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Abstract: Mediterranean regions are the most impacted by fire in Europe. The effects of fire on soil
greatly vary according to several factors such as vegetation cover type, but they are scarcely studied.
Therefore, this research aimed at evaluating the combined impacts of fire and vegetation on single
soil characteristics and on the overall soil quality and functionality through two soil quality indices,
simple additive (SQI) and a weighted function (SQIFUNCT). In order to reach the aims, burnt and
unburnt soils were collected under different vegetation cover types (herbs and shrubs, black locust,
pine and holm oak) within the Vesuvius National Park. The soils were analyzed for the main abiotic
(water and organic matter content, total C, N, Ca, K, Cu and Pb concentrations, C/N ratio) and biotic
(microbial and fungal biomasses, basal respiration, β-glucosidase activity) characteristics. On the
basis of the investigated soil characteristics, several soil functions (water retention, nutrient supply,
contamination content, microorganism habitat and activities), and the soil quality indices were
calculated. The results showed that the impact of fire on soil quality and functionality was mediated
by the vegetation cover type. In fact, fire occurrence led to a decrease in water and C/N ratio under
herbs, a decrease in C concentration under holm oak and a decrease in Cu and Pb concentrations
under pine. Although the soil characteristics showed significant changes according to vegetation
cover types and fire occurrence, both the additive and weighted function soil quality indices did
not significantly vary according to both fire occurrence and the vegetation cover type. Among the
different vegetation cover types, pine was the most impacted one.

Keywords: volcanic soil; quality index; soil characteristics; plant diversity; fire impact; ecosys-
tem functions

1. Introduction

Over the last decades, wildfires have burnt an average of about 4500 km2 in the
Mediterranean regions of Europe. Wildfires were particularly severe in 2017, a year
characterized by an intense heatwave coupled with a severe drought. Fires were partic-
ularly severe in southern Europe, causing extensive economic and ecological damages
(i.e., biodiversity loss, carbon sequestration and raw material provisioning) and human
casualties [1,2].
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The dynamics of fire regimes in Southern Europe are driven by both natural and
human factors, such as seasonal aridity, wind intensity, land cover heterogeneity, rural area
abandonment, forest management practices and tourism [3]. In Mediterranean regions, the
diversified landscapes and associated vegetation, ranging from trees (i.e., pines and oaks)
to shrubs and herbs, particularly influence the fire regimes [4]. In addition, several invasive
species have colonized Mediterranean regions [5], which represents a further element of
complexity. In these diversified mosaics of vegetation, the impacts (in terms of spread
and intensity) of fire are contrasting and difficult to predict, as they are mediated by the
quantity and characteristics of plant fuel. In fact, plant species composition may influence
the characteristics of fires, creating feedbacks that could lead to alternate woody-dominated
and herb-dominated states [6].

Several studies have highlighted the impacts of fire on soil characteristics. The im-
mediate and direct effects of fire are usually short-term and are restricted to the first few
centimeters of the topsoil [7]. The indirect influence of fire in rangelands is the partial or to-
tal loss of plant and litter biomass, as well as changes in plant community composition and
structure [8]. High temperatures, combustion of plant material, reactions of vaporization
and condensation cause significant changes in important soil characteristics, modifying
soil pH and nutrient cycles, altering the amount of organic matter, reducing the water
availability, with consequences on soil organisms and activities [9–11]. In addition, the
impacts of fires on soil characteristics can vary according to the vegetation cover type. For
example, after fire occurrence, loss of nutrients is faster under herbs whereas soil water
repellence is greater under tree species [12,13]. However, the combined effects of vegetation
cover type and fire on soil characteristics and functions are poorly understood.

Although the effects of fire on a single soil factor have been widely studied, those
on the overall soil quality are scarce, particularly in the Mediterranean area. Soil quality
represents “the capacity of a soil to function, within ecosystem and land use boundaries,
to sustain productivity, maintain environmental quality, and promote plant and animal
health” [14,15]. Soil quality indices are useful as they integrate several soil characteristics
into a single value and are more effective than a single characteristic in defining the
soil disturbances.

With this framework, the research objectives were to: (i) evaluate the impact of fire and
vegetation and their interaction on single soil; (ii) use a simple additive method (SQI) and a
weighted additive method (SQIFUNCT) to evaluate the overall soil quality and functionality;
(iii) highlight which among the studied vegetation cover types mitigated or enhanced the
fire impact. Starting from a previous study [16], where no impacts of fire on soil quality
index (SQI) were highlighted, the present research hypothesizes that soil quality indexes
calculated by considering different functions (SQIFUNCT) could be more informative than
the SQI. Moreover, the SQIFUNCT could also highlight different fire impacts on the quality
of soils under the studied vegetation cover types.

In order to achieve the aims, burnt and unburnt soils were collected under different
vegetation cover types (herbs and shrubs, black locust, pine and holm oak) within the
Vesuvius National Park. The soils were analyzed for the main abiotic characteristics and
several soil functions.

