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Abstract: The goals of the current research were to assess the immediate impact of invasive wild boar
(Sus scrofa L.) in olive orchards of southern Italy. Over a one-year study, in grubbed and ungrubbed
areas, we measured the seasonal changes on the fast soil biological and chemical responses at depths
of 0-15 cm and 1540 cm, and several leaf and fruit characteristics. The impact factor, IFg, was used
to quantify the effects of wild boar on individual soil parameters. Grubbing induced an increase in
the soil moisture at both depths. Soil pH, organic matter, and C/N ratio were higher in grubbed soils
at 0-15 cm and lower at 15-40 cm compared to ungrubbed soils. These trends were reflected in the
higher microbial community biomass and the inhibition of fungal fraction in grubbed topsoil, while
an opposite tendency at 15-40 cm was found. Microbial biomass had the highest IFg in topsoil (94%)
and metabolic quotient (85%) at a 15-40 cm depth. Microbial stress condition and C loss were found
in grubbed soil at both depths. Furthermore, these soils were also shown to be of lower quality than
ungrubbed soils, especially at 0-15 cm (SQI = 0.40 vs. 0.50, respectively). A stronger negative impact
of wild boar grubbing was observed in the Autumn/Winter and for fruit polyphenol content.

Keywords: microbial communities; fungi; seasonal variations; soil quality index; leaf traits; fruit
characteristics; grubbing impact factor

1. Introduction

The Mediterranean area is represented by several peculiar diversified ecosystems in
time and space. A number of human activities, namely, land use changes, overgrazing,
wood removal, and fires, occur in the Mediterranean regions in combination with stressors
such as alien species invasion and loss of biodiversity, making soil more vulnerable in
terms of properties and functioning [1-4]. Among the stressors of the Mediterranean
area, overgrazing is particularly remarkable because it alters the natural soil processes by
impacting the overall soil quality (specifically structure, nutrient availability, and microbial
activity) and productivity [5]. Previous studies have shown a link between grazing activity,
mainly represented by sheep and cows [6-8], and soil degradation; however, to date, little
is known about this relation in terms of many wildlife mammals, including wild boars.
The actual wild boar (Sus scrofa L.) emergency, as a result of demographic increases and
animal invasion in anthropic environments, negatively affects the local biodiversity and
damages the agriculture [9-11]. In particular, in agricultural areas where Sus scrofa L. is
responsible for 90% of agriculture loss, the investigations of soil are still poor [12]. The
broad spectrum of food (plants and animals) ingested by wild boar [13] indicates that
these animals preferentially root on ground surfaces up to depths of 40-50 cm. The
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wild boar’s grubbing and rooting activities modify the geomorphologic process [14] and
soil structure stability, being comparable to a deep tillage treatment obtained by tillage
machines in Mediterranean cultivated land [15]. Furthermore, Sus scrofa L. is reported
to alter nutrient cycling and decomposition rates, although conflicting data are shown
in the literature. Singer et al. [16] and Siemann et al. [17] stated that wild boar activity
modifies nitrogen processes by accelerating mineralization; on the other hand, Tierney
and Cushman [18] and Moody and Jones [19] demonstrated that nitrogen mineralization
is not affected. These authors found a low impact of grubbing on other indicators of
animal grazing, e.g., soil texture, pH, moisture, and organic matter. Contrasting results are
reported for soil biological characteristics such as microbial activity and biomass, bacterial
structure, and diversity. More specifically, Mohr et al. [20] evidenced an intense reduction
in microbial activity and biomass and a simplification in the composition of the microbial
community induced by grubbing, while Wirthner et al. [21] found no significant effect. In
the present framework of contrasting evidence, assessing the dynamics of soil abiotic and
biotic parameters and the overall soil quality in the Mediterranean ecosystem of southern
Italy, where the grazing of wild boar is frequent, becomes pivotal to understand how the soil
functions in preserving its primary production. The ability of the soil to retain its functions
and its capacity to withstand overgrazing by wild boar depends on several properties and
environmental conditions and may provide information about the short-term effects of
stressors such as grubbing [22,23]. In this context, the integration of several soil parameters
into a single index can be a powerful tool to detect the overall impact of wild boar on
soil quality. However, wild boar grazing and grubbing may also affect plants, directly as
target of the boar diet, or indirectly by modifying soil properties. The intensity of these
impacts strictly depends on plant species such as crops that provide a rich food source with
minimal foraging effort [15,24]. Some authors [25] reported that in cultivated lands, wild
boars can consume or trample crops, being one of the most important causes of crop loss,
while others [26] estimated that only 5-10% of crop destruction is a consequence of actual
consumption and 85-90% due to trampling activity.

Generally, damage due to wild boars can affect both herbaceous and arboreal plants,
including olive trees (Olea europaea L.) [15]. In tree cover systems, wild boar excavation
activities can have negative effects on plant regeneration because the animals may eat or
damage seeds, causing a drop in germination. Seeds and roots may be a preferential food
because of their high digestibility and protein richness. In addition, changes in the soil
characteristics at grubbing areas indirectly affect the plant growth and fitness [8,15]. This
issue is of great concern in southern Italy, where the wild boar population has rapidly
increased in size and spread throughout most of the natural lands. The main reasons for
this include its reproductive rate, adaptability to different habitats, diversified diet, and lack
of natural predators, except wolves [11]. In fact, in the National Park of “Cilento e Vallo di
Diano” (Campania region, southern Italy), wild boar activity is a significant issue for the
agricultural production of Olea europaea L. that represents about 8% of the National Park,
where the manufacture of olives is estimated to be 110 q ha~! per year with a maximum
yield of 22% in oil according to the Italian Department of Agriculture, Campania region
section [27]. For these reasons, this study was conducted in the National Park of “Cilento,
Vallo di Diano and Alburni”, in areas planted with olive trees and greatly impacted by wild
boar. In the studied areas, the wild boar population is high and several incidents of damage
due to wild boar grubbing have been reported by local farmers [28]. In this context, our
study aimed to assess the abrupt impact of Sus scrofa L. on the soil of olive orchards in the
Mediterranean area of Cilento over one year of measurements, by comparing the effect of
wild boar grubbing activity (G) with ungrubbed (UG) areas. The specific objectives were:
(1) to quantify the immediate impact of wild boar grubbing on soil quality, first analyzing
each of the soil traits and then calculating an integrated soil quality index (SQI) at depths
of 0-15 cm and 1540 cm; (2) to highlight the seasonal changes of the soil’s immediate
biological and chemical responses to the direct or indirect impact of grubbing; and (3) to
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assess the leaf functional traits and fruit characteristics of Olea europaea L. and highlight the
correlation between soil quality and the features of olive trees.

