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Altitude, exposure, and plant cover may have a significant impact on the soil system,

affecting its abiotic characteristics and, in turn, soil microbial composition and activity.

In the Mediterranean area, the relationships among environmental features and soil

characteristics are still scarcely investigated. The present study aimed to evaluate the

effects of altitude, slope exposure, and plant cover on soil abiotic characteristics and

the responses of the soil microbial community. Surface soil was sampled at 32 field

points of the Vesuvius Mountain (Southern Italy) at two slope exposures (North and

South), two altitudes (600 and 900m a.s.l), and under two different plant covers (pines

and shrubs), and it was analyzed for soil abiotic and biotic characteristics. The results

showed that soil characteristics mainly differed according to site altitude, but some

characteristics also changed according to site exposure and plant cover. The soil organic

carbon (Corg) showed significant high values at low altitude, south exposure, and under

pines and played a role in influencing the soil microbial community. In soil covered

by pines, the greatest soil Corg amount matched with the highest values of C/N ratio

and fungal biomass. Finally, high Corg and water availability significantly enhanced the

microbial activities.

Keywords: plant cover, altitude, exposure, volcanic soils, microbial community, microbial activity

INTRODUCTION

Soil is defined as a complex mixture of eroded rock, mineral nutrients, organic matter, water, air,
and billions of living organisms, whose combination is difficult to predict and depends on multiple
environmental features (Miller, 2007). Among these features, altitude and slope exposure influence
the local climate, which, in turn, affects soil characteristics (Griffiths et al., 2009).

Particularly in the Mediterranean area, moderately wet and cold winters are coupled with
dry and hot summers, but the intensity of the drier periods, increasing from high to low
latitudes, can vary widely and directly influence different soil characteristics (Tsui et al., 2004;
Sardans and Peñuelas, 2013).

The temperature and moisture generated from the elevation and the exposition may affect soil
nutrient availability, erodibility, moisture content, infiltration capacity, leaching and deposition
processes, cation exchange capacity, soil organic matter dynamics, and stabilization and pH
(Lemenih and Itanna, 2004; Griffiths et al., 2009; Saeed et al., 2014).
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Furthermore, different altitude and slope exposure have an
impact on plant community distribution as vegetation types and
thus strictly interact with soil processes or function, modifying
its chemical and physical characteristics (Griffiths et al., 2009;
Thakur et al., 2015). In addition, vegetation density and type,
affecting the litter quantity and quality, soil pH, and chemical
composition (Menyailo et al., 2002; Mendes et al., 2014; Cline
and Zak, 2015), directly or indirectly play important roles on soil
microbial composition and activity (Rajala et al., 2012; Bardelli
et al., 2018). For example, McCulley and Burke (2004) observed,
in soils covered by grass, that altitude directly impactedmicrobial
biomass amount, whereas, in boreal forest soils, topographic
gradient changed thick forest floors, pH, and C/N ratio and the
microbial community structures (Högberg et al., 2007; Seibert
et al., 2007). So, differences in soil abiotic characteristics due to
altitude, exposure (Swallow et al., 2009; Bach et al., 2010), and
plant cover (Panico et al., 2020) have a significant impact on
ecosystem dynamics and may lead to differences in soil microbial
communities (Tajika et al., 2020).

Particularly interesting are the soils formed along the slopes of
a volcano for their capacity to store the highest amount of organic
C among all mineral soil types (Lilienfein et al., 2003; Egli et al.,
2008; De Marco et al., 2013a). In fact, these soils are generally
characterized by high litter input due to primary productivity
(Dahlgren et al., 2004) but have also a high stabilization of
soil organic matter by non-crystalline inorganic soil components
(Torn et al., 1997). On the other hand, volcanic soils are
characterized by the natural pedo-geochemical background with
high heavy metal concentrations inherited from the parent rock
material (Adamo and Zampella, 2007).

Although the impacts of the environmental features (i.e.,
altitude, exposure, and plant cover) on soil formation and
evolution are known, the specific relationships between these and
soil abiotic and biotic characteristics have been poorly studied
(Liu et al., 2003; Brockett et al., 2012; Wang et al., 2016).
In fact, the few studies performed in the Mediterranean area
(Rutigliano et al., 2009; Iovieno et al., 2010; Lucas-Borja et al.,
2012) are not interested at soil–vegetation relationships along
an altitudinal gradient and among different slope exposures.
Anyway, the low water and nutrient availability in soils of
Mediterranean area affect plant cover and soil biological activity
and diversity which, in turn, are related to soil hydrological and
erosion behavior throughout the slopes (Ruiz-Sinoga et al., 2010,
2011). Moreover, the assessment of altitude and slope exposure
incidence and their prevailing role as driving features for changes
in soil characteristics is becoming fundamental especially in
Mediterranean ecosystems due to their fragility and exposure to
climate change conditions (Sardans and Peñuelas, 2013).

