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Abstract: As they quickly respond to environmental conditions, soil enzymes, involved in nutrient
cycles, are considered good indicators of soil quality. The Mediterranean area is a peculiar environ-
ment for climatic conditions and for fire frequency. Therefore, the research aimed to evaluate the role
of seasonality and fire on enzymatic activities (i.e., hydrolase, dehydrogenase, and β-glucosidase) in
soils covered by herbs, black locust, pine, and holm oak. In addition, the main soil abiotic properties
that drive the enzymatic activities were also investigated. In order to achieve the aims, surface soils
were collected in unburnt and burnt areas and characterized for water and organic matter contents,
pH, concentrations of C and N, and available fractions of Al, Ca, Cu, Fe, Mg, Mn, Na, and Pb. The
results highlighted that the soil enzymatic activities were mainly affected by seasonality more than
by fire; in unburnt soils, their main drivers were nutrient availabilities, whereas, in burnt soils they
were pH, water and organic matter contents, C and N concentrations, and both nutrient and metal
availabilities. Finally, holm oak, as compared with herbs, pine, and black locust, conferred higher
stability to soils that were affected by seasonality and fire.

Keywords: hydrolase; dehydrogenase; β-glucosidase; nutrient availability; metal availability

1. Introduction

Soil enzymes, playing a fundamental role in organic matter decomposition, are in-
volved in nutrient cycling and are critical to soil functioning [1]. As they quickly respond
to environmental conditions, they are also considered good indicators of soil quality [2].

Their spatial and temporal trends are strongly regulated by soil microorganisms,
but also by soil properties [2,3]. Seasonality, responsible for changing in temperature,
humidity, and precipitation, directly and indirectly alters soil enzymatic activity [4,5].
Seasonal fluctuations in soil enzymatic activity are reported for several ecosystems such
as tropical [6], temperate [7], and alpine forests [8]. Moreover, it is well documented that
temperature and precipitation are the main drivers of soil enzymatic activity [9,10].

Besides, soil properties such as pH, C/N ratio, and element content also play a
fundamental role in regulating the soil enzymatic activity [11,12]. However, there is a lack
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of basic information regarding whether the critical drivers of seasonal soil enzyme activity
differ among vegetation types [5].

In Mediterranean regions, fires are among the main disturbance factors that cause
deep changes in soil abiotic and biotic properties and alter soil quality [13–16]. Fire effects
on soil enzymatic activities are direct as they cause protein denaturation, temporary soil
sterilization, and nutrient mineralization [17,18], and indirect as they cause changes in soil
microbial and plant communities [19–22].

Among the soil enzymatic activities, hydrolase, dehydrogenase, and β-glucosidase
are good indicators of soil microbial activity [23,24]. In fact, hydrolase, intermediating
hydrolytic reactions, allows for the estimation of total soil microbial activity [15,25]. In
addition, extracellular hydrolytic enzyme activities (dehydrogenase and β-glucosidase)
are strongly affected by fire, as reported by several authors in studied performed in boreal
and temperate forests [2,26,27]. Dehydrogenase, oxidizing the soil organic matter by
transferring protons and electrons from substrates to acceptors, is a well-known biological
indicator of overall microbial respiratory activity [28]. β-glucosidase is involved in C
mineralization and provides information on the degradation of cellulose, which is the most
common polysaccharide in nature [29].

Investigations about the relationships between temporal trend of soil enzymatic
activities and soil properties can provide useful information not only for understanding
the soil processes, but also for predicting their responses to environmental change [5]. As
research focusing on the role of vegetation cover upon the soil enzymatic activities in areas
affected by fire is scarce, the research aimed: (i) to evaluate the seasonal trends of enzymatic
activities in unburnt and burnt soils covered by the same vegetation cover; (ii) to compare
the role of each vegetation cover on soil enzymatic activities in unburnt and burnt soils;
and (iii) to highlight, among the investigated abiotic soil properties, the main drivers of the
soil enzymatic activities in unburnt and burnt areas. In order to achieve the aims, surface
soils were collected under herbs, black locust, pine, and holm oak in unburnt and burnt
soils inside the Vesuvius National Park located in the Mediterranean area of Southern Italy.
The collected soils were characterized for the main abiotic soil properties (i.e., water and
organic matter contents, pH, concentrations of C and N, and available fractions of Al, Ca,
Cu, Fe, Mg, Mn, Na and Pb) and enzymatic activities (i.e., hydrolase, dehydrogenase, and
β-glucosidase). The findings provide useful information about the integrated effects of
seasons, vegetation cover, and fire occurrence on soil abiotic properties that, in turn, can
drive the soil enzymatic activities.

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

The research was performed in the Vesuvius National Park located in the surrounding
of Naples, Southern Italy. The vegetation inside the National Park were represented by
holm oaks (Quercus ilex L.), pines (Pinus nigra L.) and shrubs and herbs (such as Myrtus
communis L., Laurus nobilis L., Viburnum tinus L., Cistus sp., Ginesta sp.) [14]. Additionally, a
few patches of black locust (Robinia pseudoacacia L.) were present in some areas of the park.
In summer 2017, the investigated area was affected by a fire of level four on the soil burn
severity index [30], that lasted three days (11th, 12th, and 16th of July), and that reached a
temperature which completely consumed the forest floor [31].

The soil sampling was carried out every three months from summer 2018 to spring
2019 within two consecutive days and after seven days without rainfall at six sites (Table 1)
covered by herbs (H), by black locust (BL), by pine (P), and by holm oak (HO) and that
represent the main vegetation kinds of the Vesuvius National Park [15,16]. For each
vegetation cover, three sites were chosen in the burnt area (B) and three in the unburnt (UB)
area (Table 1), located in proximity of the burnt one, for a total of twenty-four sites (three
sites in the burnt area and three sites in the unburnt area covered by the four vegetation
types) for each season. Eight cores of surface (depth: 0–10 cm) soils were collected at each
of the twenty-four sites after removal of ash or litter, respectively, at burnt and unburnt
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sites, and mixed together in order to obtain a homogeneous sample. In order to avoid
disturbances for the microbial biomass, the soil samples were transported on ice to the
laboratory [32].