In addition, given the heterogeneity of the soil’s responses to wild boar activity,
a synthetic impact factor (IFg) is proposed to quantify the immediate effects of grubbing
on individual soil components. IFg is calculated in both grubbed and ungrubbed soils in
order to estimate which biotic and abiotic soil traits are the most sensitive to grubbing, and
how wild boar activity has modified, in a short time, soil functioning and quality.

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

The research was carried out in the National Park of “Cilento, Vallo di Diano and Al-
burni”, within the site of community importance (SCI) named “Monte Licosa and Dintorni”
(40°15'18.71” N, 14°54/38.25” E), located in southern Italy (Salerno, Campania region, Italy).
The park is the largest Italian protected area, measuring approximately 181,048 ha, and
is one of the major systems for the conservation of Mediterranean biota [28]. Here, the
notable expansion of the wild boar (Sus scrofa L.) population (high intensity, as they can
number 20 individuals per km?) that mostly show interest in the cultivated areas makes
this SCI territory an interesting study area [9,28,29].

The site covers a surface of about 1000 ha, with an elevation ranging from 0 to 300 m a.s.l.
More than 50% of the dominant vegetation coverage consists of Mediterranean maquis, charac-
terized mainly by Quercus ilex L., Phillyrea latifolia L., Pistacea lentiscus L., Myrtus communis L.,
Arbutus unedo L., Erica arborea L., and Cistus spp. In addition, Pinus pinea L., Pinus halepensis
Mill.,, and Carduus spp. were also detected [28-30]. The specific study area, subjected to
a high intensity of wild boar activity (Figure 1), is covered by olive groves (Olea europaea L.)
of about 60 years old, with an extension of approximately 2 ha, and located along the coast
at 0-100 m a.s.l. The management of the orchards is not very intensive, only requiring
mowing, pruning, and the occasional application of fertilizer. The soils were not fertilized
over the study year. In this area, the soils were classified as Eutric Cambisols [31] for their
beginning of horizon differentiation, due to the nature of the parent material, derived
from a wide range of sedimentary rocks. The rock substrate is mainly formed by stratified
carbonatic clayey-silty arenaceous layers, which have led to an enrichment of the soil in
lime and clay fractions. These Cambisols are very widespread in the central Apennines
and intensively used for the production of valuable fruit trees and homemade products
such as olive oil and local crops in Mediterranean areas [31]. The soil sampling was car-
ried out seasonally over one year from Spring to the following Spring (24 March 2010,
7 July 2010, 27 November 2010, 25 March 2011). The Spring samples were averaged, while
only one sampling was conducted in the Autumn and Winter seasons. The homogeneity
of the measurements and the lack of significant differences between the data collected
for the two consecutive Spring seasons justify the decision to average the values of the
two samples. The climate is typical Mediterranean, with dry summers and mild winters,
and during the study year, the annual temperature and rainfall were 17.3 °C and 1204.3 mm
(Policastro Bussentino weather station located at 40°04'15” N, 15°31’05” E, Santa Maria
municipality, Salerno province, Italy).
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Figure 1. Geolocation of the sampling sites (grubbed area: G and ungrubbed area: UG) in the “Cilento

e Vallo di Diano” National Park (Campania region, southern Italy).

Specifically, in the studied olive orchards (Olea europaea L. cv. Pisciottana), the soil
sampling was carried out in five sub-areas of approximately 800 m?. In each sub-area,
five soil cores were sampled at depths of 0-15 and 15-40 ¢cm in the grubbed zones (G)
and then mixed to obtain a representative sample. The same procedure was applied
to the ungrubbed soil (UG), where five cores were sampled and mixed at a distance of
approximately 20 m from the grubbed zones. The sample collection was performed within
one day for each season (Spring, Summer, Autumn/Winter, and the next Spring), after
five days without rainfall to minimize the variability due to climatic conditions. The
grubbed zones were selected among those impacted by wild boar within the previous 24 h,
and recognized by the appearance of the soil and uprooted herbaceous vegetation. The
ungrubbed zones were chosen for their intact vegetation cover and compacted soil, which
ruled out recent boar grubbing action. Finally, the soil samples were sieved through a mesh
(<2 mm) and split in two aliquots for physical and chemical analyses, and for biological
measurements. Biological analyses were conducted on fresh soil stored in plastic bags at
4 °C within one week after soil collection. All of the analyses were performed in triplicate.
The physical, chemical, and biological soil properties were reported as means and standard
errors on five field points and three laboratory replicates (1 = 15) in grubbed and ungrubbed
areas for each depth and season. The values are reported as annual (1 = 60) and seasonal
(n = 15) means, except for CEC, WHC, and BD, which are only reported as annual means
(two subsequent Springs, Summer, and Autumn/Winter data).