Therefore, the aims of this research were (i) to assess the
effects of altitude, slope exposure, and plant cover (the main
site features) on soil abiotic and biotic characteristics within a
Mediterranean volcanic area and (ii) to analyze the responses
of soil microbial community to soil abiotic characteristics
at different altitude, slope exposure, and plant cover. The
hypotheses behind the research were that sites of distinct
altitude/exposure/vegetation directly affect the soil abiotic
characteristics and indirectly the soil microbial community and

FIGURE 1 | Monthly mean of temperature (T, expressed as ◦C) and

precipitation (P, expressed as mm) values of north (filled symbols and bars) and

south (empty symbols and bars) slopes related to the study area from January

2015 to June 2017.

activities. To achieve the aims, soils were sampled at the Vesuvius
National Park (Southern Italy), a volcanic mountain covered by
typical Mediterranean plants. The study was performed along
two slope exposures (North and South) and two altitudes (600
and 900m a.s.l.) characterized by two representatives (Vacchiano
et al., 2012) plant covers (pines and shrubs). The soil samplings
were carried out during spring, i.e., a growing season with
non-restrictive temperatures and water availability, in three
sampling campaigns (2015, 2016, and 2017). The Vesuvius
National Park is a volcanic area located not so far from densely
populated urban areas and characterized by intensive human
activities. The investigated soils are particularly rich in Cr,
Cu, Ni, and Pb because of both their pedogenetic origin and
air deposition deriving by the surroundings with high human
density and activity (De Nicola et al., 2003; Maisto et al.,
2006; Memoli et al., 2018a). Besides, in previous researches
performed in the same investigated area, many nutrients showed
low ready availability (namely, acid-soluble, reducible, and
oxidizable fractions) and did not exert meaningful effects on
soil microbial biomass and activity (Memoli et al., 2018b). By
contrast, ecotoxicological effects on soil biota were due to trace
elements, particularly Cr, Cu, Ni, and Pb (Maisto et al., 2011;
Memoli et al., 2018b).

MATERIALS AND METHODS

Study Area and Experimental Design
The study was performed on the Vesuvius Mountain (Naples,
Southern Italy), characterized by Mediterranean climatic
conditions with dry summers and rainy autumns and winters;
mean annual temperature is 9.8◦C, and annual precipitation
is 940mm according to long-term averages (years 1961 to
1990) from the closest meteorological station at Osservatorio
Vesuviano (605m a.s.l.; 40◦49′N; 14◦24′E). The monthly mean of
temperature (◦C) and precipitation (mm) of the north and south
slopes of the study area in the sampling period (2015–2017) is
reported in Figure 1.
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The slopes of Mount Vesuvius are a complex mosaic of areas
afforestedmainly by Pinus pinea and sites characterized by shrubs
(such as Myrtus communis L., Laurus nobilis L., Viburnum tinus
L., Cistus sp., Ginesta sp.) of the Mediterranean maquis (De
Nicola et al., 2003; De Marco et al., 2013b). The soils are Lepti-
Vitric Andosols according to the FAO soil classification (Gennaro
and Terribile, 1999; IUSS Working Group WRB, 2014); in the
studied areas, soils derived by volcanic deposits of the recent
cycles (1804–1906). These deposits were Leucititic Tephrite-
Phonolites similar in chemical composition (Santacroce, 1987;
Santacroce and Sbrana, 2003).

The soil samplings were carried out during three sampling
campaigns conducted during spring in 2015, 2016, and 2017.
Surface soils (0–10 cm) were collected at 32 sites: 16 along the
south-exposed (S) and 16 north-exposed (N) slopes. Along each
slope, 8 sites were chosen at low altitudes (L-600m a.s.l.) and 8 at
high altitudes (H-900m a.s.l.), and for each altitude 4 soils were
sampling under pines (P) and 4 soils under shrubs (S). At each
site, 12 subsamples of soils were collected and mixed together in
order to obtain a homogeneous sample to perform the analyses.

Soil Physico-Chemical Analyses
In the laboratory, the soil samples were sieved (2mm) and
divided in portions to measure, in triplicates: pH, water holding
capacity (WHC), bulk density (BD), water content (WC), organic
C (Corg) and N concentrations, Cr, Cu, Ni, and Pb total
concentrations, and available fractions.