Table 1. Sampling sites collected in the investigated area. Site description of the unburnt and burnt
soils sampled inside the Vesuvius National Park under different vegetation covers.

Sampling Site Vegetation cover Fire Coordinates

HO1 Holm Oak Burnt 40◦80′72′′

14◦43′46′′

HO2 Holm Oak Unburnt 40◦80′88′′

14◦43′92′′

HO3 Holm Oak Burnt 40◦80′23′′

14◦44′15′′

HO4 Holm Oak Unburnt 40◦81′03′′

14◦40′86′′

HO5 Holm Oak Burnt 40◦81′67′′

14◦40′86′′

HO6 Holm Oak Unburnt 40◦81′99′′

14◦39′96′′

P1 Pine Burnt 40◦79′71′′

14◦43′87′′

P2 Pine Unburnt 40◦80′19′′

14◦43′85′′

P3 Pine Burnt 40◦80′19′′

14◦26′13′′

P4 Pine Burnt 40◦81′31′′

14◦43′80′′

P5 Pine Unburnt 40◦83′10′′

14◦25′02′′

P6 Pine Unburnt 40◦82′41′′

14◦39′18′′

BL1 Black Locust Unburnt 40◦81′20′′

14◦44′07′′

BL2 Black Locust Burnt 40◦80′88′′

14◦43′92′′

BL3 Black Locust Unburnt 40◦82′26′′

14◦43′55

BL4 Black Locust Burnt 40◦82′86′′

14◦43′04′′

BL5 Black Locust Burnt 40◦82′36′′

14◦43′53′′

BL6 Black Locust Unburnt 40◦82′13′′

14◦43′62′′

H1 Herbs Burnt 40◦81′31′′

14◦43′66′′

H2 Herbs Unburnt 40◦82′30′′

14◦39′96′′

H3 Herbs Burnt 40◦83′07′′

14◦25′28′′

H4 Herbs Unburnt 40◦81′81′′

14◦43′50′′

H5 Herbs Unburnt 40◦82′17′′

14◦43′57′′

H6 Herbs Burnt 40◦82′65′′

14◦43′41′′

2.2. Soil Analyses

In the laboratory, the soil samples were sieved (<2 mm) and analyzed for pH, water
(WC), and organic matter (OM) contents, total concentration of carbon (C) and nitrogen
(N), and available fraction of Al, Ca, Cu, Fe, Mg, Mn, Na, and Pb. Soil pH was measured
with a pH meter on aqueous extract obtained by adding distilled water to soil (2.5:1 = w:w),
whereas WC was determined gravimetrically by drying fresh soil at 105 ◦C until reaching
constant weight. Total C and N concentrations were determined by gas-chromatography
(Thermo Finnigan, CNS Analyzer) on dried and pulverized (Fritsch Analysette Spartan
3 Pulverisette 0) samples. OM was calculated multiplying by 1.724 the Corg determined
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by gas-chromatography (Thermo Finnigan, CNS Analyzer) on samples previously treated
with HCl (10%, v:v).

Available fraction of Al, Ca, Cu, Fe, Mg, Mn, Na, and Pb was assessed on air-dried soil
samples with diethylenetriamine pentacetic acid, CaCl2, and triethanolamine at pH 7.3 ± 0.05
according to Lindsay and Norwell [33]. The element concentrations were measured by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS Aurora M90, Bruker). Accuracy of
element 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.

Hydrolase activity (HA) was determined by adding to 1 g of fresh soil 7.5 mL of 60 mM
potassium phosphate at pH 7.6 and 0.100 mL of fluorescein diacetate (FDA). The reaction
mixture was incubated at 30 ◦C for 20 min, after which the fluorescein was extracted with
7.5 mL of acetone. The extract was centrifuged at 5000 rpm for 5 min and the absorbance of
the supernatant was measured at 490 nm and the results were expressed as mmol of FDA
produced for 1 g of dry soil in 1 h [25]. Dehydrogenase activity (DHA) was determined by
adding to 1 g of fresh soil 1 mL of 1.5% 2,3,5-triphenyltetrazolium chloride (TTC) dissolved
in 0.1 M Tris-HCl buffer at pH 7.5. The reaction mixture was incubated at 30 ◦C for 24 h
in the dark, after which the triphenylformazan (TFF) was extracted with 8 mL of acetone.
The extract was centrifuged at 3500 rpm for 15 min and the absorbance of the supernatant
was measured at 546 nm and the results were expressed as mmol of TFF produced for
1 g of dry soil in 1 h [15]. β-glucosidase activity (β-GLU) was determined by adding
to 1 g of fresh soil 4 mL of modified universal buffer (MUB) pH 6 and 1 mL of 0.025 M
p-nitrophenyl β-D-glucopyranoside (PNP). The reaction mixture was 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. The extract was centrifuged at 5000 rpm for 15 min and
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 h [34,35].

2.3. Statistical Analyses

The normality of the distribution of the data sets was assessed by the Shapiro-Wilk
test.

According to the data distribution, in order to compare the differences among different
seasons, summer (S) and fall (F) 2018, and winter (W) and spring (Sp) 2019 within each
vegetation cover (P: pine; HO: holm oak; BL: black locust; H: herbs) for both the soil abiotic
and biotic properties the ANOVA tests were performed.

In order to compare the differences between unburnt (UB) and burnt (B) soils within
each vegetation cover (P, HO, BL, and H) for both the soil abiotic and biotic properties, the
t-tests were performed.

In order to highlight the variability of the data during the investigated period and due
to fire occurrence, the coefficients of variations (CVs) were calculated as the ratio between
standard deviation and mean value for each enzymatic activity.

In order to assess the linear significant impacts of soil abiotic properties on soil biotic
ones, multiple linear regressions were carried out with lm package of R 4.0.3 programming.
The responses of soil biotic properties (HA, DHA, and β-GLU), defined as dependent
variables to soil abiotic properties (pH, WC, total C, and N concentrations, OM, and
available fraction of Al, Ca, Cu, Fe, Mg, Mn, and Na and Pb), defined as independent
variables, were performed. To perform the multiple linear regressions, collinearity among
independent variables was checked and the collinear variables were excluded from the
model. Before performing the multiple linear regressions, the linearity of the data, the
independence, the homogeneity, and the normality of residuals were tested. The models
were considered significant at least for p < 0.05.