2.2. Soil Physical and Chemical Analysis

The physical and chemical features of the soil were evaluated according to the Italian
Official Methods of soil analysis [32]. The pH was measured by the electrometric method
in soil: distilled water (1:2.5 = v:v) suspension and cation exchange capability (CEC) was
measured in a solution at pH 8.1 made of barium chloride dihydrate and triethanolamine.
The soil moisture (SM) was determined by drying fresh soil at 105 °C until a constant
weight was reached, whereas the water-holding capacity (WHC) was evaluated by adding
water to soils until complete saturation and drying the samples at 105 °C in a ventilated
oven. The WHC was expressed as percentage of the difference between the soil mass at
saturation and dry mass on dry mass. The bulk density (BD) was measured starting from
undisturbed soil cores after drying for 48 h at 105 °C. WHC and BD were only determined
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at a 015 cm depth. The soil organic matter (SOM) was obtained by multiplying by 1.724
the organic carbon content [33] determined by dry combustion (CNS elemental analyzer,
Thermo Finnigan-Flash EA 1112) in samples previously treated with HCI (10%) to remove
carbonates. The total C and N contents were measured in oven-dried (105 °C) and finely
ground (Fritsch Analysette Spartan 3 Pulverisette 0) samples using an elemental analyzer.
In addition, the C/N ratio was calculated from the total C and N contents as an indicator
of soil organic matter quality.

2.3. Soil Biological Analysis

The microbial biomass (MB) was measured according to Degens et al. [34] through
the substrate-induced respiration (SIR) method and expressed as microbial carbon (mg
Cmicg d.w.71). This was determined after glucose addition (3 mL, 75 mM) to soils (3 g)
as substrate for the CO, evolution in a 72 h incubation period at 25 °C in the dark. The
evolved CO; was trapped in NaOH (0.1 N) and measured by two-phase titration with
HCI (0.05 N). The respiration was determined by measuring the CO; evolved in a 10-day
incubation at 25 °C in the dark after the addition of distilled water (3 mL) to the soil samples
(3 g) [34]. The soil metabolic quotient (qCO;) was calculated as the ratio between the C-CO,
obtained by respiration and C-CO, by MB, and the coefficient of endogenous mineralization
(CEM) was calculated as the ratio between the C-CO, obtained by respiration and organic
carbon [35,36]. The fungal biomasses (total: TFB and active: AFB) were assayed using the
membrane filter method [37]. In brief, fungal mycelia were extracted from the soils (0.5 g)
and dispersed in phosphate buffer (50 mL, 60 mM, pH 7.5). After staining with aniline
blue, the intersections of the fungal mycelia were counted by means of optical microscopy
for TFB. AFB was measured after pre-treatment with fluorescein diacetate for fungal vital
myecelia coloration by means of fluorescence microscopy. The ratio between the AFB and
TFB was calculated as the percentage of active fungal biomass on the total fungal biomass
(AFB (% TFB)) and the ratio between the TFB and MB as a percentage of fungal biomass on
the total microbial biomass (TFB (% MB)) [37].

2.4. Soil Quality Index

The soil quality index (SQI) is an integrated index calculated by taking into account
physical, chemical, and biological parameters to assess the general soil capacity of function-
ing [38]. In the current study, the SQI was useful to assess the effect of wild boar grazing.
Linear scoring functions were applied to characterize the relationship between a soil param-
eter and overall soil quality: more-is-better and less-is-better functions, where an increase
in a soil attribute results in an increase or a decrease in soil quality, respectively [39]. The
considered parameters were: pH, SM, SOM, N, C/N, Resp, MB, AFB, and TFB, while the
derivative biological indices such as CEM and qCO; or AFB (% TFB) and TFB (% MB) were
not considered to avoid the redundancy of parameters. The SQI was calculated according
to Andrews et al. [40], as reported below (Equation (1)):

SQI = Z‘% 1)

where S is the score assigned to each indicator and 7 is the number of the investigated
parameters. Three specific classes of increasing quality can be attributed to the investigated
soils: low quality (<0.55), medium quality (0.55-0.70), and high quality (>0.70) [37].

2.5. Grubbing Impact Factor (IFg)

In order to assess the influence of wild boar grubbing on the investigated soils from
Mediterranean olive orchards, we employed an integrated method to calculate an im-
pact factor (IFg) for each parameter. The IF; was calculated by taking into account the
ungrubbed (not recently disturbed) soils used as a reference (Equation (2)):

_ (Ungrubbed soil — Grubbed soil )
Ife = Ungrubbed soil X100 @
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This impact factor is shown as a heatmap reporting the annual mean value for each
parameter. The differences among the values are shown by the color scale: red and blue
indicate a decrease or increase, respectively.

2.6. Leaf and Fruit Sampling and Analyses

In both the grubbed and ungrubbed areas of the olive orchards, sampling of the leaves
and fruits was carried out in order to highlight the relationship between the soil’s responses
to grubbing and some plant features. In detail, leaves and fruits were sampled in the same
five sub-areas previously described, from trees placed where soil sampling was carried out
in grubbed or ungrubbed areas. The chosen trees were all similar in age (about 60 years
old), height (3-5 m), and canopy cover (30—40 m?).

Only healthy one-year-old leaves of Olea europaea L. cv. Pisciottana from full light
positions and with no pathogen damage were collected [41] on the same days as the soil
samplings. The determination of the leaf traits (leaf area, relative water content, N content,
C/N ratio) was carried out on ten fully expanded leaves sampled from five branches of five
specimens in both grubbed and ungrubbed areas of the olive orchards in order to obtain
a representative sample. The leaf data were reported as annual means and standard errors
(n = 60) at grubbed and ungrubbed areas. The sampled leaves were stored at 5 °C until
the analyses.

The leaf area (LA) was determined using Image] software (Image Analysis Software,
Rasband, NIH, Bethesda, MD, USA). The leaf relative water content (RWC) was calculated
as follows (Equation (3)):

(Leaf fresh mass — Leaf dry mass)

RWC =
¢ (Leaf saturated fresh mass — Leaf dry mass)

100 3)

after the leaves had been oven-dried at 75 °C for 48 h. The total N and total C were
determined using a CNS elemental analyzer after grinding the oven-dried leaves, as
reported for the soil measurements, and were used to calculate the C/N ratio [42].