Soil pH was measured in water suspension (1:2.5 = v:v =

soil:water) by the electrometric method (Colombo and Miano,
2015). WC was determined by drying fresh soil at 105◦C until
reaching a constant weight, and the water holding capacity
(WHC) was determined by the gravimetric method according
to Aceves et al. (1994). Bulk density (BD) was assayed on
undisturbed soil cores of known volume after drying for 48 h at
105◦C. Soil Corg, in samples previously treated with HCl (10%),
and N concentrations were evaluated by a CN elemental analyzer
(Thermo Finnigan).

Total concentrations of Cr, Cu, Ni, and Pb were measured and
oven-dried (105◦C until constant weight) and grounded (Fritsch
Analysette Spartan 3 Pulverisette 0) after acidic digestion (HF
50% andHNO3 65% at 1:2=v: v) in a microwave oven (Milestone
mls 1200—Microwave Laboratory Systems). The available metal
fractions were extracted with diethylenetriamine pentaacetic
acid, CaCl2, and triethanolamine at pH 7.3 ± 0.05 (Lindsay and
Norvell, 1978). Metal concentrations were measured by atomic
absorption spectrometry, via graphite furnace (SpectrAA 220 FS;
Varian, Sidney, Australia).

Soil Biological Analyses
The biological analyses, performed within a week after sampling,
in triplicates, on fresh samples stored at 4◦C, were microbial and
fungal biomasses and soil basal respiration (BR). The microbial
biomass (MB) was evaluated as microbial carbon, according
to Anderson and Domsch (1978), by the method of substrate-
induced respiration (SIR). SIR was determined using glucose 1%
as the substrate and the evolved CO2 in 72 h incubation at 25◦C
in the dark (Anderson and Domsch, 1978). The evolved CO2

was adsorbed in NaOH and measured by two-phase titration
with HCl (Froment, 1972). The fungal biomass (FB) was assayed
by membrane filter technique (Sundman and Sivelä, 1978), after
staining with Aniline Blue, determining hypha length by the
intersection method (Olson, 1950) with an optical microscope
(Optika, B-252).

BR was determined by measuring the CO2 evolved in the
10-day incubation at 25◦C in the dark (Anderson and Domsch,
1993) and expressed as mg CO2 g−1 d.w.

The soil metabolic quotient, qCO2, was calculated as ratio
between the C-CO2 obtained by basal respiration and Cmic

(Cheng et al., 1996), and the coefficient of endogenous
mineralization, CEM, was calculated as ratio between the CO2

obtained by basal respiration and Corg (Rutigliano et al., 2002).

Statistical Analyses
To test the normality of the data distribution, the Shapiro–Wilk
test was performed.

In order to highlight the direct influences of altitude, slope
exposure, plant cover, and sampling time on soil abiotic (pH,
WC, O.M., C/N, BD, WHC, total and available metal contents)
and biotic (MB, FB, BR, qCO2, CEM) characteristics, linear
mixed effect models (LME) were performed. For each soil
characteristic, the influence of altitude, slope exposure, and
plant cover, considered as fixed effects, and of sampling time,
considered as random effect, was calculated using restricted
maximum likelihood (REML), the better estimation of variance
components for the present dataset. The significant impacts and
interactions among altitude, slope exposure, plant cover, and
sampling time on soil characteristics were calculated with the
comparison of models, using the likelihood ratio test with the
Anova function (for α = 0.05).

In order to assess the significant impacts of soil abiotic
characteristics on soil biotic ones, multiple linear regressions
were carried out. The responses of soil biotic properties (MB,
FB, BR, qCO2, CEM), defined as dependent variables, to soil
abiotic properties (pH, WC, Corg, C/N, BD, WHC, total and
available metal contents), defined as independent variables, were
tested. Before the linear mixed effect models and the multiple
linear regressions’ performance, the linearity of the data, the
independence, the homogeneity, and the normality of residuals
were tested. Only the normality was not always satisfied for some
variables, and in that case a logarithmic transformation was done.

The R 3.6.2 programming environment (R Core Team
2016) was used to perform the statistical analyses, considered
significant at least for P < 0.05, the linear mixed effect models
(lme4 package), and the multiple linear regressions.