2. Materials and Methods
2.1. Study Area

The study area is located at 12 km SE far from Naples, inside the Vesuvius National
Park (Campania, Italy). The Vesuvius National Park, established in 1995, covers an area of
8482 ha and contains the original volcano, Mt. Somma (geographic coordinates: 40◦50′14′′

N–14◦25′41′′ E; maximum height: 1132 m a.s.l.) and Mt. Vesuvius (coordinates: 40◦49′17′′

N–14◦25′32′′ E; maximum height: 1281 m a.s.l.), originated from the 79 A.D. eruption. In
June 2017, the Vesuvius National Park was affected by a severe fire [14] that caused the loss
of more than 50% (approximately 3000 ha) of the existing plant cover [17]. Before the fire,
the different areas inside the National Park were dominated by holm oaks (Quercus ilex L.),
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pines (Pinus pinea L., Pinus nigra L.), herbs and shrubs (such as Myrtus communis L., Laurus
nobilis L., Viburnum tinus L., Cistus sp., Ginesta sp.) [18]. Additionally, few individuals of
black locust (Robinia pseudoacacia L.), an invasive species, were randomly associated with
the dominant species [5].

The Vesuvius mountain is characterized by Mediterranean climatic conditions with
dry summers and rainy autumns and winters (mean annual temperature: 13.2 ◦C; annual
precipitation: 960 mm, data from the reports of the Osservatorio Vesuviano).

2.2. Soil Sampling

The soils of the Vesuvius National Park show a silty-clay texture [19] and are classified
as Lepti-Vitric Andosols [20]. The surface soils were sampled at 24 sites in June 2018,
October 2018, February 2019 and May 2019 for a total of 96 soil samples. The sampling was
performed within two consecutive days and after seven days without rainfall to minimize
climatic variability. The 24 sites (approximately 400 m2 each) were equally divided into
four different vegetation cover types: herbs and shrubs (H), black locust (BL), pines (P) and
holm oak (HO). Within each vegetation cover type, three sites (affected by the same fire
intensity) were collected in burnt (B) and three in unburnt (UB) areas. At each site, eight
soil cores (0–10 cm deep, 0–5 cm diameter), after removing the ash and the thin layer of
litter at the burnt sites and the deeper layer of litter at the unburnt sites, were collected and
mixed together in order to obtain a homogeneous sample. The soil samples were put into
sterile flasks and transported on ice to the laboratory [11,21].

2.3. Soil Chemical Analyses

In the laboratory, the soil samples were sieved (<2 mm) and analyzed for water and or-
ganic matter contents as well as for the total C and N contents. Soil water content (WC) was
determined gravimetrically by drying fresh soil at 105 ◦C until reaching constant weight
(approximately, 48–72 h); organic matter content (OM) was calculated multiplying by 1.724
the Corg [22] that was measured by Elemental analyzer (Thermo Finnigan, CNS Analyzer)
on dried and pulverized (Fritsch Analysette Spartan 3 Pulverisette 0) samples (5 mg d.w.),
previously saturated with HCl (10%, v:v); total carbon and nitrogen concentrations were
determined by Elemental analyzer on dried and pulverized samples.

Total Ca, Cu, K and Pb concentrations were measured in oven-dried (75 ◦C) and
pulverized soil samples, previously digested by hydrofluoric acid (50%) and nitric acid
(65%) at a ratio of 1:2 (v:v) in a microwave oven (Milestone-Digestion/Drying Module mls
1200). The element concentrations in the digests were measured by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS Aurora M90, Bruker). The accuracy of Ca, Cu, K
and Pb measurements was checked by concurrent analysis of standard reference material
(BCR CRM 142R—Commission of the European Communities, 1994). The overall element
recovery ranged from 80–120% for all the investigated soil samples.

All the above-described procedural steps were performed on three subsamples from
each previously mixed sample.

2.4. Soil Biological Analyses

The microbial biomass (MB) was evaluated by SIR, the substrate-induced respiration
method [23]. CO2 evolution from the soil after the addition of 2 mL of a D-glucose solution
(75 mM) and incubation in sealed vials (30 mL) for 4 h at 25 ◦C in the darkness was
measured through an infrared gas analyzer (Model LI6262, LI-COR, Lincoln, NE, USA).
The fungal biomass (FB) was evaluated, after staining with aniline blue, through the
membrane filter technique [24] determining hypha length with an optical microscope
(Optika, B-252) by the intersection method [25].

Basal respiration (Resp) was estimated as CO2 evolution from the samples at 55% of
water holding capacity after incubation in tight containers for 10 days at 25 ◦C by NaOH
absorption followed by two-phase titration with HCl [26].
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β-glucosidase activity (β-glu) was determined by adding 4 mL of modified universal
buffer (MUB) pH 6 and 1 mL of 0.025 M p-nitrophenyl β-D-glucopyranoside (PNP) to
1 g of soil. The mixture was then incubated at 37 ◦C for 1 h, after which the enzymatic
reaction was stopped by cooling on ice for 15 min. Then, 1 mL of 0.5 M CaCl2 and 4 mL of
0.1 M tris-hydroxymethilaminomethane-sodium hydroxide (THAM-NaOH) pH 12 was
added. In the control, the substrate was added before the addition of CaCl2 and NaOH.
The absorbance of the supernatant was measured at 420 nm and the results were expressed
as mmol of PNP produced for 1 g of dry soil in 1 min [27,28]. The results were, respectively,
expressed as mmol of fluorescein (FDA) and triphenylformazan (TPF) produced in 1 min
for 1 g of dried soil.

Microbial and fungal biomasses, basal respiration and
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water partitioning and nutrient availability. On the contrary, the less is better criterion was
applied to total trace metal (Cu and Pb) concentrations because their high concentration
is potentially toxic for soil organisms, according to Marzaioli et al. [30]. Cu and Pb were
chosen as markers of contamination as documented in previous research performed inside
the Vesuvius National Park [18,31]. Regarding the C/N threshold value, the optimal range
was identified between 9 and 11, thus scores were assigned by considering the more is better
criterion for the values between 9 and 11 and the less is better criterion for the values <9
and >11.