The fruit analysis (pulp/stone ratio, dry matter, total polyphenols) was conducted on
olives at the full maturation and pigmentation stage, without any sign of structural damage,
on the same individuals used for the leaves collected for the leaf trait determination.
Twenty olives per tree (five trees per area) in grubbed and ungrubbed areas were collected.
The fruits were sampled at the same time as the soil and leaves in the Autumn/Winter
season, and the fruit characteristics were reported as means and standard errors on fifteen
field and three laboratory replicates (1 = 45) in grubbed and ungrubbed areas.

The pulp/stone ratio (P/S) was measured as the ratio between the fresh weight of the
pulp and the weight of the stone [43]. The dry matter (DM) was calculated as a percentage
of the ratio between the dry (75 °C for 48 h until constant weight) and fresh weight of the
pulp [44]. The total polyphenols (Tp) were measured according to Savarese et al. [45] and
subsequent dosage reported by Hajimahmoodi et al. [46]. In brief, 2 g of pulp was mixed
with 20 mL methanol:water (80:20 = v:v), homogenized, and vortexed for 5 min. The sample
was then centrifuged for 20 min at 4000 rpm and filtered with Whatman 40 papers. The
filtered aliquot was mixed with methanol 80%, and 20 pL of the sample was mixed with
Folin—Ciocalteu reagent, H,O, and NayCO3 6%. The absorbance was measured at 725 nm
by means of a UV-Vis spectrophotometer (model DU 730, Beckman Coulter, Brea, CA
92821 USA). Gallic acid was used as standard and Tp was expressed as mg of gallic acid
equivalent (GAE) per 100 g of dry weight.

2.7. Statistical Analysis

A paired t-test was performed in order to emphasize any statistically significant dif-
ferences among the grubbed and ungrubbed soils at 0-15 and 15-40 cm depths, with the
soil characteristics reported as annual means. A paired t-test was also used to assess the
statistical differences in leaf traits and fruit characteristics in the grubbed and ungrubbed
olive orchards. The test was applied to the normally distributed data according to the
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Shapiro-Wilk analysis and when this failed, the Wilcoxon signed rank test was performed.
A three-way analysis of variance (ANOVA) was carried out to highlight statistical dif-
ferences between the grubbed and ungrubbed soils, at both superficial and deep layers
(0-15 and 1540 cm depths), considering the seasons. All pairwise multiple comparison
procedures were performed using the Holm-Sidak method. The Spearman rank order cor-
relation was achieved to evaluate the relationships among the soils” physical and chemical
characteristics, microbial biomass and activity, and leaf and fruit traits. The statistical tests
were significant at p < 0.05. Systat_SigmaPlot_12.2 software (Jandel Scientific, San Rafael,
CA, USA) was used for the statistical analyses and for graphs.

Cluster analysis was performed on soil IFg data to highlight the similarities and
differences among wild boar grazing and soil parameters. The Euclidean similarity index of
the paired group (UPGMA) algorithm was calculated and the results, expressed as distance,
were graphed by means of hierarchical clustering. This analysis was performed using Past
4.03 (Jyvind Hammer, Oslo, Norway).

3. Results
3.1. Effect of Wild Boar Grubbing on Soil Quality

Table 1 reports the physical and some of the chemical characteristics of the grubbed
(G) and ungrubbed (UG) soils as means of one year of observations, and shows significant
differences due to wild boar activity. At the depth of 0-15 cm (Table 1, Supplementary
material Figure S1), the grubbed soils exhibited values of pH, SM, and WHC (7.07 £ 0.16,
15.1 &+ 1.6% d.w. and 27.6 &+ 3.8% d.w., respectively) significantly higher than the un-
grubbed soils (6.68 £+ 0.08, 12.8 + 1.7% d.w. and 20.3 & 2.3% d.w., respectively). An
opposite trend was observed for CEC and BD in which the UG soils showed higher values
(115 £ 0.02 cmol; kg~! and 1.32 £ 0.02 g cm 3, respectively) compared to the G soils
(9.18 4 0.01 cmol, kg~! and 1.27 4 0.04 g cm 3, respectively). At the depth of 15-40 cm
(Table 1, Supplementary Material Figure S1), the pH was statistically higher in the UG
soils (7.77 & 0.06) than in the G soils (7.12 & 0.04), and the SM was higher in the G soils
(16.5 + 1.7% d.w.) than in the UG soils (14.1 £ 1.8% d.w).

Table 1. Physical and chemical characteristics (pH, SM: soil moisture, CEC: cation exchange capability;
WHC: water holding capacity, BD: bulk density) of grubbed (G) and ungrubbed (UG) soils sampled
at depths of 0-15 and 1540 cm. Values are means + standard errors. Different letters indicate
statistically significant differences (paired t-test) of at least p < 0.05.

Soil G UG G UG
0-15 cm 15-40 cm
pH 7.07 £0.16 2 6.68 +0.08 P 712 +£0.04° 7.77 4 0.06 @
SM (% d.w.) 151+ 162 128 +1.7P 165+ 172 141 +1.8P
CEC (cmol, kg1 9.18 4 0.01° 11.5 £ 0.02 2 8.76 4 3.42 9.16 4 0.01
WHC (% d.w.) # 27.6 +3.82 203 423b
BD (gem~3)# 1.27 £0.04 1.32 £0.022

# WHC and BD were only measured at 0-15 cm depth.

The wild boar grubbing significantly affected the annual SOM content at the 15-40 cm
depth (Figure 2), with significantly higher amounts found in the UG soil (1.86 4= 0.21%) than in
the G soil (1.27 & 0.15%) (Figure 2). The annual mean of the soil N content and the C/N ratio
did not show significant differences between the grubbed and ungrubbed areas (Figure 2).