RESULTS

Characteristics of Soils at Different
Altitudes, Exposures, and Plant Cover
The results showed that soil characteristics were mainly
dependent on altitude, partially dependent on slope exposure
and plant cover, and to a lesser to sampling time (Tables 1–3).
In particular, soil pH was high at high altitude (Table 1);
WC at low altitude (Table 1); WHC at low altitude, along
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TABLE 1 | Mean values (±s.e.) of pH, water content (WC, expressed as % d.w.), water holding capacity (WHC, expressed as % d.w.), and bulk density (BD, expressed

as mg cm−3 ).

Slope North South

Altitude Low High Low High

Plant cover Pine Shrubs Pine Shrubs Pine Shrubs Pine Shrubs

pH 6.91

(±0.17)

7.16

(±0.06)

6.57

(±0.23)

7.05

(±0.18)

6.48

(±0.21)

6.70

(±0.16)

6.69

(±0.22)

7.01

(±0.19)

WC 25.9

(±5.85)

22.1

(±4.61)

26.6

(±5.36)

11.9

(±1.94)

62.1

(±7.88)

55.8

(±6.28)

17.8

(±4.93)

13.8

(±5.20)

WHC 92.9

(±9.35)

55.7

(±8.65)

59.9

(±7.45)

23.9

(±4.01)

122

(±10.1)

108

(±9.73)

34.9

(±2.89)

37.1

(±3.66)

BD 1.23

(±0.01)

1.50

(±0.01)

1.49

(±0.05)

2.03

(±0.11)

1.20

(±0.15)

1.27

(±0.14)

1.61

(±0.03)

1.56

(±0.09)

Corg 4.20

(±0.87)

3.36

(±0.85)

8.82

(±0.72)

3.61

(±0.36)

13.8

(±1.76)

8.56

(±1.72)

3.82

(±0.59)

4.28

(±0.70)

N 0.56

(±0.08)

0.40

(±0.09)

0.62

(±0.07)

0.49

(±0.08)

0.54

(±0.05)

0.45

(±0.10)

0.33

(±0.11)

0.27

(±0.04)

C/N 21.8

(±4.20)

13.4

(±3.24)

21.7

(±2.53)

11.3

(±1.64)

32.9

(±4.08)

23.0

(±3.66)

16.4

(±1.19)

13.4

(±2.74)

Total Cr 14.4

(±1.30)

9.19

(±1.26)

22.4

(±2.38)

30.5

(±3.05)

21.7

(±1.78)

18.9

(±2.07)

23.1

(±2.11)

21.4

(±1.74)

Total Cu 138

(±4.36)

228

(±6.50)

126

(±3.67)

97.6

(±3.48)

83.2

(±2.84)

74.9

(±3.01)

92.9

(±4.02)

82.9

(±1.89)

Total Ni 10.7

(±0.09)

9.32

(±1.08)

18.8

(±1.54)

15.7

(±1.55)

11.5

(±1.06)

12.0

(±1.11)

13.9

(±1.21)

13.0

(±1.74)

Total Pb 123

(±0.08)

114

(±0.08)

97.4

(±2.64)

60.7

(±3.05)

107

(±0.08)

92.8

(±0.08)

42.7

(±2.11)

44.8

(±2.74)

Available Cr 0.01

(±0.001)

0.002

(±0.001)

0.001

(±0.001)

0.001

(±0.001)

0.006

(±0.001)

0.03

(±0.001)

0.001

(±0.001)

0.001

(±0.001)

Available Cu 10.2

(±1.67)

10.2

(±1.29)

4.31

(±1.54)

3.77

(±2.03)

4.51

(±1.08)

5.80

(±1.83)

2.57

(±1.28)

2.51

(±1.61)

Available Ni 0.12

(±0.04)

0.16

(±0.05)

0.02

(±0.01)

0.06

(±0.01)

0.22

(±0.09)

0.39

(±0.11)

0.03

(±0.01)

0.06

(±0.01)

Available Pb 18.2

(±2.03)

5.81

(±0.35)

1.93

(±0.45)

3.95

(±0.35)

10.6

(±1.13)

31.9

(±2.10)

2.29

(±0.11)

5.39

(±0.86)

Organic carbon (Corg, expressed as % d.w.), nitrogen concentration (N, expressed as % d.w.), C/N ratio, total concentration, and available fraction of Cu, Cr, Ni, and Pb (expressed as

µg g−1 d.w.) measured in soils collected at low and high altitudes, North and South exposure, and under shrubs and pine cover.

south exposure and under pine cover (Table 1); and BD
at high altitude, along north exposure and under pine
cover (Table 1).

Soil Corg content was high at low altitude along south exposure
and under pine cover (Figure 1); finally, the C/N ratio was
high at low altitude and showed wide variability among the
soils along south and north exposure and under different plant
covers (Figure 1).