For each site, the SQI was calculated, summing the parameter scores and dividing for
the number of parameters, as reported by Andrews et al. [32]:

SQI =
n

∑
i=1

Si
n

where SQI is the soil quality index, S is the score assigned to each parameter and n is the
number of the investigated parameters.

2.5.2. SQI Calculated for Water Retention (SQIWR), Nutrient Supply (SQINS),
Contamination (SQIC), Microorganism Habitat (SQIMH) and Microorganism Activity
(SQIMA) Functions

In this approach, the aforementioned 13 soil characteristics, scored 0 to 1 as above
described, were grouped into the following five categories (Table 1) that express crucial soil
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functions: water retention (WR), nutrient supply (NS), contamination (C), microorganism
habitat (MH) and activity (MA). The SQIs of functions were ranked from 0 to 1, respectively
reflecting low and high quality. Within each function, the soil characteristics were weighted
and their values were summed up to 1 [33]. The value of each function was expressed as
the arithmetic average of the values of the descriptors included in that category. Use of the
arithmetic average assumes equal importance of each characteristic in the soil [34].

Table 1. Weights assigned to each investigated soil characteristic grouped in the five considered
soil functions.

Soil Function Soil Characteristics Weight (A)

Water retention
Water content 0.5

Organic matter content 0.5

Nutrient Supply

Total C 0.25

Total N 0.25

Total Ca 0.25

Total K 0.25

Contamination
Total Cu 0.5

Total Pb 0.5

Microorganism habitat
Microbial biomass 0.5

Fungal biomass 0.5

Microorganism activity
Respiration 0.33
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-glu activity 0.33

C/N 0.34

2.5.3. SQI Calculated as Weighted Functions (SQIFUNCT)

The SQIs calculated for each function were integrated into a single index (SQIFUNCT) by
calculating their arithmetic average, which assumes equal importance of each function [34].
The SQIFUNCT was calculated as follows:

SQIFUNCT = (0.2 × SQIWR) + (0.2 × SQINS) + (0.2 × SQIC) + (0.2 × SQIMH) + (0.2 × SQIMA)

2.6. Statistical Analyses

As the investigated soil characteristics and the SQI did not match the basic assump-
tions of normality and homoscedasticity required for parametric statistics, the Wilk–Shapiro
test (for α = 0.05; n = 96) and the Wilcoxon test (for α = 0.05; n = 96) were performed to
evaluate the differences in each investigated soil characteristics and SQIs between burnt (B)
and unburnt (UB) sites, and the Kruskal–Wallis Rank-Sum test (for α = 0.05; n = 96) with
Bonferonni adjustment was performed to compare the differences in each investigated soil
characteristic and SQI among the different vegetation cover types.

In order to exclude the influence of the sampling time and to highlight the direct
influences of vegetation and fire and their interactions on soil characteristics (WC, OM,
total C and N concentrations, C/N, total Ca, K, Cu and Pb concentrations, MB, FB, Resp,
β-glu activity) and on soil quality indices and functions (SQI, SQIWR, SQINS, SQICC, SQIMH,
SQIMA and SQIFUNCT) linear mixed effect models (LME) were used. For each soil charac-
teristic and index, the influence of vegetation and fire, considered as fixed effects, and of
sampling time, considered as a random effect, was calculated using restricted maximum
likelihood (REML) for better estimation of the variance components for the present dataset.
The significant impacts and interactions among vegetation, fire and sampling time on
soil characteristics and indices were calculated with the comparison of models, using the
likelihood ratio test with the Anova function (for a = 0.05).
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The R 3.6.2 programming environment (R Development Core Team) was used to
perform the statistical analyses and the linear mixed effect models (lme4 package). The
graphs were created by SigmaPlot12 software (Jandel Scientific, San Rafael, CA, USA).

3. Results
3.1. Soil Abiotic and Biotic Characteristics

At unburnt sites, the soil characteristics ranged widely among different vegetation
cover types. In particular, water content and C concentrations, respectively, ranged from 9
to 35% d.w. and from 2.6 to 9.5% d.w. with values significantly higher in soils under holm
oak (Table 2). The organic matter content and N concentrations, respectively, ranged from
3 to 12% d.w. and from 0.2 to 0.7% d.w. with values significantly higher in soils under
holm oak and black locust (Table 2). Soil C/N ratios ranged from 10 to 15 and did not show
any significant differences among the vegetation cover types (Table 2). Total Ca, K, Cu and
Pb concentrations slightly varied in soils, and no significant differences occurred among
the vegetation cover types (Table 2). Microbial and fungal biomasses, respectively, ranged
from 0.9 to 2.1 mg C g−1 d.w. and from 0.4 to 1.2 mg g−1 d.w. with values significantly
higher in soil under holm oak (Table 3). The basal respiration ranged from 1.7 to 6.7 mg
CO2 g−1 d.w. and
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Table 2. Mean values (±st. err.) of water (WC, expresses as % d.w.) and organic matter contents (OM, expresses as % d.w.),
C and N concentrations (expressed as % d.w.), C/N ratios, total concentrations of Ca, K, Cu and Pb (expressed as mg g−1

d.w.) measured under different vegetation cover types (herbs, Black locust, pine and Holm oak) in unburnt (UB) and burnt
(B) soils collected at the Vesuvius National Park.