The soil biological characteristics, namely, microbial biomass (MB), percentage of active
fungal biomass (AFB) on total fungi, and fungal biomass on microbial biomass (TFB (% MB))
are also shown in Figure 2. The annual values were statistically different for MB in the topsoil
and for TFB (% MB) in both the top and deep soils. At the 0-15 cm depth, G soils had higher
(0.30 & 0.05 mg C g d.w.~!) microbial biomass than UG soils (0.15 & 0.01 mg C g d.w.™1).
Although no specific trend was shown by the TFB values in the grubbed and ungrubbed soils
(Supplementary Material Figure S2), the percentage of active fungal biomass (AFB (%TFB))
showed higher values in the grubbed (upper soil: 61.6 & 6.6% and deep soil: 51.7 £ 2.6%
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of TFB) than in the ungrubbed soil (upper soil: 57.4 £ 5.4% and deep soil: 43.9 £ 3.4% of
TFB), without statistical differences (Figure 2). The percentage of fungi on the total microbial
biomass was significantly lower in the grubbed (4.40 & 0.70%) than in the ungrubbed soil
(7.01 + 1.01%) at a depth of 0-15 cm. The percentage of fungi showed an opposite trend in
the soil at a depth of 1540 cm (Figure 2).
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Figure 2. Annual means of soil organic matter (SOM, % d.w.), nitrogen (N, % d.w.), C/N ratio,
microbial biomass (MB, mg Cmic g d.w._l), percentage of active fungal biomass on total fungal
biomass (AFB (%TFB)), percentage of fungal biomass on total microbial biomass (TFB (%MB)),
respiration (mg CO, g d.w. h~1), metabolic quotient (qCO,, mg C-CO,; mg Cmic~1), and coefficient
of endogenous mineralization (CEM, mg C-CO, g Corgfl) in grubbed (G) and ungrubbed (UG) soils
at depths of 0-15 and 1540 cm. Different lowercase letters indicate significant differences in the
superficial layer, whereas uppercase letters indicate significant differences in the deeper layer of at
least p < 0.05 (paired t-test).

Similarly, no statistical difference was detected for the annual values of respiration,
metabolic quotient (qCO,), or the coefficient of endogenous mineralization (CEM) at 0-15
and 1540 cm depths between the grubbed and ungrubbed soils (Figure 2).

The Spearman coefficients highlighted correlations among pH, SM, SOM, C/N, and N
with the investigated biological parameters that differed for the grubbed and ungrubbed
soils and for soil depth (Supplementary Material Table S1). In fact, for grubbed soils at
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0-15 cm, MB showed a positive correlation with SM; TFB with pH; AFB (%TFB) with SOM;
and qCO; with N, whereas negative correlations were detected for AFB (%TFB) with pH
and SM; TFB (%MB) with SM; and TFB with N. In this area, at deeper layer, positive
correlations were shown among MB, TFB, TFB (%MB) with SOM, respiration, and qCO,
with N. On the contrary, negative correlations were displayed for MB with N, for TFB
(%MB) and qCO; with SM, for respiration with SM and C/N, and for CEM with SOM
(Supplementary Material Table S1). In the ungrubbed soil, positive correlations for AFB
(%TFB) with SM and for respiration, qCO, and CEM with pH at 0-15 cm, and for MB with
SM, for TFB (%MB) and qCO, with C/N at 15-40 cm were shown. In addition, negative
correlations were displayed for TFB and TFB (%MB) with SM, and for respiration, qCO,,
and CEM with SOM at 0-15 cm and for MB with C/N, for TFB with pH, SM, and SOM and
for respiration and CEM with SOM at 1540 cm (Supplementary Material Table S1).

The soil quality index (SQI) estimated for the annual measurements in the olive groves
showed values near to or below 0.50, regardless of wild boar activity (Figure 3). In detail,
the annual SQI showed a significantly lower value in the grubbed (0.40) than the ungrubbed
(0.50) soil at a 0-15 cm depth.

1.0 1.0

Spring Summer Autumn/Winter

A
a 9—— a
0.5 b 0.5 B

7 )|

saQl

0.0 ‘ ‘ 0.0 | ‘ ‘ ‘
0-15cm 15-40 cm
& & &
N et oN° o N o
™ Grubbed (G) [ ] UnGrubbed (UG)

Figure 3. Soil quality index (SQI) in grubbed (G) and ungrubbed (UG) soils at 0-15 and 1540 cm
depths. On the left: annual means; on the right: data for each season (Spring, Summer, and Au-
tumn/Winter). Different lowercase letters indicate significant differences in the superficial layer,
whereas uppercase letters indicate significant difference in the deeper layer of at least p < 0.05 (paired
t-test for annual means and three-way ANOVA for seasonal means, respectively).

3.2. Seasonal Responses to Soil Grubbing

The effect of wild boar activity on the soil is most evident and significant when
examining the data by seasons (Figure 4). Table 2 reports the statistically significant
differences as p-values assessed by a three-Way ANOVA of individual soil parameters and
the SQI resulting from seasons, grazing, and depth, and their interactions (Table 2).

In detail, during the investigated seasons, the soil moisture (SM) was higher in G soil
than in UG; at a 15-40 cm depth, the differences were always statistically significant, as well
as for topsoil during Autumn/Winter (Supplementary Material Figure S1). In addition, the
deeper grubbed soil showed significantly lower values of pH than the ungrubbed soil in all
seasons (Supplementary Material Figure S1).

At 0-15 cm, G soils showed higher amounts of SOM than UG soils, with significant dif-
ferences observed in the Summer samples (3.66 &= 0.02% d.w. in G soil and 2.56 &+ 0.16% d.w.
in UG soil). On the other hand, at a 15-40 cm depth, UG soils exhibited higher amounts
of SOM in Spring and Summer (2.80 £ 0.03 and 2.17 £ 0.02% d.w., respectively) and the
opposite trend for Autumn/Winter (Figure 4, Table 2).
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Figure 4. Seasonal means of soil organic matter (SOM, % d.w.), nitrogen (N, % d.w.), C/N ratio,
microbial biomass (MB, mg Cmic g d.w.~1), percentage of active fungal biomass on total fungal
biomass (AFB (%TFB)), percentage of fungal biomass on total microbial biomass (TFB (%MB)),
respiration (mg CO, g d.w. h~1), metabolic quotient (qCO,, mg C-CO, mg Cmic '), and coefficient
of endogenous mineralization (CEM, mg C-CO, g Corg™!) for Spring, Summer, and Autumn/Winter
in grubbed (G) and ungrubbed (UG) soils at 0-15 and 1540 cm depths. Different lowercase letters
indicate significant differences in the superficial layer, whereas uppercase letters indicate significant
differences in the deeper layer of at least p < 0.05 (three-way ANOVA).