Also, soil total heavymetal (Cr, Cu, Ni, and Pb) concentrations
highlighted wide variability among all investigated soils
(Table 1). The high Cu concentrations were observed in
soils collected along south exposure (Table 1). Concerning
the heavy metal available fractions, all of them showed high
concentrations at low altitude (Table 1); additionally, Cu
showed high concentrations in soil collected along south
exposure (Table 1).

Among the soil biotic characteristics, MB was high at
low altitude (Table 2), FB at low altitude and under pine

cover (Table 2), and BR at low altitude and along south
exposure (Table 2).

The variability of FB and MB was comparable according to
different altitudes, slope exposures, and plant covers (Table 2);
instead, BR, qCO2, and CEM mainly showed wide variability
particularly in soils collected at low altitude, north exposure, and
under pines as compared to those collected, respectively, at high
altitude, south exposure, and under shrubs (Table 2).

Relationships Among Environmental
Features and Soil Characteristics
The linear mixed-effect model showed that soil characteristics
were mainly dependent on altitude, partially dependent on
slope exposure and plant cover (fixed effects) and to a lesser
extent on sampling time (random effects) (Table 3). In particular,
altitude significantly influenced the great part of the investigated
soil characteristics, with the exception of N, C/N, total Cu
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TABLE 2 | Mean values (±s.e.) of microbial biomass (MB, expressed as mg C g−1 d.w.), fungal biomass (FB, expressed as mg g−1 d.w.), basal respiration (BR,

expressed as mg CO2 g−1 d.w.), metabolic quotient (qCO2, expressed as mg C-CO2 mg−1 Cmic), and coefficient of endogenous mineralization (CEM, expressed as mg

C-CO2 g−1 Corg) measured in soils collected at low and high altitudes, North and South exposure, and under shrubs and pine cover.

Slope North South

Altitude Low High Low High

Plant cover Pine Shrubs Pine Shrubs Pine Shrubs Pine Shrubs

MB 1.59

(±0.12)

1.40

(±0.06)

1.71

(±0.13)

1.29

(±0.18)

2.10

(±0.21)

1.55

(±0.16)

1.09

(±0.22)

1.31

(±0.19)

FB 0.34

(±0.01)

0.32

(±0.02)

0.47

(±0.02)

0.36

(±0.01)

0.51

(±0.03)

0.40

(±0.02)

0.32

(±0.04)

0.27

(±0.01)

BR 0.16

(±0.01)

0.13

(±0.02)

0.32

(±0.01)

0.21

(±0.01)

0.46

(±0.02)

0.33

(±0.01)

0.16

(±0.01)

0.17

(±0.01)

qCO2 0.06

(±0.01)

0.07

(±0.01)

0.07

(±0.01)

0.04

(±0.01)

0.15

(±0.02)

0.12

(±0.01)

0.09

(±0.02)

0.06

(±0.01)

CEM 2.40

(±0.17)

3.50

(±0.15)

2.47

(±0.12)

1.84

(±0.16)

1.61

(±0.18)

1.26

(±0.89)

2.27

(±0.59)

1.54

(±0.34)

concentration, available Cr and Ni concentrations, FB, qCO2,
and CEM (Table 3); slope exposure significantly influenced
the WC, Corg, total Cu and Pb concentrations, available Cu
concentration, and BR (Table 3); and plant cover significantly
influenced the WC, Corg, total Cr, Cu, and Ni concentrations,
and BR (Table 3). A great part of the WC, WHC, and total Cr,
Cu, Ni, and Pb concentration variabilities were also due to the
sampling time (Table 3). In addition, the interactions among the
altitude, slope exposure, and plant cover significantly influenced
all the soil characteristics (Table 3), whereas the interaction
between altitude and slope significantly influenced WC, Corg,
C/N, and available Cu fraction (Table 3). The interaction between
altitude and plant cover significantly influenced WC, Corg, total
Cu concentration, and BR (Table 3), whereas the interaction
between slope and plant cover significantly influenced pH, WC,
WHC, BD, Corg, total Cr and Pb concentration, available Cu, Ni,
and Pb fractions, MB, and BR (Table 3). Overall, the influence
of altitude, slope exposure, and plant cover on soil abiotic
characteristics was higher than that on the biotic ones (Table 3).