Vegetation
Cover Type Fire WC OM C N C/N Ca K Cu Pb

Herbs
UB 11.9 B

(±3.74)
3.08 B

(±0.94)
2.79 B

(±0.97)
0.27 B

(±0.07)
14.9 A

(±2.23)
57.9 A

(±12.1)
31.7 A

(±5.06)
0.07 A

(±0.01)
0.05 A

(±0.01)

B 5.34 c *
(±1.35)

4.99 b
(±1.61)

1.24 c
(±0.48)

0.14 b
(±0.02)

7.89 b *
(±1.89)

52.6 a
(±12.5)

36.1 a
(±8.14)

0.11 a
(±0.03)

0.05 a
(±0.01)

Black
locust

UB 10.0 B
(±2.23)

8.12 A
(±1.44)

3.35 B
(±0.64)

0.67 A
(±0.34)

9.98 A
(±1.68)

59.6 A
(±12.5)

28.2 A
(±4.75)

0.11 A
(±0.03)

0.05 A
(±0.01)

B 8.96 bc
(±1.73)

8.30 a
(±1.32)

5.43 a
(±1.34)

0.73 a
(±0.24)

9.31 b
(±1.14)

51.3 a
(±10.9)

28.3 a
(±3.80)

0.08 a
(±0.01)

0.04 a
(±0.01)

Pine
UB 11.5 B

(±2.20)
5.27 B

(±0.80)
2.61 B

(±0.26)
0.21 B

(±0.01)
12.4 A

(±1.07)
63.9 A

(±18.1)
27.6 A

(±7.03)
0.08 A *
(±0.02)

0.04 A *
(±0.01)

B 11.2 b
(±1.61)

5.30 b
(±0.63)

3.08 b
(±0.26)

0.19 b
(±0.02)

16.4 a
(±2.55)

61.9 a
(±11.0)

24.5 a
(±3.24)

0.02 b
(<0.01)

0.01 b
(<0.01)

Holm oak
UB 34.8 A

(±4.36)
12.1 A

(±1.86)
9.47 A

(±1.31)
0.61 A

(±0.09)
12.6 A

(±1.42)
57.9 A

(±10.8)
30.5 A

(±3.79)
0.07 A

(±0.01)
0.07 A

(±0.01)

B 25.1 a
(±4.12)

10.4 a
(±2.11)

5.69 a *
(±1.12)

0.39 ab
(±0.04)

12.1 ab
(±2.70)

69.3 a
(±16.6)

30.4 a
(±5.65)

0.07 a
(±0.02)

0.06 a
(±0.01)

* p < 0.5. Different capital and small letters indicate significant differences (at least, p < 0.05, Kruskal–Wallis test) in soil characteristics
among vegetation cover types, respectively, at unburnt and burnt sites. Asterisks indicate statistically significant differences (at least,
p < 0.05, Wilcoxon test) in soil characteristics between unburnt and burnt sites covered by the same vegetation cover type.

Table 3. Mean values (±st. err.) of microbial biomass (MB, expressed as mg C g−1 d.w.), fungal biomass (FB, expressed
as mg g−1 d.w.), basal respiration (Resp, expressed as mg CO2 g−1 d.w.) and
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-glucosidase activity (β-glu, expressed as
mmol PNP min−1 g−1 d.w.) measured under different vegetation cover types (herbs, Black locust, pine and Holm oak) in
unburnt (UB) and burnt (B) soils collected at the Vesuvius.

Vegetation Fire MB FB Resp

Int. J. Environ. Res. Public Health 2021, 18, 5926 4 of 15 

2.4. Soil Biological Analyses 
The microbial biomass (MB) was evaluated by SIR, the substrate-induced respiration 

method [23]. CO2 evolution from the soil after the addition of 2 mL of a D-glucose solution 
(75 mM) and incubation in sealed vials (30 mL) for 4 h at 25 °C in the darkness was meas-
ured through an infrared gas analyzer (Model LI6262, LI-COR, Lincoln, NE, USA). The 
fungal biomass (FB) was evaluated, after staining with aniline blue, through the mem-
brane filter technique [24] determining hypha length with an optical microscope (Optika, 
B-252) by the intersection method [25].

Basal respiration (Resp) was estimated as CO2 evolution from the samples at 55% of 
water holding capacity after incubation in tight containers for 10 days at 25 °C by NaOH 
absorption followed by two-phase titration with HCl [26]. 

β-glucosidase activity (β-glu) was determined by adding 4 mL of modified universal 
buffer (MUB) pH 6 and 1 mL of 0.025 M p-nitrophenyl β-D-glucopyranoside (PNP) to 1 g 
of soil. The mixture was then incubated at 37 °C for 1 h, after which the enzymatic reaction 
was stopped by cooling on ice for 15 min. Then, 1 mL of 0.5M CaCl2 and 4 mL of 0.1M tris-
hydroxymethilaminomethane-sodium hydroxide (THAM-NaOH) pH 12 was added. In 
the control, the substrate was added before the addition of CaCl2 and NaOH. The absorb-
ance of the supernatant was measured at 420 nm and the results were expressed as mmol 
of PNP produced for 1 g of dry soil in 1 min [27,28]. The results were, respectively, ex-
pressed as mmol of fluorescein (FDA) and triphenylformazan (TPF) produced in 1 min 
for 1 g of dried soil. 

