported increased EC to be ephemeral and recorded its recovery to pre-fire levels
within a year, i.e., 8 months [41] and 12 months post-fire [37]. In this study, the increased
EC values 12 MAF persisted in HS samples, although they began to show signs of decline,
possibly due to the effects of rainfall, ion leaching [42], or nutrient uptake by plants [43].
High EC values 6 MAF could be related to the overall slower recovery of vegetation in HS
compared to MS, considering that EC is a measure of soil salinity that negatively affects
plant germination [44]. The absence of vegetation recovery in HS was observed in the first
6 months, and recovery began to be visible after 9 months (both vegetation types), although
some sites remained without significant vegetation growth after this time.

The initial increase in CaCO3 content, especially at 3 and 6 MAF, showed a declining
trend at 12 MAF in HS. This could be attributed to the alkaline oxides in the ash reacting
with atmospheric CO2 and water vapour, resulting in the formation of soluble hydroxides
and carbonates in the soil [45,46]. Moreover, Goforth et al. [46] observed that white ash
originating from completely combusted organic matter contained more alkaline oxides
available to form carbonates, supporting the significantly higher content found in this
study in HS areas.

In this study, there was a significant increase in TOC content in the HS soil samples
compared to MS and C, and no change in MS compared to the C samples throughout the
study period. The higher TOC content in the samples from HS could be caused by residual
ash and charred residue after the combustion of organic matter incorporated within the soil.
Namely, the combustion of organic material leads to the formation of aromatic compounds
that may be more recalcitrant to decomposition [47], which could explain the increase in
TOC in HS. These findings coincide with a study by Muráňová and Šimanský [48], who
observed a 24% increase in SOM in high-severity fires.

The more pronounced increase in TOC content in burned Quercus p. compared to
burned Juniperus c. area could be related to the greater overall amount of biomass in
Quercus p. vegetation (i.e., fuel) available for combustion and subsequent incorporation into
the soil, as well as the different nutrient composition of the two vegetation species [49]. This
assumption stems from the fact that the interaction between fire severity and vegetation
factor was not significant, implying that further research is needed to determine the reasons
for this discrepancy.

Nevertheless, the higher content of soil nutrients in the form of TOC and TN in MS -Q
and HS -Q compared to MS -J and HS -J suggested that the wildfire caused an increase
that was beneficial for the regrowth and development of Quercus p. seedlings that began to
grow in the spring after the fire (9 MAF).
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Similar to TOC and TN content, significantly higher TS content was found in the HS
samples compared to the MS and C samples, and the increase was equally pronounced
in both vegetation species. The TS content returned to pre-fire levels after 12 months,
which is in agreement with a study by Kong et al. [50] that observed an initial increase
in this soil nutrient and its rapid recovery to pre-fire levels. Although the increase was
evident, the seasonality of TS content appeared to remain relatively unchanged during the
monitoring period and was highest in 9 MAFs at both C and MS and HS, most likely due to
accelerated mineralization at higher temperatures and plant uptake rather than the effects
of a wildfire [51].

The content of TK was the only soil property that decreased 0 MAF in both MS and
HS. However, this change appears to be temporary because 12 MAF content in MS and
HS did not differ from that of unburned soils. Caon et al. [52], Litton and Santelices [53],
Simelton [53], Úbeda et al. [54], and Xue et al. [36] reported a continuous decrease in total
and exchangeable potassium in the time-since-fire period. The decrease observed in this
study could have further been caused by the above-average rainfall in November and
December 2019 (Figure 2), which resulted in consistent depletion of potassium through
leaching and plant uptake [55].

4.2. Soil Trace Elements

After the wildfire, a decrease in Fe and Ni content was observed in MS and HS.
In general, the main source of these elements is mineral soil [15,55]. However, under
favourable pH conditions (between 6.5 and 7.5), Fe and Ni form complexes with organic
acids in the SOM [56,57], and it is possible that these compounds volatilised as a result of
the high wildfire temperatures. A similar observation was made by Delač et al. [58], who
found significantly lower Fe content in the post-fire period in burned areas due to leaching
and plant consumption. Furthermore, source rocks containing crystallised Fe oxides are
also known to contain certain amounts of Ni [59], and this is why they are highly correlated
throughout the study period (Figure 3). Santorufo et al. [60] and Fernández et al. [61] also
observed a decrease in Fe and Ni during the post-fire period.

A significant increase in Cu and Zn content was observed in the soil samples from
HS, while it was not significant in MS compared to C throughout the study period. These
results could be explained by the fact that, in addition to mineral soil, biomass is an
important source of Cu and Zn in the soil [15,56], so the ash incorporated into the soil
after the combustion of vegetation most likely increased the content of these elements
in the topsoil of HS. Notably, in the samples from HS, the entire canopy was burned,
and no leaves were left on the branches of the burned trees, while in MS, some leaves
remained untouched by the fire, which meant that quantitatively not as much ash reached
the soil surface. Additionally, ash from lower severity fires contain a greater amount of
incompletely combusted material and thus more organic compounds [62], which could
have led to the formation of complex ligands that affect the bioavailability and mobility of
Zn and Cu in the soil. This is most likely the reason why the effects of a medium wildfire
severity are less pronounced throughout the study period. Mitic et al. [63] also found that
Zn and Cu levels increased after a fire.