In addition, wild boar grazing significantly increased the N content in the upper
layer during Summer and Autumn/Winter. In contrast, for the Spring samples, the N
content in UG soil was statistically higher (0.51 £ 0.02% d.w.) than in G soil (0.29 =+ 0.05%
d.w.). In the deeper layer, for Summer, UG soils contained significantly higher values of N
(0.29 £ 0.01% d.w.) than G soils (0.22 £ 0.01% d.w.) (Figure 4). In terms of the C/N ratio,
at a depth of 0-15 cm, G soils only exhibited statistically higher values in the Summer
samples. At a depth of 15-40 cm, the C/N ratio showed a similar trend for Spring and
Summer, with higher values in the UG than G soils (Figure 4).



Soil Syst. 2023, 7, 38

11 of 21

Table 2. p-values from three-way ANOVA performed in order to highlight differences in soil char-
acteristics (SQI: soil quality index, pH, SM: soil moisture, SOM: soil organic matter, N, C/N, MB:
microbial biomass, TFB: total fungal biomass, AFB (% TFB): percentage of active fungal biomass
on total fungal biomass, TFB (% MB): percentage of fungal biomass on total microbial biomass,
respiration, qCO;: metabolic quotient, CEM: coefficient of endogenous mineralization) among the
soil samples from grubbed and ungrubbed areas at different seasons and depths. In bold, significant
p-values are reported for at least < 0.05.

Season Grubbing Depth (?re:;(l’;iln):g Sf)a::;‘x Grubbing x Depth Seaso)l(l l;g)rt;bbmg
pH <0.001 <0.001 <0.001 0.109 <0.001 <0.001 <0.001
SM <0.001 0.006 0.044 0.407 0.048 0.778 0.995
SOM 0.058 0.621 <0.001 0.622 0.007 <0.001 <0.001
N <0.001 0.028 <0.001 0.032 <0.001 0.415 <0.001
C/N <0.001 0.454 0.007 <0.001 <0.001 0.005 0.005
MB <0.001 0.660 0.005 0.005 0.087 <0.001 <0.001
TFB <0.001 0.368 0.653 <0.001 <0.001 0.784 0.110
AFB (% TFB) 0.313 0.010 <0.001 <0.001 0.093 0.811 <0.001
TEB (% MB) <0.001 0.186 0.228 0.007 0.395 <0.001 0.004
Respiration <0.001 0.244 <0.001 0.004 <0.001 0.677 <0.001
qCO, <0.001 0.033 <0.001 0.062 <0.001 <0.001 <0.001
CEM <0.001 <0.001 <0.001 <0.001 0.002 0.734 <0.001
SQI 0.154 0.038 0.322 0.050 0.056 0.065 0.044

Specifically, at a 0-15 cm depth, MB displayed statistically higher values in G soils
for Spring and Autumn/Winter (0.39 4 0.06 and 0.27 + 0.04 mg C g d.w."!, respectively)
compared to UG soils (0.14 4= 0.03 and 0.18 & 0.03 mg C g d.w.~ !, respectively) (Figure 4).
For Summer, MB was significantly higher in the UG (0.15 + 0.0001 mg C g d.w.~!) than
in the G soils (0.14 & 0.004 mg C g d.w.”!). At a 1540 cm depth, Spring and Summer
showed significantly higher values for the UG soils, whereas, on the contrary, Autumn/Winter
reflected higher results for the G soils (Figure 4). The total fungal biomass was shown to have
significantly higher values for the upper layer in the grubbed soils during Autumn/Winter
compared to the ungrubbed soil, and a similar trend was also measured for the deep soil taken
in the same sampling period (Supplementary Material Figure S2). The reverse was detected
in the samples taken in Summer in both the upper and deeper soil layers (Supplementary
Material Figure S2). The percentage of AFB on TFB showed lower values in G than UG
soil for Autumn/Winter at 0-15 cm and for Summer at 1540 cm depth (Figure 4). By
contrast, at a 0-15 cm depth, the G soils displayed higher values for Summer (86.6 &= 10.5%)
compared to the UG soils (28.5 4= 0.8%) and at 1540 cm depth, for Spring (G: 52.7 £ 4.9% and
UG: 42.4 £ 0.1%) and Autumn/Winter (G: 57.5 &+ 5 and UG: 40.8 £ 3.1%). In Spring and
Summer, the ungrubbed topsoil (10.1 + 1.7% and 11.5 £ 0.6%, respectively) had higher
values of TFB (7%MB) than the grubbed soil (4.44 =+ 0.70% and 8.69 % 0.90%, respectively). At
a 1540 cm depth, the percentage of fungal biomass on microbial biomass was 4.12 £ 0.17%
in the G soil and 3.37 & 0.13% in the UG soil (Figure 4).

The soil respiration, metabolic quotient (qCO,), and coefficient of endogenous min-
eralization (CEM) showed similar trends with significant differences for season, depth,
and grazing impact (Table 2; Figure 4). In the upper layer, the respiration and qCO, of
G soils was lower in Spring and Summer and higher in Autumn/Winter than UG soils.
Conversely, in the deeper layer, G soils showed lower values in Spring (only for respiration)
and Autumn/Winter, and higher values in Summer, compared to UG soils. For CEM, the
statistical differences were only highlighted at a 15-40 cm depth. In detail, the grubbed
soil showed higher values of CEM in Spring and Summer than the ungrubbed soil; in
Autumn/Winter, CEM had higher values in the ungrubbed than the grubbed soil (Figure 4).