Microbial and fungal biomasses, basal respiration and ♌-glucosidase activity were 
performed on soil samples stored at 4 °C within three days of the soil sampling. All the 
above-described procedural steps were performed on three subsamples from each previ-
ously mixed sample. 

2.5. Soil Quality Index Calculations 
All the SQI methods involved a set of 96 soil samples and of 13 soil characteristics 

considered as indicators of soil quality. The 13 indicators used for developing SQIs were 
soil water content, organic matter, total C and N contents, C/N ratio, total Ca, Cu, K and 
Pb concentrations, microbial and fungal biomasses, microbial respiration and

 ♌
-
gluco-sidase activity. Under the proposed framework, an ideal soil would have an SQI 
value of 
1 for the highest quality soil and 0 for severely degraded soil. 

2.5.1. Simple Additive SQI (SQI) 
An integrated soil quality index was calculated taking into account the physico-

chemical and biological characteristics that were ranked from 0 to 1, respectively reflecting 
low and high quality, according to Leitgib et al. [29]. The scores were assigned applying 
the more is better or less is better criteria, following this formula: 

For more is better: x’ = (x − xmin)/(xmax − xmin) 
For less is better: x’ = 1 − (x − xmin)/(xmax − xmin) 
The more is better criterion was applied to water and organic matter contents, C and 

N concentrations, total nutrient concentrations (Ca and K), microbial and fungal bio-
masses, microbial respiration and ♌-glucosidase activity, for their roles in soil fertility,
water partitioning and nutrient availability. On the contrary, the less is better criterion was 
applied to total trace metal (Cu and Pb) concentrations because their high concentration 
is potentially toxic for soil organisms, according to Marzaioli et al. [30]. Cu and Pb were 
chosen as markers of contamination as documented in previous research performed in-
side the Vesuvius National Park [18,31]. Regarding the C/N threshold value, the optimal 
range was identified between 9 and 11, thus scores were assigned by considering the more 
is better criterion for the values between 9 and 11 and the less is better criterion for the 
values <9 and >11. 

-glu

Herbs
UB 0.92 B (±0.30) 0.35 B (±0.06) 6.67 A (±2.26) 4.75 B (±1.42)
B 0.53 b (±0.10) 0.26 b (±0.06) 3.32 a (±0.55) 3.01 c (±0.46)

Black locust
UB 1.27 AB (±0.28) 0.53 AB (±0.13) 2.48 B (±0.69) 7.72 AB (±1.47)
B 1.39 ab (±0.27) 0.49 ab (±0.09) 1.75 a (±0.43) 6.26 ab (±1.08)
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-glu

Pine
UB 0.88 B (±0.31) 0.55 AB (±0.21) 1.78 B (±0.69) 4.78 B (±1.49)
B 1.55 a (±0.19) 0.66 ab (±0.11) 1.22 a (±0.26) 5.35 b (±0.46)

Holm oak
UB 2.12 A (±0.26) 1.15 A (±0.24) 1.68 B (±0.48) 10.6 A (±1.86)
B 1.83 a (±0.27) 1.15 a (±0.32) 1.57 a (±0.36) 8.43 a (±1.15)

National Park. Different capital and small letters indicate significant differences (at least, p < 0.05, Kruskal–Wallis test) in soil characteristics
among vegetation cover types, respectively, at unburnt and burnt sites.

At burnt sites, water content ranged from 5.3 to 25% d.w. with values significantly
higher in soils under holm oak (Table 2). The organic matter content and C concentrations,
respectively, ranged from 5 to 10% d.w. and from 1.2 to 5.6% d.w. with values significantly
higher in soils under holm oak and black locust (Table 2). N concentrations and C/N ratios,
respectively, ranged from 0.1 to 0.7% d.w. and from 8 to 16 with values significantly higher
in soils under black locust and pine, respectively (Table 2). Total Ca and K concentrations,
respectively, ranged from 51 to 69 mg g−1 d.w. and from 24 to 36 mg g−1 d.w. and
did not significantly vary among the vegetation cover types (Table 2). Total Cu and
Pb concentrations, respectively, ranged from 0.2 to 0.11 mg g−1 d.w. and from 0.1 to
0.6 mg g−1 d.w. with values significantly lower under pine (Table 2). The microbial biomass
ranged from 0.5 to 1.8 mg C g−1 d.w. with values significantly higher under holm oak
and pine (Table 3) whereas the fungal biomass ranged from 0.3 to 1.2 mg g−1 d.w. with
values significantly higher under holm oak (Table 3). The basal respiration ranged from 1.2
to 3.3 mg CO2 g−1 d.w. and did not significantly vary among the vegetation cover types
(Table 3). Finally,
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masses, microbial respiration and ♌-glucosidase activity, for their roles in soil fertility,
water partitioning and nutrient availability. On the contrary, the less is better criterion was 
applied to total trace metal (Cu and Pb) concentrations because their high concentration 
is potentially toxic for soil organisms, according to Marzaioli et al. [30]. Cu and Pb were 
chosen as markers of contamination as documented in previous research performed in-
side the Vesuvius National Park [18,31]. Regarding the C/N threshold value, the optimal 
range was identified between 9 and 11, thus scores were assigned by considering the more 
is better criterion for the values between 9 and 11 and the less is better criterion for the 
values <9 and >11. 

-glucosidase activity ranged from 3 to 8.5 mmol PNP min−1 g−1 d.w.
with values statistically higher under holm oak (Table 3).