Moreover, at this stage, we can rule out the possibility that elevated concentrations
of trace elements Cu, Ni, and Zn in the studied soils are an environmental problem.
According to the Croatian legislation [64], the maximum permissible levels for pollutants
in agricultural soils in Croatia are 150, 75, and 200 mg/kg for Cu, Ni, and Zn, respectively.
Although this legislation concerns agricultural soils, it is the only available reference to
determine whether the concentrations are likely to cause environmental damage. The
established limits were not exceeded even in the immediate post-fire period. Only the Ni
content was found to be borderline problematic at the beginning of the sampling campaign
in August 2019. However, the elevated concentrations were found in both unburned and
burned soil, suggesting that other external factors were the cause of this occurrence. Further
studies are needed to confirm that other factors may have compromised soil health, as
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these metals can be involved in a number of complex chemical and biological interactions
that are beyond the scope of this investigation.

4.3. Interrelations between Properties

PCA analysis revealed similar relationships between soil properties in PC1 and PC2
in all 5 sampling intervals (Figure 3) and identified pH, EC, CaCO3, TOC, TN, and TS as
the group of variables most affected by wildfire severity. These properties were inversely
related to TK throughout the study period. This indicates that the former increased and
the latter decreased after a wildfire. Additionally, Fe was also inversely related to the first
group 0 MAF, suggesting that it was the trace element most affected by the fire, although
this relationship decreased with time. Furthermore, PCA analysis identified the highly
correlated Fe and Ni from parent rock and Cu and Zn from biomass as two separate groups
of variables that were less affected by the wildfire. As expected, the greater impact of HS
compared to MS is most evident at 0 MAF. At 9 MAF, the difference between HS and MS is
least pronounced, likely due to intense vegetation recovery in the spring. The simultaneous
recovery of vegetation and soil properties was also observed by Muñoz-Rojas et al. [42].
Previous studies also observed the correlated relationships between pH, EC, TN, and TOC
in burned soils and concluded that soil system recovery could take years [12,58,65].

4.4. Implications for Soil Management

Mediterranean ecosystems are adapted to wildfire, so in many situations, there is no
need for post-fire management activities [28]. In areas more susceptible to soil degradation,
such as hillsides, post-fire management is desirable [66] but not often used. Most post-fire
management practices include mulching to reduce soil runoff and erosion on slopes or
adding organic amendments to help soil nutrient recovery [67]. Other practices include
afforestation and seeding, salvage logging, erosion barriers, or soil preparation. None of
the above practices has been tested under current conditions. However, given the soil
conditions and visual observations, it is important to mention that the rapid growth of
vegetation in the study area in spring 2020 (9 MAF) indicates continued ecosystem recovery.
The recuperation could be further supported by the fact that the wildfire occurred in an
area with well-developed Cambisols, which are characterised by favourable aggregate
structure and high content of weatherable minerals [27] that provide the nutrients needed
for resprouting. This suggests that this Mediterranean locality is well adapted to wildfires.
Moreover, nutrient-rich soil and no risk of erosion by water support the “leave as-is”
recommendation in this area. However, considering that forest managers typically conduct
post-fire restoration activities such as salvage logging, burned tree removal, tillage, and
reforestation, the vegetation used as a factor in this study could be useful for conducting
future activities in a similar setting. The greater soil disturbance observed at HS compared
to MS appears to depend on vegetation composition and should be considered in post-fire
management. Although not directly measured, the authors visually observed vigorous new
sprouting of Quercus p. in the spring after wildfire (9 MAF), while Juniperus c. exhibited
low intensity of new sprouting, especially in HS. Therefore, in the case of reforestation
of the study area, the results suggest that Quercus p. would be more suitable because the
soil under Quercus p. had higher TOC and TN content, especially in HS, compared to
Juniperus c. As both carbon and nitrogen are essential for plant growth and development,
in the event of future fire occurrence, the higher soil TOC and TN content would provide
the essential nutrients for faster vegetation recovery.

Vegetation was shown in this study to be an important factor controlling soil quality
after a fire and should be taken into consideration for future management activities.

5. Conclusions

The studied wildfire had a disturbing impact on the soil, especially in the HS treatment.
Significantly higher levels of soil pH, EC and CaCO3, TOC, TN, Cu, and Zn content were
observed throughout the study period, especially in HS, most likely due to the slow
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recovery of vegetation. TOC and TN content were higher under Quercus pubescens Willd.
than under Juniperus communis L., especially during the first three months, which may be
attributed to the overall higher initial fuel quantity of the former. Moreover, the increase in
Cu and Zn content in HS was due to the complete canopy combustion.