In order to identify the relationships among soil enzymatic activities and abiotic
properties within each vegetation cover, four Principal Components Analyses (PCA) were
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performed. In addition, to highlight the significant differences among different seasons
(S, F, W, and Sp), and between unburnt and burnt soils within the same vegetation cover,
permutational multivariate analyses (PERMANOVA) were performed.

All the statistical analyses were performed using the R 4.0.3 programming environ-
ment with vegan package [36]. All the statistical analyses were considered significant at
least for p < 0.05.

The graphs were created with SigmaPlot12 software (Jandel Scientific, San Rafael, CA, USA).

3. Results
Soil Abiotic and Biotic Properties within the Same Vegetation Cover

The values of the investigated abiotic properties of the soils collected at the various
seasons under the different vegetation covers are reported in Table 1. The soils under pine
showed the higher cases of significant differences among the seasons, especially for the
element availabilities (Table 2).

Table 2. Abiotic properties of soils under different vegetation covers in each season. Mean values (n = 6, ±s.e.) of pH,
water content (WC, expressed as % d.w), C and N concentrations (expressed as % d.w.), organic matter content (OM,
expressed as % d.w.), and Al, Ca, Cu, Fe, K, Mg, Mn, Na, and Pb available fractions (expressed as µg g−1 d.w.) in soils
collected inside the Vesuvius National Park under different vegetation covers (P: pine; HO: holm oak; BL: black locust; H:
herbs) and seasons (S: summer 2018; F: fall 2018; W: winter 2019; Sp: spring 2019). Different letters indicate statistically
significant differences among seasons in each property of soils collected under the same vegetation cover (ANOVA test, at
least, p < 0.05).

P HO BL H

S F W Sp S F W Sp S F W Sp S F W Sp

pH 7.8 a 7.36 b 7.06 b 7.54
ab 7.35 7.13 7.34 7.55 7.10

ab
6.91
ab 6.91 b 7.29 a 7.46 7.53 7.27 7.56

±0.05 ±0.09 ±0.30 ±0.17 ±0.28 ±0.25 ±0.25 ±0.13 ±0.11 ±0.12 ±0.05 ±0.08 ±0.11 ±0.04 ±0.09 ±0.15

WC
6.14 b 12.9

ab 16.9 a 8.94
ab

27.7
ab 26.3 b 46.5 a 23.1 b 3.54 b 11.7 a 17.0 a 5.34 b 5.60 13.6 13.7 4.20

±1.28 ±2.61 ±0.35 ±3.01 ±8.27 ±3.07 ±4.34 ±3.91 ±0.96 ±1.64 ±0.85 ±0.98 ±3.48 ±5.22 ±6.95 ±1.09

C
2.71 3.24 2.87 3.15 7.68 6.94 8.96 8.27 7.35 5.69 3.54 1.82 2.32 1.70 2.18 2.48
±0.43 ±0.25 ±0.11 ±0.75 ±3.23 ±1.94 ±1.39 ±1.22 ±1.88 ±2.33 ±0.41 ±0.74 ±0.95 ±1.16 ±1.92 ±1.23

N
0.23 0.20 0.18 0.18 0.51 0.54 0.57 0.49 1.09 0.62 0.36 0.76 0.29 0.27 0.10 0.17
±0.02 ±0.05 ±0.03 ±0.05 ±0.16 ±0.19 ±0.10 ±0.07 ±0.53 ±0.25 ±0.03 ±0.57 ±0.13 ±0.09 ±0.05 ±0.08

OM
4.82 4.27 4.46 4.46 5.37 5.79 6.40 5.50 10.9 12.6 11.3 8.68 8.32 8.07 7.98 6.29
±2.26 ±1.75 ±2.10 ±2.73 ±0.78 ±1.37 ±1.45 ±0.47 ±3.54 ±3.63 ±3.01 ±1.99 ±2.52 ±2.26 ±1.50 ±1.89

Al
5.15 c 17.2 b 25.6 a 10.1 c 7.09 b 25.2

ab 29.9 a 11.3
ab 6.76 c 14.4

ac 19.9 a 8.41 b 2.67 b 7.53 a 9.89 a 4.33
ab

±1.08 ±1.41 ±2.22 ±2.20 ±1.10 ±7.77 ±15.5 ±2.98 ±2.19 ±1.74 ±1.58 ±1.28 ±0.59 ±1.19 ±1.75 ±1.23

Ca
3730 b 5983 a 2078 b 4541

ab 8353 13,550 8275 12,413 5013 8083 3581 4748 3021 5432 6551 6864

±650 ±705 ±201 ±971 ±1844 ±3428 ±1749 ±2165 ±1501 ±2123 ±765 ±882 ±1218 ±3555 ±3598 ±4558

Cu
0.72 b 2.02

ab 2.18 a 1.49 b 0.64 b 1.50 a 1.99 a 1.85 a 0.72 b 2.44 a 3.32 a 1.23
ab 0.57 b 2.58 a 1.97 a 1.60

ab
±0.20 ±0.69 ±0.09 ±0.25 ±0.10 ±0.18 ±0.46 ±0.30 ±0.14 ±0.45 ±1.15 ±0.19 ±0.14 ±0.44 ±0.50 ±0.50

Fe
8.75 c 35.6

ab 38.8 a 18.8
bc 25.6 c 68.5

ab 95.1 a 42.9
bc 12.4 b 24.1

ab 38.3 a 13.2
ab 5.98 22.6 20.1 7.29

±0.85 ±3.88 ±3.48 ±3.93 ±5.88 ±7.71 ±12.4 ±5.97 ±2.59 ±5.06 ±9.57 ±2.79 ±1.57 ±8.75 ±12.6 ±2.75

K
410 ab 414 a 225 b 376 ab 718 688 526 740 394 370 256 350 545 438 394 668
±72.7 ±44.2 ±14.7 ±69.7 ±98.4 ±102 ±45.4 ±54.2 ±72.1 ±42.3 ±20.4 ±39.9 ±206 ±126 ±131 ±327

Mg 293 b 449 a 195 c 40.5 d 608 a 836 a 447 a 48.4 b 360 a 517 a 273 a 38.9 b 188 a 290 a 299 a 33.8
ab