The multiple linear regressions highlighted that Cmic was
positively correlated with soil N and Corg content and
negatively with C/N ratio (Table 4); FB was negatively correlated
with soil Cr available fraction and positively with C/N
ratio and Ni available fraction (Table 4); BR was positively
correlated with soil WHC (Table 4); and qCO2 was positively
correlated with soil C/N ratio and negatively to Ni total
content (Table 4).

DISCUSSION

Relationships Between Site Features and
Soil Abiotic and Biotic Characteristics
In the studied area, altitude more than slope exposure and
plant cover seems the main discriminating feature in defining
directly the characteristics of the investigated soils. In fact,
as shown by the linear mixed effect analyses, a significant

influence on soil abiotic properties was highlighted according
to the different altitudes. In fact, altitude seemed to affect the
soil structure and porosity as shown by the highest values
of WHC and the lowest values of BD measured in soil at
low altitude. The lower BD in soil indicates a higher degree
of soil organic matter, good granulation, aeration, and higher
infiltration (Dar and Somaiah, 2015; Saeed et al., 2019). The
high Corg, observed at low altitude and south exposure, could
be due to the greater plant canopy which will be responsible for
the falling of a high amount of leaves on soil floor (Hutchins
et al., 1976; Kao and Chang, 2001) as well as to the inputs
of litter deriving by phenomena of leaching along the slope
(Mukai et al., 2016). The Corg observed in soil at low altitude
could enhance the soil stabilization (Ruiz-Sinoga et al., 2012)
and be the main responsible for the high soil water content
and C/N ratio (Tipping et al., 2016). By contrast, the high pH
detected at high altitude could be also due to the low values of
Corg and humic acids, known to lead to a decrease of soil pH
(Finzi et al., 1998).

The observed variability of total and available element
concentrations suggested the direct impact of altitude and
slope exposure on their distribution. This finding confirms
previous studies hypothesizing that the content of elements
in the Vesuvius area was influenced by lithogenic factors and
microclimatic conditions due to site features (Memoli et al.,
2018a, 2019a). However, the high Ni and Cr availability found
at low altitude and south exposure could be due also to the
high Corg content and the low pH, as the capability of organic
compounds to retain soil elements (Vega et al., 2004; Nunes
et al., 2014) and the role of low soil pH to enhance element
availability are known (Acosta et al., 2010). In addition, the
high element availability at low altitude could be also due
to the accumulation of soil components, produced at high
altitude, which were transported along the slope through leaching
phenomena (Acosta et al., 2010). Nevertheless, it cannot be
overlooked that sites at low altitude, being nearer suburban
areas, could receive by air depositions pollutants rich in potential
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TABLE 3 | Summary of mixed-effect model analyses (F-value: F ) among altitude (Alt), slope exposure (Slp), and plant cover (Veg), as fixed effects, and sampling time, as

random effects, on abiotic (pH, water content—WC, water holding capacity—WHC, bulk density—BD, organic carbon content—Corg, nitrogen concentration—N, C/N

ratio, total concentration and available fraction of Cu, Cr, Ni, and Pb) and biotic (microbial biomass—MB, fungal biomass—FB, basal respiration—BR, metabolic

quotient—qCO2, coefficient of endogenous mineralization—CEM) characteristics of soils collected at the Vesuvius National Park. Asterisks indicate significant impacts of

fixed effects and their interactions on soil characteristics (Anova test—model comparison).

Soil characteristics Fixed effects Random effects Residual effects Interactions among fixed effects

Altitude Slope Plant cover Sampling time

Alt Slp Alt × Slp × Veg

pH F 6.30* 3.13 2.13 0.03 0.14 Slp n.s. ***

Veg n.s. *

WC F 29.1*** 8.17*** 12.7*** 166*** 185 Slp * ***

Veg * ***

WHC F 20.9*** 2.07 3.65 165* 1,190 Slp n.s. ***

Veg n.s. ***

BD F 25.0*** 4.24 0.09 0.01 0.05 Slp n.s. **

Veg n.s. **

Corg F 60.8*** 52.4*** 48.1*** 0.22 10.8 Slp *** ***

Veg *** ***

N F 0.002 0.46 3.13 <0.001 0.12 Slp n.s. ***

Veg n.s. n.s.

C/N F 1.16 4.08 7.29 <0.001 <0.001 Slp * ***

Veg n.s. n.s.

Total Cr F 22.5*** 1.49 9.99*** 46.3*** 24.8 Slp n.s. ***

Veg n.s. *

Total Cu F 2.85 12.3*** 4.70* 1,610** 2,673 Slp n.s.

Veg * n.s. ***

Total Ni F 10.9*** 0.27 4.41* 76.2*** 16.6 Slp n.s. ***

Veg n.s. n.s.