Under Juniperus c., TOC and TN content at HS returned to pre-fire levels 12 MAF,
while the persistently higher levels at HS under Quercus p. may be due to the higher
biomass and higher wildfire resistance of Quercus p. species. Elevated soil pH, EC, and
CaCO3 content persisted in both HS -J and HS -Q 1 year after a fire, indicating that more
than 12 months are required for soil system recovery. Multivariate analysis showed a
positive correlation between pH, EC, CaCO3, TOC, TN, and TS content and identified them
as most affected by wildfire severity. The difference between the HS and MS categories
was less visible 9 and 12 MAF, indicating that recovery of the soil system was underway.
The differences in soil disturbance under HS and MS depend on vegetation composition
and suggest that this factor should be imperatively considered in post-fire management.
Namely, the higher TOC and TN content observed in Quercus p., especially in HS, suggests
that this deciduous species is a more suitable choice for reforestation than the coniferous
Juniperus c. However, the differences in the properties studied among vegetation types
and their evolution over time suggest that further research on the recovery process of soil
properties is recommended to understand the mechanisms of long-term soil recovery better.
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48. Muráňová, K.; Šimanský, V. The effect of different severity of fire on soil organic matter and aggregates stability. Acta Fytotech.

Zootech. 2015, 18, 1–5. [CrossRef]
49. Iglesias, T.; Cala, V.; Gonzalez, J. Mineralogical and Chemical Modifications in Soils Affected by a Forest Fire in the Mediterranean

Area. Sci. Total Environ. 1997, 204, 89–96. [CrossRef]
50. Kong, J.; Yang, J.; Bai, E. Long-Term Effects of Wildfire on Available Soil Nutrient Composition and Stoichiometry in a Chinese

Boreal Forest. Sci. Total Environ. 2018, 642, 1353–1361. [CrossRef] [PubMed]
51. Williams, C. Seasonal Fluctuations in Mineral Sulphur under Subterranean Clover Pasture in Southern New South Wales. Soil

Res. 1968, 6, 131. [CrossRef]
52. Caon, L.; Vallejo, V.R.; Ritsema, C.J.; Geissen, V. Effects of Wildfire on Soil Nutrients in Mediterranean Ecosystems. Earth Sci. Rev.

2014, 139, 47–58. [CrossRef]
53. Simelton, E. Texture and Nutrient Status in the Topsoil Six Years after Low and High Intensity Wildfires, NE Catalonia, Spain.

Ph.D. Thesis, Earth Sciences Centre, Göteborg University, Gothenburg, Sweden, 2001.
54. Úbeda, X.; Bernia, S.; Simelton, E. Chapter 6 The Long-Term Effects on Soil Properties from a Forest Fire of Varying Intensity in a

Mediterranean Environment. In Developments in Earth Surface Processes; Elsevier: Amsterdam, The Netherlands, 2005; Volume 7,
pp. 87–102. ISBN 978-0-444-52084-5.

55. Lasanta, T.; Cerdà, A. Long-Term Erosional Responses after Fire in the Central Spanish Pyrenees. Catena 2005, 60, 81–100.
[CrossRef]

56. Burton, C.A.; Hoefen, T.M.; Plumlee, G.S.; Baumberger, K.L.; Backlin, A.R.; Gallegos, E.; Fisher, R.N. Trace Elements in Stormflow,
Ash, and Burned Soil Following the 2009 Station Fire in Southern California. PLoS ONE 2016, 11, e0153372. [CrossRef]

57. Mellis, E.V.; Cruz, M.C.P.d.; Casagrande, J.C. Nickel Adsorption by Soils in Relation to pH, Organic Matter, and Iron Oxides. Sci.
Agric. 2004, 61, 190–195. [CrossRef]

58. Delač, D.; Kisić, I.; Bogunović, I.; Pereira, P. Temporal Impacts of Pile Burning on Vegetation Regrowth and Soil Properties in a
Mediterranean Environment (Croatia). Sci. Total Environ. 2021, 799, 149318. [CrossRef]

59. Massoura, S.T.; Echevarria, G.; Becquer, T.; Ghanbaja, J.; Leclerc-Cessac, E.; Morel, J.-L. Control of Nickel Availability by Nickel
Bearing Minerals in Natural and Anthropogenic Soils. Geoderma 2006, 136, 28–37. [CrossRef]

60. Santorufo, L.; Memoli, V.; Panico, S.C.; Santini, G.; Barile, R.; Di Natale, G.; Trifuoggi, M.; De Marco, A.; Maisto, G. Early Post-Fire
Changes in Properties of Andosols within a Mediterranean Area. Geoderma 2021, 394, 115016. [CrossRef]

61. Fernández, I.; Cabaneiro, A.; Carballas, T. Organic Matter Changes Immediately after a Wildfire in an Atlantic Forest Soil and
Comparison with Laboratory Soil Heating. Soil Biol. Biochem. 1997, 29, 1–11. [CrossRef]

62. Pereira, P.; Jordán, A.; Cerdà, A.; Martin, D. Editorial: The role of ash in fire-affected ecosystems. Catena 2014, 135, 337–339.
[CrossRef]
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