±89.4 ±32.5 ±13.2 ±2.11 ±92.1 ±173 ±57.8 ±2.74 ±78.8 ±99.4 ±41.0 ±2.40 ±44.2 ±122 ±123 ±33.5

Mn
1.03 b 3.77 a 3.58 a 3.98 a 4.98 14.3 17.6 24.3 5.66 7.09 6.49 3.37 0.44 1.42 3.16 1.31
±0.11 ±0.61 ±0.38 ±0.66 ±2.26 ±3.19 ±2.86 ±7.09 ±2.44 ±2.64 ±0.96 ±0.99 ±0.09 ±1.05 ±2.39 ±0.92

Na
514 b 874 a 848 a 833 ab 585 c 922 ab 946 b 1098 a 482 c 917 b 958 ab 1078 a 514 b 908 a 937 a 1284 a
±49.1 ±46.1 ±23.5 ±155 ±75.4 ±48.0 ±23.2 ±50.4 ±40.4 ±44.8 ±28.0 ±26.2 ±58.9 ±47.7 ±44.9 ±198

Pb
0.81 b 2.41 a 2.26 a 2.43 a 2.00 b 2.50 b 2.75 b 4.61 a 0.53 b 3.80 a 6.65 a 0.53 b 0.48 2.69 2.31 2.15
±0.12 ±0.65 ±0.74 ±0.58 ±0.54 ±1.04 ±1.26 ±0.55 ±0.17 ±1.46 ±3.21 ±0.15 ±0.28 ±1.13 ±0.80 ±1.33
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The values of the investigated abiotic properties in unburnt and burnt soils under the
different vegetation covers are reported in Table 3. The significant differences between
unburnt and burnt soils under the same vegetation cover were few (Table 3).

Table 3. Abiotic properties of unburnt and burnt soils under different vegetation covers. Mean
values (n = 12, ±s.e.) of pH, water content (WC, expressed as % d.w), C and N concentrations
(expressed as % d.w.), organic matter content (OM, expressed as % d.w.), and Al, Ca, Cu, Fe, K, Mg,
Mn, Na, and Pb available fractions (expressed as µg g−1 d.w.) in unburnt (UB) and burnt (B) soils
collected inside the Vesuvius National Park under different vegetation covers (P: pine; HO: holm
oak; BL: black locust; H: herbs). Different letters indicate statistically significant differences in each
property between unburnt and burnt soils under the same vegetation cover (t-test, at least, p < 0.05).

P HO BL H

UB B UB B UB B UB B

pH 7.48 7.43 7.43 7.21 7.08 7.03 7.58 a 7.27 b
±0.17 ±0.12 ±0.15 ±0.14 ±0.05 ±0.08 ±0.06 ±0.05

WC
11.5 11.2 34.7 25.1 10 8.96 11.9 5.34
±2.19 ±1.61 ±4.36 ±4.12 ±2.23 ±1.73 ±3.75 ±1.36

C
3.03 2.98 9.47 5.69 3.35 5.43 2.79 1.25
±0.32 ±0.26 ±1.32 ±1.13 ±0.65 ±1.34 ±0.98 ±0.49

N
0.15 0.20 0.61 0.39 0.66 0.74 0.25 0.14
±0.03 ±0.02 ±0.09 ±0.04 ±0.34 ±0.24 ±0.07 ±0.02

OM
3.49 4.75 5.04 6.86 10.4 11.2 8.18 6.88
±0.58 ±1.28 ±0.74 ±0.45 ±2.11 ±2.06 ±1.52 ±0.93

Al
14.6 14.5 11.8 b 28.2 a 11.2 13.2 4.75 8.13
±3.81 ±2.30 ±3.29 ±9.69 ±2.19 ±1.95 ±0.76 ±1.65

Ca
3832 4146 13,090 a 6985 b 5937 4969 6831 3420
±772 ±542 ±1553 ±1139 ±1095 ±1052 ±2485 ±1533

Cu
1.49 1.63 1.41 1.63 1.98 1.89 1.73 1.62
±0.33 ±0.26 ±0.20 ±0.35 ±0.44 ±0.56 ±0.34 ±0.42

Fe
18.4 27.3 59.9 55.2 25.5 19.7 18.3 7.52
±4.76 ±3.75 ±9.05 ±12.4 ±7.70 ±3.19 ±6.37 ±1.38

K
248 383 726 582 361 331 666 a 278 b
±23.6 ±35.4 ±59.5 ±37.4 ±23.9 ±38.7 ±150 ±56.0

Mg 206 254 546 393 297 298 221 175
±80.3 ±40.9 ±120 ±93.5 ±81.4 ±66.5 ±65.1 ±72.8

Mn
2.29 3.29 16.8 13.1 5.31 5.89 2.31 0.49
±0.56 ±0.41 ±3.64 ±3.36 ±1.4 ±1.31 ±1.14 ±0.09

Na
789 762 939 880 874 849 977 811
±119 ±59.3 ±55.9 ±90.7 ±97.1 ±66.6 ±119 ±87.7

Pb
1.69 2.05 3.35 2.39 2.91 2.86 1.37 2.72
±0.37 ±0.37 ±0.61 ±0.74 ±1.31 ±1.46 ±0.59 ±0.79

The enzymatic activities measured in soils collected in different seasons under the
same vegetation cover are reported in Figure 1.

The hydrolase (HA) activity ranged from 187 to 2544 mmol FDA g−1 d.w. h−1 in
soils covered by pine (P), from 285 to 1842 mmol FDA g−1 d.w. h−1 in soils covered by
holm oak (HO), from 109 to 1275 mmol FDA g−1 d.w. h−1 in soils covered by black locust
(BL), and from 36.2 to 1377 mmol FDA g−1 d.w. h−1 in soils covered by herbs (H). HA did
not significantly vary among seasons in soils under P and H (Figure 1); whereas, it was
statistically higher in summer and winter in soils covered by HO and statistically lower in
spring in soils covered by BL (Figure 1).
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Figure 1. Mean values (n = 6, ± s.e.) of the enzymatic activities (hydrolase: HA; dehydrogenase:
DHA; β-glucosidase: β-GLU) measured in surface (0–10 cm) soils collected inside the Vesuvius
National Park (Southern Italy) under different vegetation covers (P: pine; HO: holm oak; BL: black
locust; H: herbs) in summer (S) and fall (F) 2018, and winter (W) and spring (Sp) 2019. Different
letters indicate statistically significant differences in enzymatic activities among different seasons
under the same vegetation cover (t-test, at least, p < 0.05).