The comparison of each soil characteristic under the same vegetation cover type
between unburnt and burnt sites demonstrated the following: (1) water content and C/N
ratios were significantly higher in unburnt soils under herbs, (2) C concentrations were
significantly higher in unburnt soils under holm oak and (3) total Cu and Pb concentrations
were significantly higher in unburnt soils under pine (Table 2).

The linear mixed-effect model showed that sampling time (random effects) had no
significant influence on any soil characteristics whereas vegetation cover type and fire
occurrence and, to a lesser extent, their interactions (fixed effects) influenced soil indicators
(Table 4). In particular, OM content, microbial and fungal biomasses, respiration and
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-glu
activity (Table 4) were affected by vegetation cover types; Cu and Pb concentrations were af-
fected by fire occurrence; WC, C, Ca and K concentrations were affected by both vegetation
cover type and fire occurrence and by their interaction (Table 4); finally, C/N ratios were
affected by the interaction between vegetation cover type and fire occurrence (Table 4).

Table 4. Summary of mixed-effect model analyses (F-value: F) between vegetation cover type (Veg)
and fire (Fire) as fixed effects and sampling time as random effect, on the indicators (water content—
WC, organic matter content—OM, C, N concentration, C/N ratio, Ca, K, Cu and Pb concentrations,
microbial biomass—MB, fungal biomass—FB, basal respiration—Resp, β-glucosidase activity—β-glu)
of soils collected at the Vesuvius National Park.

Fixed Effects Random Effect Interactions between
Fixed Factors

Veg Fire Sampling Time Veg × Fire

WC F 6.85 * 1.85 * 0.18 1.72 *
OM F 0.18 * 1.23 0.50 0.23

C F 2.49 * 2.36 * 0.64 0.51 *
N F 1.50 0.85 1.19 0.33

C/N F 0.56 0.26 1.31 1.38 *
Catot F 12.5 * <0.01 * 0.26 0.86 ***
Ktot F 61.8 * <0.01 *** 9.87 5.00 ***
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Table 4. Cont.

Fixed Effects Random Effect Interactions between
Fixed Factors

Veg Fire Sampling Time Veg × Fire

Cutot F 4.73 1.57 * 0.31 1.31
Pbtot F 2.52 1.26 * 0.86 0.71
MB F 1.10 * 0.18 1.41 0.29
FB F 5.59 *** 0.16 2.21 0.37

Resp F 4.54 ** 10.8 0.82 2.00
B-glu F 0.34 * 2.93 0.28 0.80

* p < 0.5, ** p < 0.01, *** p < 0.001. Asterisks indicate significant impacts of fixed effects and their interactions on
soil characteristics (Anova test—model comparison).

3.2. Soil Quality Indices

The Soil Quality Index (SQI), calculated taking into account all the soil characteristics,
ranged from 0.4 to 0.5 in unburnt soils and from 0.4 to 0.6 in burnt sites and did not show
significant differences among the vegetation cover types (Figure 1). Moreover, the SQI did
not show significant differences between unburnt and burnt sites with the same vegetation
cover type (Figure 1).
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Figure 1. Mean values (±st. err.) of soil quality index (SQI) calculated in unburnt (no pattern) and 
burnt (coarse pattern) soil samples collected under different vegetation cover types (herbs—H, light 
green; black locust—BL, orange; pine—P, red; holm oak—HO, dark green). No significant differ-
ences among vegetation cover types and between burnt and unburnt soils were detected (Kruskal–
Wallis test). 

In burnt sites, SQIWR and SQINS showed values of approximately 0.4, SQIMA showed 
values of approximately 0.5 and SQIMH ranged from 0.3 to 0.6; these indexes did not sig-
nificantly vary according to vegetation cover types (Figures 2I,II,IV,V). The SQIC ranged 
from 0.7 to 0.9 with values significantly higher in soil covered by pine and holm oak (Fig-
ure 2III). Finally, the SQIFUNCT ranged from 0.4 to 0.5 and did not significantly vary accord-
ing to the vegetation cover types (Figure 2VI). 

The comparison of the different soil quality and function indices at unburnt and 
burnt sites covered by the same vegetation highlighted that SQIWR and SQIC were signifi-
cantly higher under pine and holm oak in unburnt soil (Figures 2I,III), SQINS showed sig-
nificantly higher value under pine in unburnt soil (Figure 2II) and SQIMH showed higher 
values under black locust and pine in unburnt soil (Figure 2IV). 

The linear mixed-effect model showed that soil quality indices (SQIs) were mainly 
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the interactions between vegetation cover types and fire occurrence (Table 5). 

Figure 1. Mean values (±st. err.) of soil quality index (SQI) calculated in unburnt (no pattern)
and burnt (coarse pattern) soil samples collected under different vegetation cover types (herbs—H,
light green; black locust—BL, orange; pine—P, red; holm oak—HO, dark green). No significant
differences among vegetation cover types and between burnt and unburnt soils were detected
(Kruskal–Wallis test).