SQI showed a significant difference between the grubbed and ungrubbed soils (Table 2,
Figure 3), at a depth of 0-15 cm, for the Autumn/Winter samples with a lower quality
index for the G soils (0.28 4 0.14) than for the UG soils (0.53 £ 0.02). On the other hand,
at the 1540 cm depth, statistically significant differences for SQI were reported for the
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Summer samples only, with a value of 0.60 & 0.03 in the grubbed soil and of 0.43 & 0.04 in
the ungrubbed soil (Figure 3).

3.3. Grubbing Impact Factor

The grubbing impact factor (IFg) calculated for the soil parameters is reported in
Figure 5. The impact of Sus scrofa L. differentially drove the soil parameters at 0-15 and
15-40 cm depths. In fact, in the upper layer, the wild boar activity induced an increase in
the pH, SM, SOM, C/N, MB, TFB, AFB (%TFB), qCO,, and CEM values (blue scale) and
a decrease in the CEC, N, TFB (%MB), and respiration (red scale) values compared to the
ungrubbed soils. In the deeper layer, the SM, TFB, AFB (%TFB), TFB (%MB), qCO,, and
CEM increased after grubbing activities, while conversely, the pH, CEC, SOM, N, C/N,
MB, and respiration values decreased.

Soil
0-15 cm 15-40 cm

WC

CEC

SOM

N

C/N

MB

TFB

AFB (%TFB)

TEB (%MB)

Respiration
CO

CEM

Red scale [ O0<IFc<10 [ 10<IFc<25 B 25<IFc<50
Blue scale [ 0<IFce<-10 B -10<IFc<-25 B -25<IFc<-50 Il I[Fco-50

Figure 5. Heatmap displaying the grubbing impact factor (IFg) for soil parameters (pH, SM: soil
moisture, CEC: cation exchange capacity, SOM: soil organic matter, N: soil nitrogen, C/N: soil C/N
ratio, MB: microbial biomass, TFB: total fungal biomass, AFB (%TFB): percentage of active fungal
biomass on total fungal biomass, TFB (%MB): percentage of fungal biomass on total microbial biomass,
respiration, qCO,: metabolic quotient, CEM: coefficient of endogenous mineralization). Numerical
differences within the data matrix are indicated by different color scales, red and blue, that show
decreasing and increasing values, respectively.

The cluster analysis (Supplementary Material Figure S3) grouped the IFg values
according to the UPGMA algorithm to highlight the similarities and differences among the
soil parameters affected by wild boar grubbing. At 0-15 cm, three main clusters could be
detected in which the microbial biomass alone seemed to be impacted the most by the wild
boar grubbing. A second cluster was represented by fungi and the mineralization process
(CEM). The total fungal biomass had a similarity with pH, while the active fungal fraction
was similar to SM and C/N. The mineralization rate was related to the SOM amount. The
third group of clusters was related to the microbial activities (QCO, and respiration) strictly
associated with CEC and N content. At 1540 cm, the first cluster was represented by qCO,,
with a strong impact of the wild boar grubbing on this parameter. The next separation
concerned the total and active fungal biomass and CEM related with soil moisture. The
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third cluster displayed a similar pattern for microbial biomass and SOM, as well as for
microbial respiration and pH, CEC, and C/N (Supplementary Material Figure S3).

3.4. Leaf and Fruit Characteristics of Olive Trees

The functional leaf traits, namely, leaf area (LA), relative water content (RWC), nitrogen
(N), and C/N, and the fruit features of pulp/stone ratio (P/S), dry matter (DM), and total
polyphenols (Tp) of Olea europaea L. plants are reported in Table 3. The comparison between
the grubbed and ungrubbed soils did not evidence statistically significant differences in the
leaf traits, except for C/N ratio, which showed lower values in G than in UG sites.

Table 3. Functional leaf traits and fruit characteristics (LA: leaf area, RWC: relative water content,
P/S: pulp/stone ratio, DM: dry matter, Tp: total polyphenols) of Olea europaea L. cv. Pisciottana
in grubbed (G) and ungrubbed (UG) areas. Values are means =+ standard errors. Different letters
indicate statistically significant differences (paired t-test) of at least p < 0.01.

Leaf G UG

LA (cm?) 6.42 + 0.09 5.71 £ 0.35
RWC (% d.w.) 814 +2.6 76.4 + 34
N (% d.w.) 1.58 + 0.06 1.54 + 0.04
C/N 303+ 0.2P 372+042
Fruit

P/S (g f.w.) 402 +025b 44040182
DM (%) 324 +08P 362+ 092
Tp (mg GAE 100 g d.w.™ 1) 56.6 +1.6° 848 +212

The fruit pulp/stone ratio, dry matter, and total polyphenols were statistically lower in
G areas (P/S: 4.02 & 0.25 g f.w., DM: 32.4 4 0.8%, Tp: 56.6 + 1.6 mg GAE 100 g f.w.~!) than in
UG areas (P/S: 4.40 + 0.18 g f.w., DM: 36.2 & 0.9%, Tp: 84.8 2.1 mg GAE100 g f.w._l).

At 0-15 cm in the grubbed areas, LA was negatively correlated with soil CEC and
SQI, as well as RWC with SOM and soil N content. Leaf N was negatively correlated
with pH and soil C/N ratio, and positively correlated with CEC in the superficial layer
(Supplementary Material Table S2). Moreover, leaf C/N was positively correlated with
soil C/N. At 15-40 cm, LA was negatively correlated with CEC, and leaf N content was
negatively correlated with pH and positively correlated with CEC and SOM. On the other
hand, at 0-15 cm in the ungrubbed areas, LA was negatively correlated either with SOM or
SQI. RWC and leaf N were both negatively correlated with pH and positively correlated
with CEC. In addition, RWC was negatively correlated with soil N, whereas leaf N was
negatively correlated with soil C/N. At 15-40 cm, RWC and leaf N were both positively
correlated with CEC, while N was also negatively correlated with pH (Supplementary
Material Table S2).