The dehydrogenase (DHA) activity ranged from 0.01 to 3.65 mmol TFF g−1 d.w. h−1

in soils covered by pine (P), from 0.46 to 9.06 mmol TFF g−1 d.w. h−1 in soils covered by
holm oak (HO), from 0.69 to 6.47 mmol TFF g−1 d.w. h−1 in soils covered by black locust
(BL), and from 0.01 to 10.6 mmol TFF g−1 d.w. h−1 in soils covered by herbs (H). DHA
statistically varied among the seasons only in soils covered by P with values higher in
spring and lower in winter (Figure 1).

The β-glucosidase (β-GLU) activity ranged from 63.8 to 506 mmol PNP g−1 d.w. h−1

in soils covered by pine (P), from 74.6 to 1200 mmol PNP g−1 d.w. h−1 in soils covered
by holm oak (HO), from 62.1 to 901 mmol PNP g−1 d.w. h−1 in soils covered by black
locust (BL), and from 61.4 to 871 mmol PNP g−1 d.w. h−1 in soils covered by herbs (H).
β-GLU did not statistically vary among the seasons in soils under the same vegetation
cover (Figure 1).

The enzymatic activities (HA, DHA, and β-GLU) measured in unburnt (UB) and
burnt (B) soils under the same vegetation cover are reported in Figure 2 and they did not
statistically vary between UB and B soils (Figure 2).
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Figure 2. Mean values (n = 12, ± s.e.) of the enzymatic activities (hydrolase: HA; dehydrogenase:
DHA; β-glucosidase: β-GLU) measured in surface (0–10 cm) soils collected inside the Vesuvius
National Park (Southern Italy) in unburnt (UB) and burnt (B) soils under different vegetation covers
(P: pine; HO: holm oak; BL: black locust; H: herbs).

The results of the PCA performed on soils collected under pine highlighted that the
first two axes accounted, respectively, for 26% and 18% of the total variance (Figure 3A).
The first axis clearly separated the soils according to the season (Figure 3A). Soil water
content and available fractions of Al, Fe, Mn, and Na were positively correlated to the first
axis; whereas, HA, DHA and available fractions of Ca and K were positively correlated
to the second axis (Figure 3B). The results of the PCA performed on soils collected under
holm oak highlighted that the first two axes accounted, respectively, for 29% and 19%
of the total variance (Figure 3B). Soil C and N, available fraction of Mn, β-GLU, and
DHA were positively correlated to the first axis (Figure 3B). Available fractions of Al,
Cu, and Fe were positively correlated to the second axis; whereas, available fractions
of K and Mn concentrations were negatively correlated to it (Figure 3B). The results of
the PCA performed on soils collected under black locust highlighted that the first two
axes accounted, respectively, for 34% and 22% of the total variance (Figure 3C). Available
fractions of Ca, Mg, and Mn and HA were positively correlated to the first axis (Figure 3C).
Available fractions of Al and Cu and water content were positively correlated to the second
axis; whereas, C and available fraction of K were negatively correlated to it (Figure 3C).
The results of the PCA performed on soils collected under herbs highlighted that the first
two axes accounted, respectively, for 48% and 14% of the total variance (Figure 3D). Soil C,
available fraction of Ca, and DHA were positively correlated to the first axis (Figure 3D).
Available fractions of Al, Cu, Mg, and Pb were positively correlated to the second axis;
whereas, pH and available fraction of K were negatively correlated to it (Figure 3D).
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Figure 3. Graphical display of the first two axes of the Principal Component Analysis on the soil
abiotic (pH; water content: WC; organic matter: OM; C and N, available fractions of Al, Ca, Cu,
Fe, K, Mg, Mn, Na, and Pb) and biotic (hydrolase: HA; dehydrogenase: DHA and β-glucosidase:
β-GLU) properties measured in unburnt (empty) and burnt (full) soils covered by pine (yellow in
panel A), holm oak (green in panel B), black locust (blue in panel C), and herbs (red in panel D) in
soils collected inside the Vesuvius National Park (Southern Italy) in summer (dot) and fall (square)
2018, and winter (triangle) and spring (rhombus) 2019.
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The results of PERMANOVA showed that soil abiotic and biotic properties signifi-
cantly (p = 0.002) varied among different seasons only for soils covered by p and significantly
(p = 0.04) varied between UB and B only for soils covered by HO.

The coefficients of variation (CVs) calculated for all enzymatic activities widely varied
for both seasonality and fire in soils under the investigated vegetation covers, although
with different extents (Table 4). In more detail, the CVs calculated for HA showed the
widest variability both for seasonality and for fire in soils covered by P (Table 4); they were
wider for seasonality than for fire in soils under HO and BL (Table 4); conversely, they were
wider for fire under H (Table 3).

Table 4. Coefficient of variation of the enzymatic activities. Coefficient of variation (CV) of hydro-
lase (HA), dehydrogenase (DHA), and β-glucosidase (β-GLU) activities calculated in burned and
unburned (fire) soils under different vegetation covers (P: pine; HO: holm oak; BL: black locust; H:
herbs) at different sampling seasons (S: summer 2018; F: fall 2018; W: winter 2019; SP: spring 2019).

P HO BL H

Seasonality Fire Seasonality Fire Seasonality Fire Seasonality Fire

HA 0.52 0.45 0.11 0.06 0.14 0.02 0.21 0.38
DHA 0.40 0.25 0.29 0.32 0.23 0.25 0.35 1.58
β-GLU 0.17 0.09 0.05 0.24 0.34 0.04 0.44 0.67

The CVs calculated for DHA highlighted the widest variability for seasonality in soils
covered by P and for fire in soils covered by H (Table 4). The CVs for DHA were wider for
seasonality than for fire only under P (Table 4); they were similar for seasonality and fire
under HO and BL (Table 4); finally, they were wider for fire under H (Table 3).