At unburnt sites, water retention SQI (SQIWR) ranged from 0.3 to 0.6 with values
significantly higher under pine and holm oak (Figure 2I). The nutrient supply SQI (SQINS)
ranged from 0.4 to 0.7 and was significantly higher under pine (Figure 2II). The contam-
ination SQI (SQIC) ranged from 0.6 to 0.8 (Figure 2III) and the microorganism activity
SQI (SQIMA) was approximately 0.4 (Figure 2IV) and did not significantly vary among
vegetation cover types. The microorganism habitat SQI (SQIMH) ranged from 0.3 to 0.8,
with values significantly higher under pine and black locust (Figure 2V). The weighted
function SQI (SQIFUNCT) ranged from 0.4 to 0.6 with lower values under herbs (Figure 2VI).
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Figure 2. Mean values (±st. err.) of SQIs calculated for each function (water retention—SQIWR, nutrient supply—SQINS, 
contamination—SQIC, microorganism habitat—SQIMH and microorganism activity—SQIMA), and on the basis of all func-
tions (SQIFUNCT) calculated in unburnt (no pattern) and burnt (coarse pattern) soils samples under different vegetation 
cover type (herbs—H, light green; black locust—BL, orange; pine—P, red; holm oak—HO, dark green). Different capital 
and small letters indicate significant differences (at least, p < 0.05, Kruskal–Wallis test) in soil characteristics among vege-
tation cover types, respectively, at unburnt and burnt sites. (Kruskal–Wallis test). Asterisks indicate significant differences 
(p < 0.05) between unburnt and burnt sites within the same vegetation cover type (Wilcoxon test). 

  

Figure 2. Mean values (±st. err.) of SQIs calculated for each function (water retention—SQIWR, nutrient supply—SQINS,
contamination—SQIC, microorganism habitat—SQIMH and microorganism activity—SQIMA), and on the basis of all
functions (SQIFUNCT) calculated in unburnt (no pattern) and burnt (coarse pattern) soils samples under different vegetation
cover type (herbs—H, light green; black locust—BL, orange; pine—P, red; holm oak—HO, dark green). Different capital and
small letters indicate significant differences (at least, p < 0.05, Kruskal–Wallis test) in soil characteristics among vegetation
cover types, respectively, at unburnt and burnt sites. (Kruskal–Wallis test). Asterisks indicate significant differences (p <
0.05) between unburnt and burnt sites within the same vegetation cover type (Wilcoxon test).

In burnt sites, SQIWR and SQINS showed values of approximately 0.4, SQIMA showed
values of approximately 0.5 and SQIMH ranged from 0.3 to 0.6; these indexes did not
significantly vary according to vegetation cover types (Figure 2I,II,IV,V). The SQIC ranged
from 0.7 to 0.9 with values significantly higher in soil covered by pine and holm oak
(Figure 2III). Finally, the SQIFUNCT ranged from 0.4 to 0.5 and did not significantly vary
according to the vegetation cover types (Figure 2VI).

The comparison of the different soil quality and function indices at unburnt and burnt
sites covered by the same vegetation highlighted that SQIWR and SQIC were significantly
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higher under pine and holm oak in unburnt soil (Figure 2I,III), SQINS showed significantly
higher value under pine in unburnt soil (Figure 2II) and SQIMH showed higher values
under black locust and pine in unburnt soil (Figure 2IV).

The linear mixed-effect model showed that soil quality indices (SQIs) were mainly
dependent on vegetation cover type, fire and their interactions (fixed effects) and they were
not dependent on sampling time (random effects) (Table 5). In particular, SQI, SQIWR, SQIC,
SQIMH, SQIFUNCT were affected by vegetation cover types (Table 5); SQIC and SQIMA were
affected by fire (Table 5) whereas SQIWR, SQINS, SQIMH and SQICC were affected by the
interactions between vegetation cover types and fire occurrence (Table 5).

Table 5. Summary of mixed-effect model analyses (F-value: F) between vegetation cover type (Veg)
and fire (Fire) as fixed effects and sampling time as random effect, on soil quality indices (simple
additive soil quality indices: SQI, water retention soil quality index—SQIWR, nutrient supply soil
quality index—SQINS, contamination soil quality index—SQIC, microorganism habitat soil quality
index—SQIMH, microorganism activity soil quality index—SQIMA, weighted function soil quality
index—SQIFUNCT) calculated on soils collected at the Vesuvius National Park.

Fixed Effects Random Effect Interactions between
Fixed Factors

Veg Fire Sampling Time Veg × Fire

SQI F 3.29 * 0.70 16.2 0.63
SQIWR F 3.06 * 1.62 7.21 0.90 *
SQINS F 1.64 0.11 14.2 3.39 *
SQIC F 4.94 ** 2.34 * 43.0 3.25 *

SQIMH F 8.59 *** 1.16 4.19 2.04 *
SQIMA F 0.48 5.54 * 8.63 0.21
SQIFUNCT F 4.49 ** 0.27 15.4 0.73

* p < 0.5, ** p < 0.01, *** p < 0.001. Asterisks indicate significant impacts of fixed effects and their interactions on
soil characteristics (Anova test—model comparison).