Total Pb F 13.7*** 4.24* 0.44 903*** 1,338 Slp n.s. ***

Veg n.s. *

Available Cr F 3.96 1.73 1.77 <0.001 <0.001 Slp n.s. *

Veg n.s. n.s.

Available Cu F 8.82** 7.34** 2.62 2.31 46.6 Slp * ***

Veg n.s. **

Available Ni F 17.7 3.88 3.50 <0.001 0.01 Slp n.s. ***

Veg n.s. ***

Available Pb F 13.2*** 0.76 0.82 2.58 47.9 Slp n.s. ***

Veg n.s. ***

MB F 14.5*** 0.96 3.39 0.01 0.26 Slp n.s. ***

Veg n.s. ***

FB F 4.24 0.14 0.55 <0.001 0.00 Slp n.s. ***

Veg n.s. n.s.

BR F 13.5*** 12.7*** 6.25* 0.01 0.02 Slp n.s. ***

Veg * *

qCO2 F 2.42 5.38 2.86 <0.001 <0.001 Slp n.s. ***

Veg n.s. n.s.

CEM F 0.06 0.44 1.25 0.53 2.33 Slp n.s. ***

Veg n.s. n.s.

*P < 0.05; **P < 0.01; ***P < 0.001.

toxic elements as Pb and Cu (Memoli et al., 2019b), which
form weakly binds to soil particles and can become readily
available (Massas et al., 2009). The high bulk density observed

at high altitudes disagrees with other authors (Saeed et al., 2014,
2019), and it could be due to the low amount of soil Corg

(Athira et al., 2019).
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TABLE 4 | Significant results of multiple linear regression analyses of soil biotic

(microbial biomass: MB, fungal biomass: FB, basal respiration: BR, metabolic

quotient: qCO2) characteristics in relationship with soil abiotic (water holding

capacity: WHC, organic carbon: Corg, nitrogen concentration: N, C/N ratio, total

and available concentration of Cu, Cr, Ni, and Pb) characteristics.

Soil biotic

characteristics

Multiple regression model

MB 0.697587N + 0.063019 Corg−8.017878 C/N +

2.818380

R2 = 0.6699

p-value: 3.614*10 −5

FB 0.098770 C/N−0.842864 Cr(Aivai) + 0.113271 Ni(Aivai) +

0.017856

R2 = 0.2286

p-value: 0.01625

BR 0.002461WHC−0.053642

R2 = 0.2529

p-value: 0.005552

qCO2 0.8066798 C/N−0.0034506 Ni(Tot) + 0.0964434

R2 = 0.5623

p-value: 4.767*10 −5

Besides altitude and slope exposure, plant covers (namely,
shrubs and pines) also play a role in influencing some soil
characteristics, such as Corg, WHC, and C/N. Particularly, the soil
under pine was richer in Corg than soil under shrubs, as observed
in soil at low altitude and at south exposed sites as compared to
those at high altitude and north exposure. In addition, pine cover
was responsible, as compared to shrub cover, for greater litter
accumulation and higher soil water retention. Under pines, the
greatest soil Corg corresponded to the highest values of C/N ratio,
which indicated an increase of organic matter recalcitrance. In
fact, the trend of Corg in soils with different altitudes, exposure,
and plant cover was similar to that of the C/N ratio, although
this parameter showed significant differences only for soils at
different altitudes.

The altitude, slope exposure, and plant cover partially explain
the variability of some soil abiotic characteristics, as they
were also influenced by the sampling time. In particular, the
content of water in soil varied with the sampling time as
the precipitation rate could influence the quantity of water in
soil. Metal concentrations also can vary with time, as they are
influenced by anthropic activities, such as tourism (Memoli
et al., 2019b), and by climatic factors, such as wind intensity
and direction.

Relationships Between Soil Abiotic and
Biotic Characteristics
The direct influence of altitude and slope exposure on soil abiotic
characteristics indirectly affect the composition and activity of
soil microorganisms. In fact, the high soil WC and Corg in
the soil at low altitude favored the abundance and activity of
microorganisms (both bacteria and fungi), conversely to what
occurred at high altitude. The close dependence between the soil
microbial biomass and the soil Corg was also confirmed by the
multiple linear regressions that showed the positive correlations
between MB and Corg and N contents. The findings agreed

with those reported by numerous studies that highlighted the
fundamental role of organic compounds and N as resources
for microorganisms (Aneja et al., 2004; McMahon et al.,
2005; Williams et al., 2006). In addition, soil microorganisms
are involved in C and N cycles (Zeraatpishe and Khormali,
2012; Aislabie and Deslippe, 2013; Wang et al., 2013) and
contribute to organic matter stabilization (Six et al., 2000).
Moreover, the results also highlighted that soil water availability
and capacity to retain water significantly affected microbial
respiration (Wang et al., 2013).