The CVs calculated for β-GLU showed the widest variability both for seasonality and
for fire in soils covered by H (Table 4); they were wider for seasonality than for fire in soils
covered by P and BL (Table 4); conversely, they were wider for fire under HO (Table 4).

The results of the multiple linear regressions performed to highlight the main abiotic
factors that controlled the enzymatic activities at different seasons and in UB and B soils
are, respectively, reported in Tables 5 and 6. In more detail, at different seasons, the factors
that controlled the enzymatic activities regardless of the vegetation cover mainly were the
available fraction of micro- and macro-nutrients, such as Ca, Fe, Mn, Mg, and Na (Table 5).
Instead, in unburnt and burnt soils, the enzymatic activities were also controlled by the
available fractions of metals such as Al, Cu, and Pb and by some other abiotic properties
such as WC, pH, OM, and total C and N (Table 6).

Table 5. Results of multiple linear regression analyses for soils under different vegetation covers and seasons. Signifi-
cant results of multiple linear regression analyses of soil enzymatic activities (hydrolase: HA, dehydrogenase: DHA and
β-glucosidase: β-GLU) in relationship with soil abiotic properties (pH, water content: WC, total concentration of carbon
and nitrogen: C and N, organic matter content: OM, available fraction of Al, Ca, Cu, Fe, K, Mg, Mn, Na, and Pb) in soils
under different vegetation cover (P: pine; HO: holm oak; BL: black locust; H: herbs) at different seasons (S: summer 2018; F:
fall 2018; W: winter 2019; Sp: spring 2019). Italics indicate the adjusted R2 of each model.

Vegetation Cover Seasons Multiple Regression Model

P

S
HA = 574.298 − (2456.318 ×Mn) + (160.561 × Fe) − (2.893 ×Mg) + (0.564 × Ca) R2 = 0.62
DHA = 1.673 + (0.962 ×Mn) − (0.115 × Fe) − (0.00652 ×Mg) + (0.000201 × Ca) R2 = 0.59

F
HA = 711.364 − (0.0279 ×Mg) R2 = 0.58
DHA = 0.460 + (0.000337 ×Mg) R2 = 0.70
β-GLU = 406.772 − (0.147 ×Mg) R2 = 0.72

W
HA = 528.337 + (90.745 ×Mn) + (0.827 × Fe) − (4.064 ×Mg) + (0.193 × Ca) R2 = 0.80
DHA = 2.809 − (0.0349 ×Mn) − (0.0291 × Fe) + (0.0000110 ×Mg) − (0.000597 × Ca) R2 = 0.78
β-GLU = −165.723 + (84.836 ×Mn) + (1.887 × Fe) − (0.892 ×Mg) + (0.129 × Ca) R2 = 0.63

Sp
HA = 863.050 + (109.434 × Fe) − (82.788 ×Mg) + (0.302 × Ca) R2 = 0.75
DHA = −0.0664 − (0.328 ×Mn) + (0.0971 × Fe) − (0.0190 ×Mg) + (0.000516 × Ca) R2 = 0.82
β-GLU = 802.267 + (16.795 × Fe) − (24.072 ×Mg) + (0.0404 × Ca) R2 = 0.84
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Table 5. Cont.

Vegetation Cover Seasons Multiple Regression Model

HO

S
HA = 622.891 − (298.233 ×Mn) + (163.414 × Fe) − (1.045 ×Mg) − (0.149 × Ca) R2 = 0.81
DHA = 2.674 + (3.072 ×Mn) − (0.895 × Fe) + (0.00618 ×Mg) + (0.000847 × Ca) R2 = 0.72
β-GLU = 1113.367 + (461.335 ×Mn) − (281.902 × Fe) + (2.613 ×Mg) + (0.299 × Ca) R2 = 0.84

F β-GLU = 124.246 + (17.697 ×Mn) − (0.846 × Fe) + (0.0343 ×Mg) + (0.0251 × Ca) R2 = 0.81

W
HA = 1674.910 − (7.305 ×Mn) R2 = 0.67
DHA = −0.429 + (0.220 ×Mn) R2 = 0.64
β-GLU = 363.752 + (23.337 ×Mn) R2 = 0.63

Sp
HA = 1181.300 − (1.422 ×Mn) + (0.0471 × Ca) R2 = 0.59
DHA = −5.839 + (0.285 ×Mn) + (0.000516 × Ca) R2 = 0.60
β-GLU = −379.443 + (32.196 ×Mn) + (0.0710 × Ca) R2 = 0.77

BL

S
HA = 883.630 − (3.860 × Fe) R2 = 0.67
DHA = 0.630 + (0.136 × Fe) R2 = 0.64
β-GLU = 559.202 − (17.491 × Fe) R2 = 0.68

F
HA = −15233.898 + (4.175 ×Mn) − (284.969 × Fe) + (10.395 ×Mg) + (19.215 × Na) R2 = 0.79
DHA = 208.279 − (0.680 ×Mn) + (3.825 × Fe) − (0.105 ×Mg) − (0.261 × Na) R2 = 0.83
β-GLU = 7134.575 − (34.826 ×Mn) + (130.277 × Fe) − (2.506 ×Mg) − (8.946 × Na) R2 = 0.88

W
HA = 1399.255 − (84.113 ×Mn) + (0.0368 × Ca) R2 = 0.67
DHA = −0.0275 − (0.179 ×Mn) − (0.0283 × Fe) + (0.0110 ×Mg) + (0.000451 × Ca) R2 = 0.82

Sp HA = 11274.414 + (453.431 ×Mn) + (73.326 × Fe) − (395.247 ×Mg) + (0.427 × Ca) R2 = 0.73
DHA = 39.340 + (2.090 ×Mn) − (0.537 × Fe) − (1.436 ×Mg) + (0.00402 × Ca) R2 = 0.84

H

S
HA = 108.537 + (919.366 ×Mn) + (0.229 × Na) R2 = 0.65
DHA = −3.254 + (4.369 ×Mn) + (0.00622 × Na) R2 = 0.67
β-GLU = 492.480 − (120.333 ×Mn) − (0.643 × Na