4. Discussion

In the investigated area, vegetation cover type had the largest and most consistent
influence on soil characteristics and functions. Within a vegetation cover type, there were
few significant differences between burnt and unburnt soils. Then, in the unburnt study
area, soil quality and functionality mainly depended on vegetation cover types. In particu-
lar, the presence of trees positively affected water and organic matter contents, C and N
concentrations, microbial and fungal biomasses, β-glu activity were significantly higher
under holm oak, pine and, to a lesser extent, under black locust than under herbs. The
highest soil organic matter content, responsible for high water retention [35] under trees,
could be a result of a large amount of litterfall, deriving from the high plant productiv-
ity [12]. Moreover, the highest soil N amount could be due to different plant strategies.
In fact, thanks to its deep rooting system, holm oak contributes to bringing up nutrients
from lower soil layers [36], that are retained thanks to either clays or organic matter content
whereas black locust enriches N soil amount thanks to symbiotic root association with N
fixator organisms [37]. The aboveground net primary production and the nutrient content
under tree vegetation led to an increase in microbial biomass and enzymatic activity in
the investigated area. These characteristics contribute to creating specific relationships
between the dominant plant species and the soil microbial component [38]. Despite the
high microorganism abundance, the soils covered by holm oak and pine showed low basal
respiration, probably due to the to the abundant inhibitory compounds of sclerophyll
Mediterranean species, that have been shown to slow down decomposition and mineral-
ization by forming recalcitrant complexes with organic matter [39]. The great litter amount
observed under trees likely was responsible for the wide water retention and the great
variability in microorganism niches that, in turn, increased the SQIWR, SQINS and SQIMH.
These results highlight the positive effects of tree species on the soil functionality of the
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Mediterranean environment, as it has been shown that dense plant cover limits nutrient
loss, erosion and fast organic matter degradation [40].

In the investigated area, fire impact was mediated by the dominant cover type, similar
results were reported by Wragg et al. [6] for burnt and unburnt temperate grassland soils.
Fire effects were particularly pronounced in soil covered by herbs, where water content and
C/N significantly decreased as compared to the unburnt soil. At the burnt sites covered
by herbs, almost all the vegetation was destroyed, contributing to increased soil water
evaporation and carbon compound volatilization [11]. Moreover, fire also affected C in
soils covered by holm oak and Cu and Pb in soils covered by pine. The destruction of
the abundant litter layer under holm oak could have contributed to the strong reduction
of C in holm oak burnt sites. Whereas the decrease in soil Cu and Pb concentrations
under burnt pine was probably due to brief-term leaching phenomena [41,42]. Although
the greater decrease in soil water content was measured in soils covered by herbs, fire
occurrence negatively impacted the water retention function (SQIWR) under pine and holm
oak as well, probably because of the destruction of the litter layer strongly involved in
soil humidity retention [35], which is greater under trees than under shrubs and herbs.
After fire, soils under pine also lost part of the nutrient supply function (SQINS) due to
the widespread leaching or erosion phenomena occurring in the early post-fire succession
stage [43]. For similar reasons, the same phenomenon seemed responsible for the decrease
in soil contamination degree, as Cu and Pb concentrations decreased, causing the increase
in the SQIC under pine and holm oak. By contrast, in burnt soils covered by pine and
black locust, the microorganism habitat function decreased, especially for fungal biomass
as compared to microbial biomass. These findings confirm the negative impact of fire on
soil microorganisms. Burning of the organic layer and heat transfer to the soil during fires
leads to microbial mortality immediately after the fire [44]. However, the slight microbial
biomass increase observed in burnt soil suggests that microbes quickly recover, due to
the successful colonization and survival of many phyla into the soil during the process of
post-fire succession [45].

Although the soil characteristics and functions showed significant changes according
to vegetation cover type and fire occurrence, both the additive (SQI) and weighted function
(SQIFUNCT) soil quality indices showed a medium soil quality and did not significantly vary
according to the vegetation cover type. The results obtained by the SQI agree with Memoli
et al. [16] and could be due to the fact that the fire responses of the single characteristics
sometimes were opposite, suggesting that they can be compensated when their interactions
are considered. However, the integrated SQI is dependent on several factors such as the
design of the study, choice of soil parameters included in the model to compute SQI and
endpoint variables [46]. Similarly, the weighted function soil quality index (SQIFUNCT)
also did not vary among vegetation cover type and fire occurrence, but their values were
slightly higher than SQI in all the treatments. This result indicated that the soil quality can
be predicted from appropriate weightage on soil functions (SQIFUNCT) in accordance with
several studies [46–49]. In fact, the evaluation of the overall soil quality in response to fire
could be difficult as the fire exerts opposite responses on different soil characteristics and,
in turn, on functions.

5. Conclusions

In the investigated area, the impact of fire on soil quality and functionality was
mediated by the vegetation cover type. In particular, fire occurrence caused a significant
decrease in water and C/N ratio under herbs, a significant decrease in C concentration
under holm oak and a decrease in Cu and Pb concentrations under pine. Soil functions
were also impacted both by fire and vegetation cover type, with a decrease in water
retention under pine and holm oak, a decrease in nutrient supply under pine, an increase in
contamination quality under pine and holm oak and a decrease in microorganism habitat
under pine and black locust.
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Although the soil indicators showed significant changes according to vegetation
cover types and fire occurrence, both the additive (SQI) and weighted function (SQIFUNCT)
soil quality indices did not significantly vary according to both fire occurrence and the
vegetation cover type. This could suggest that the overall soil quality was slightly impacted
by fire, as soil indicators and functions showed opposite responses which masked the
overall effect on the whole soil quality.

Soils under pine were the most fire-impacted, as variations in water retention, nutrient
supply, contamination and microorganism habitat were of greater extent as compared to
those under the other vegetation cover types; by contrast, soils under herbs seemed to be
less impacted by fire, as no differences in soil functions were observed between burnt and
unburnt soils.

The simultaneous investigation of burnt and unburnt soils under the investigated
vegetation cover types could be informative for fire management in order to prevent and
mitigate fire impacts on soil and to restore burnt areas in the Mediterranean environment.
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