Anyway, although in soil collected at low altitude the
microbial biomass was abundant and Corg was available, an
inadequate mineralization occurred (i.e., CEM values were
similar in the soils both at low and high altitudes). This could
be probably due to both the dominance of organic compounds
difficult to degrade, as suggested by the high C/N (Yüksek
et al., 2013), and the presence of high Ni and Cr available
concentrations (Chu, 2018). The increase of the organic matter
complexity and recalcitrance (high values of C/N ratio) as well
as the availability of potential toxic elements could create stress
conditions for themicrobial community, measured by high qCO2

values (Mataix-Solera et al., 2002; Panico et al., 2020; Zhao et al.,
2020). Although this parameter did not significantly differ in soil
at different altitudes, slope exposures, and plant cover, because
of the high variability of the collected data, a positive correlation
was found between qCO2 and C/N ratio. In addition, the results
of multiple linear regressions highlighted that the variations of
the soil organic matter quality significantly affected the microbial
and fungal biomass. So, the quality of organic matter negatively
affected the microbial biomass (Li et al., 2012) and positively
the fungal one. The selective role of organic matter quality
was particularly evident in soils under pine where its quality
affected the composition of microorganisms (Bardgett and van
der Putten, 2014; Panico et al., 2020). This was confirmed by the
statistically higher FB in soils under pines than under shrubs.
Pine litter, in fact, constituted by complex compounds and waxes,
favored fungi rather than bacteria (Virzo De Santo et al., 2002), as
the former are particularly able to feed on recalcitrant substrates
(De Marco et al., 2013b, 2016).

Additionally, as microorganisms are known to be sensitive
to the variations of temperature (Kirschbaum, 2006), the higher
microbial biomass observed at low altitude could be also due to
the occurrence of favorable microclimatic conditions (Memoli
et al., 2019a). The results of RDA performed using the soil abiotic
and biotic characteristics highlighted similar trends in soil at
low altitude and at south exposure. The similar amount of Corg

observed between soils at low altitude (15.5% d.w.) and south
exposure (15.1% d.w.) could be due to the better microclimatic
conditions. In fact, at these sites, the expected warmer conditions
together with higher water soil availability (Tamai, 2010; He
et al., 2016) could enhance plant productivity and, in turn, litter
fall. Soil organic matter and water availability affected the soil
microbial community, as it was always significantly correlated
with microbial biomass (Hackl et al., 2005) and microbial activity
(Wang et al., 2013). In addition, water availability seemed to drive
soil community composition (Stefan et al., 2014) as fungi and
bacteria differently responded to soil moisture according to other
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studies (De Vries et al., 2006; Bapiri et al., 2010). These findings
could suggest that bacteria and fungi occupy different niches,
avoiding competition in using resources (Panico et al., 2020).

The soil fungal biomass was also negatively affected by high Cr
availability, showing more sensitivity to this metal as compared
to the other ones (Marzaioli et al., 2010). Anyway, the heavy
metal effects on the soil microbial community can often be
minimized or masked by fluctuations in soil characteristics,
mainly Corg, which may contribute to counterbalance the
negative effects of heavy metal on the soil microbial community
(D’Ascoli et al., 2006).

CONCLUSIONS

In the investigated Mediterranean volcanic area, altitude
appeared the main factor in influencing soil characteristics. In
fact, numerous soil characteristics significantly differed between
soils at low and high altitudes. However, also site exposure and
plant cover affected some abiotic characteristics.

Organic matter quantity and quality were the main soil abiotic
characteristics affected by site altitudes, exposures, and plant
covers. These organic matter characteristics associated with high
water availability enhanced the fungal rather than the bacterial
component of the soil microbial community. However, the
content of metals, impacted by site features, played a role in
influencing negatively the activity of microorganisms.

An overall evaluation highlighted that, in the studied
Mediterranean volcanic area, the altitude and slope exposure

have a crucial role in affecting directly soil abiotic characteristics
and indirectly the biotic ones.

Finally, the resultant soil–plant cover and soil–environmental
feature interrelationships could be more complex than either of
the two considered separately and other studies are necessary to
expand knowledge especially in Mediterranean ecosystems.
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