F
HA = −552.003 − (498.522 ×Mn) − (12.495 × Fe) + (4.447 ×Mg) + (0.522 × Na) R2 = 0.62
DHA = −31.416 + (0.0372 × Na) R2 = 0.89
β-GLU = 9.838 − (194.965 ×Mn) − (8.247 × Fe) + (2.389 ×Mg) − (0.0366 × Na) R2 = 0.88

W
HA = −1819.093 − (443.852 ×Mn) + (96.649 × Fe) − (0.00256 ×Mg) + (1.839 × Na) R2 = 0.79
DHA = −0.357 + (0.548 ×Mn) + (0.0151 × Fe) + (0.000637 ×Mg) − (0.000122 × Na) R2 = 0.78
β-GLU = −2466.230 + (0.290 ×Mg) + (2.824 × Na) R2 = 0.67

Sp HA = −3337.011 + (2000.693 ×Mn) − (561.684 × Fe) + (537.311 ×Mg) − (10.017 × Na) R2 = 0.68
β-GLU = −685.425 + (843.654 ×Mn) − (226.863 × Fe) + (170.056 ×Mg) − (3.292 × Na) R2 = 0.77

Table 6. Results of multiple linear regression analyses for unburnt and burnt soils under different vegetation covers.
Significant results of multiple linear regression analyses of soil enzymatic activities (hydrolase: HA, dehydrogenase: DHA
and β-glucosidase: β-GLU) in relationship with soil abiotic properties (pH, water content: WC, total concentration of carbon
and nitrogen: C and N, organic matter content: OM, available fraction of Al, Ca, Cu, Fe, K, Mg, Mn, Na, and Pb) in unburnt
(UB) and burnt (B) soils covered by different vegetation cover (P: pine; HO: holm oak; BL: black locust; H: herbs). Italics
indicate the adjusted R2 of each model.

Vegetation Cover Fire Multiple Regression Model

P

UB

HA = 1136.464 − (232.733 ×Mn) + (19.395 × Fe) − (1.311 ×Mg) R2 = 0.62
DHA = 0.407 + (0.980 ×Mn) − (0.126 × Fe) + (0.00244 ×Mg) R2 = 0.58
β-GLU = −192.955 + (263.969 ×Mn) − (17.263 × Fe) + (0.816 ×Mg) R2 = 0.84

B

HA = −1647.699 + (280.039 × Cu) − (124.302 × Pb) + (380.605 × pH) − (115.994 × C) − (767.327 ×
N) − (35.016 × OM) R2 = 0.63
DHA = −3.280 − (0.0869 × Cu) + (0.0158 × Pb) + (0.660 × pH) − (0.0281 × C) − (3.368 × N) +
(0.0288 × OM) R2 = 0.73
β-GLU = 123.032 + (39.383 × Cu) − (15.053 × Pb) + (47.597 × pH) − (14.792 × C) − (510.130 × N) −
(11.591 × OM) R2 = 0.85

HO UB

HA = 2276.187 − (3.268 ×Mn) + (16.144 × Fe) − (0.527 ×Mg) − (0.0698 × Ca) − (2.135 × Na) +
(3.443 × K) − (37.494 × Al) + (1094.257 × Cu) − (387.797 × Pb) − (23.830 ×WC) − (26.092 × pH) R2

= 0.79
DHA = 34.487 + (0.298 ×Mn) + (0.0114 × K) − (0.0277 × Al) + (0.0130 ×WC) − (5.568 × pH) R2 =
0.71
β-GLU = 1851.453 + (18.433 ×Mn) + (20.033 × Fe) + (0.171 ×Mg) − (0.00604 × Ca) − (0.252 × Na) +
(0.167 × K) − (21.172 × Al) − (42.703 × Cu) − (62.309 × Pb) − (27.947 ×WC) − (152.040 × pH) R2

= 0.81
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Table 6. Cont.

Vegetation Cover Fire Multiple Regression Model

B

HA = 5403.332 − (54.698 ×Mn) + (60.722 × Fe) − (3.431 ×Mg) + (0.224 × Ca) − (4.760 × Na) −
(2.999 × K) − (41.834 × Al)R2 = 0.69
DHA = 12.864 + (0.156 ×Mn) + (0.0182 × Fe) − (0.00526 ×Mg) + (0.000709 × Ca) − (0.0106 × Na) −
(0.0106 × K) − (0.0295 × Al) R2 = 0.64
β-GLU = −877.077 + (177.894 ×Mn) − (65.043 × Fe) + (6.652 ×Mg) − (0.355 × Ca) + (5.526 × Na)
− (4.029 × K) − (1.771 × Al) R2 = 0.71

BL

UB
HA = 1388.988 + (2.103 × Fe) − (1.760 × K) R2 = 0.58
DHA = 0.570 + (0.0345 × Fe) + (0.00250 × K) R2 = 0.64
β-GLU = 851.993 + (0.0343 × Fe) − (1.080 × K) R2 = 0.71

B
HA = −19257.673 − (187.103 ×Mn) + (48.790 × Fe) − (2.244 ×Mg) + (0.234 × Ca) − (2.767 × Na) +
(5.980 × K) + (126.847 × Al) + (717.584 × Cu) − (323.015 × Pb) + (70.248 ×WC) + (2462.431 × pH)
R2 = 0.75

H

UB

HA = 1032.227 − (0.109 × Na) + (0.138 × K) − (42.703 × Al) − (158.552 × Cu) + (2.663 × Pb) R2

= 0.81
DHA = 1.559 + (0.00207×Na) + (0.00273× K)− (0.274× Al)− (0.192× Cu)− (0.412× Pb) R2 = 0.73
β-GLU = −116.330 + (0.305 × Na) + (0.0830 × K) + (3.845 × Al) − (4.984 × Cu) + (18.675 × Pb) R2

= 0.87

B
HA = 363.289 + (65.104 ×Mn) − (10.143 × Fe) + (0.171 × Na) R2 = 0.75
DHA = 0.488 + (0.603 ×Mn) − (0.0359 × Fe) − (0.000124 × Na) R2 = 0.79
β-GLU = 213.791 + (187.946 ×Mn) + (12.950 × Fe) − (0.277 × Na) R2 = 0.73

4. Discussion

In the Mediterranean environment, where the frequency of wildfires is high, it is useful
to understand the impact of fires on soil microbial properties in order to prevent them and
to put into practice strategies aiming to recover burnt areas. By now, it is known that fire
effects on soils depend on fire intensity and frequency, but also on vegetation type, climate,
fuel load, and topographic characteristics [37–39]; fire’s effects on soil activities have been
investigated to a lesser extent and the results of these studies are still controversial.

In the present research, the enzymatic activities mainly varied according to the vegeta-
tion covers, the seasons, and to a lesser extent according to the fire, as well as depending on
the variations of soil abiotic properties [40,41]. In particular, in soils under the same vegeta-
tion cover the enzymatic activities were controlled by different soil properties according to
seasons and fire occurrence, as shown by the multiple linear regressions. In fact, for all the
vegetation covers, HA, DHA, and β-GLU activities over the seasons were controlled only
by nutrient availabilities; whereas, in burnt soils they were also controlled by pH, contents
of water, and organic matter, C and N, and by Al, Cu, and Pb availabilities. Seasonality
exerted a strong effect on nutrient availabilities [42]; whereas, fire occurrence, besides its
influence on nutrient and metal availabilities [14], also caused variations in soil pH, organic
matter, and C and N contents [43]. These profound changes in soil abiotic properties, due
to seasonality and fire effects, affected soil microbial and enzymatic activities [44].

However, some differences in properties affecting the enzymatic activities occurred
among soils under the different investigated vegetation covers. More specifically, the avail-
ability of different macro- and micro-nutrients (i.e., Ca, Fe, K, Mg, Mn, and Na) regulated
the temporal variation of each enzymatic activity in soils under different vegetation covers.
This could be due to the heterogeneity of nutrient availability over the seasons under the
same vegetation cover. For instance, Mg and Na significantly varied over the seasons in
soils under all the investigated vegetation covers even if the highest values were frequently
detected in fall. The high values of macronutrients found in fall could be due to the reduc-
tion in the plant uptake and nutrient requirements, and to the high litter accumulation that
enhance the decomposition process [42]. Soils under pine showed differences in temporal
variation of nutrient availability, as compared with the other vegetation covers, as the
lowest values of Ca was detected in winter and those of Mn in summer, suggesting that, for
this species, a temporal shift related to request of these elements occurred [45]. As observed
for macro- and micro-nutrients, metals (i.e., Al, Cu, and Pb) also significantly varied over
the seasons in soils under all the investigated vegetation covers, with the exception of Pb,
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which did not significantly vary under herbs. Despite of nutrients, metals showed similar
temporal trends with the highest values in winter and the lowest in summer, suggesting
that their mobility is more affected by microclimatic conditions rather than plants and
uptake [32]. In addition, the pollution effect that is marked in winter when the anthropic
activity is greater cannot be excluded [46].

The temporal variations in each enzymatic activity showed significant variations only
for HA in soils under HO and BL, and for DHA in soils under P. It is most likely that these
variations for HA were due to C and N concentrations and to nutrient availability, especially
Ca, K, and Mg, and for DHA were due to Ca and K availability. Hydrolytic enzymes are a
reliable index of soil bioactivity and fertility due to the association of humus and C and N
contents [47]. Dehydrogenase intervenes in soil processes that create metabolic pathways
for soil microorganisms, and it is also frequently used as a direct measure of soil microbial
activity in relation to mineralization and the formation of humic substances [48]. It has
been reported that the increase in dehydrogenase activity and microbial biomass were
proportional to the addition of number and amount of nutrients [49]. However, the role
of pH and water content in regulating the temporal variations of the enzymatic activities
cannot be excluded, as they significantly varied for all the vegetation covers, with the
exceptions of herbs. The highest values of HA activity in summer and winter under holm
oak and for all the sampling seasons with the exception of spring under black locust could
be due to the higher water and organic matter content. In fact, the catalytic efficiency of
soil enzymes is highly affected by soil moisture content and pH [15,50,51].

The soil abiotic properties, with the exception of Ca and Al in soils under HO, and of
pH and K in soils under H, as well as the enzymatic activities did not significantly change
between unburnt and burnt soils within the same vegetation cover. Notwithstanding,
an overall evaluation highlighted that fire differently affected soils under HO and H
as compared with soils under P and BL; in fact, in burnt soils under HO and H, metal
availability did not control the enzymatic activities, whereas the opposite occurred in those
under P and BL. Fire occurrence induced transformations on soil metal content, exposing
metals to the soil solution and enhancing their bioavailability [52]. The increased metal
availability can cause the excessive accumulation of them in microorganisms, inducing
oxidative stress or chelation of essential metabolites and causing enzyme inactivation and
cell damage [52]. This was particularly evident in soils under pine, where the variations of
several soil functions were of greater extent as compared with the other vegetation cover
in Mediterranean area [14].

Fire, seasonality, and vegetation exerted a combined effect on soil abiotic properties
and enzymatic activities [14,41]; in fact, fire and seasonality played opposing effects on
soil abiotic properties within and among the vegetation covers that, on the whole, did not
cause significant variations in soil enzymatic activities.

The narrowest heterogeneity of the enzymatic activities in responding to temporal and
fire effects in soils under HO and BL suggested that these species confer a high resistance
to soil variations. It is most likely that holm oak and black locust showing stability to
perturbations contributed to maintaining homogeneous soil conditions that then ensured
high microbial activity. This hypothesis is corroborated by previous studies for HO [41].

5. Conclusions

The results of the present research provided a contribution to the current knowledge
about the impact of fire and seasonal variations on soil enzymatic activities in soils covered
by different vegetation typical of Mediterranean area.

An overall evaluation highlighted that seasonality more than fire occurrence affected
the soil enzymatic activities for all the investigated vegetation. Over the seasons, HA, DHA,
and β-GLU activities in unburnt soils were controlled by nutrient availabilities; whereas,
they were also affected by pH, contents of water, organic matter, C and N, and Al, Cu, and
Pb availabilities. In burnt soils, a clear temporal trend appeared for metal availabilities that
was higher in winter and lower in summer.
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Among the investigated vegetation, holm oak, showing the lowest coefficient of
variation, conferred high stability to soils that were affected by both seasonality and fire.
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