All of the investigated fruit characteristics (P/S, DM, Tp) showed positive correlations
with soil WHC and negative correlations with soil N content at 0-15 cm in both grubbed
and ungrubbed areas. Additionally, DM was positively correlated with SOM for both of
the investigated sites. Moreover, in ungrubbed areas, P/S, DM, and Tp were all positively
correlated with SQI at 0-15 cm. No significant correlation was reported between fruits and
soil at 15-40 cm (Supplementary Material Table S2).

4. Discussion

The results obtained show the significant and rapid impact of wild boar grubbing
on soil quality, and this effect is evident from the individual edaphic characteristics and
soil quality index values. Moreover, the immediate effects, depending on depth and many
differences between the grubbed and ungrubbed soils, became particularly evident in
individual seasons.
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4.1. Overall Assessment of Immediate Grubbing Effect on Olive Groves

In the overall assessment of the immediate grubbing effect on soil, many chemical
and physical soil parameters, as well as the number of microorganisms in the edaphic
community and the percentage of fungi, respond significantly to the wild boar activities,
with different impacts at 0-15 and 15-40 c¢cm soil depths.

The mechanical digging action of the wild boar induces immediate changes in the
soil’s structure, aeration, and ability to lose or retain water. In fact, regardless of depth, the
significant increase in the soil moisture and ability to retain water are the result of complex
processes and balances between infiltration and evaporation. Different responses have been
reported for different ecosystems and grazing regimes due to local climate conditions and
soil properties [7,47]. The water regime in grubbed soil is also influenced by changes in the
amount and quality of organic matter along the profile due to the SOM’s capacity to retain
water. Macci et al. [8] highlight that wild boar grubbing causes an input of fresh organic
matter by vegetation, and a redistribution of labile and stable organic components with
changes in the mineralization and humification rates along the soil profile. In deeper soil
layers, the condensation processes of soil organic matter are reduced, consequently leading
to the accumulation of less stabilized and more labile organic matter. The contrasting trends
of SOM content and C/N ratio along the soil profile of the olive groves confirmed these
immediate impacts of wild boar grubbing.

In addition, the stirring of soil layers and the consequent redistribution of organic
matter and nutrients affects the soil pH and cation exchange capacity [48]. The pH change
is likely also due to wild boar excretions, mainly concerning the topsoil [48]. The slight
increase in the pH of the grubbed topsoil and the significant decrease at depth after
grubbing strongly influence the soil microclimatic conditions and the habitats of the soil
microbial community.

In the topsoil, a combination of factors such as changes in microclimatic conditions, the
redistribution of organic compounds along the soil profile, and a variation of organic matter
quality seems to have promoted the microbial biomass. At a depth of 0-15 cm, microbial
biomass is one of the factors that is most significantly impacted by wild boar grubbing
(IEg 94%), confirming this to be a sensitive indicator and early predictor of changing soil
organic matter processes and soil functioning [40,48].

In addition, at the topsoil level, the grubbing activity disturbs the composition of
the microbial community with a negative impact on the fungal fraction. The decrease
in fungal biomass is likely due to the wild boars” mechanical digging, which breaks the
hyphae and severely damages the mycelium [49,50]. The considerable availability of
organic substrates and a more alkaline pH can negatively impact the fungal component
of the microbial community, while a leading role played by soil moisture is detected,
especially for maintaining the activity of the fungal component [51]. The inhibition of
fungal growth and the increase in microbial biomass suggest that wild boar activity may
stimulate bacterial proliferation. Fungi and bacteria are the most commonly represented
populations in the microbial community, and generally, bacteria actively grow and feed on
the exposed surfaces of organic matter and/or inorganic particles [49,50]. The variation in
pH, SM, and organic compounds also influences the microbial community composition
in deeper grubbed soils, considering the increases in fungi and their active fraction on the
total biomass.

The data obtained for surface and deep grubbed soils combine the prevalence of
bacterial or fungal fractions more with the availability of organic substrates than their
complexity, and bacteria seem to take advantage of this by the large quantity of SOM. Other
studies highlight that if grubbing results in the enhanced availability and decomposability
of resources entering the soil food web, it may promote bacteria over fungi [52,53].

In addition, in soil at a 1540 cm depth, the microbial community appears to be
severely stressed by wild boar activity, as evidenced by the cluster analysis and the IFg
value for qCO,. The metabolic quotient (qCO;) has been used as a proxy of ecosystem
disturbance and exhibits high values in intensively impacted sites [54]. The stress condition
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of microorganisms within deep grubbed soils is probably associated with changes in micro-
climatic conditions and in microbial community growth and composition, at least according
to Mohr et al. [20]. Consistent with data from other authors collected in different disturbed
ecosystems [55-58], the important role of organic substrate availability for microbial growth
found in our data has also been confirmed. Moreover, the amount of SOM in grubbed soils
is affected by both the direct activity of grazing, including grubbing, and rapid mineral-
ization, which leads to significant losses of C [4]. The faster carbon mineralization rate in
grubbed than ungrubbed soils is evident at both depths, confirming that stress conditions
for microbial communities unbalances the use of resources and accelerates C loss [56-58].

The immediate changes induced by wild boar grubbing on soils’ chemical, physical,
and biological traits reduce soil quality status. According to the SQI for the investigated
olive groves from Cilento Park, the soil quality is not particularly high (the mean SQI
values are below the threshold of 0.50), similar to the results of Marzaioli et al. [59] and
Santorufo et al. [60] for agricultural soils. Anthropogenic activity and the prolonged and
intense disturbances from wild boar, causing changes in the soil aggregation, structure
stability, biological properties, and micro-habitat conditions, have affected the quality of
the agricultural soils, especially in topsoil [61-63].

Animal activities, such as grazing or grubbing, also alter plant resource acquisition
and allocation, and species living in frequently disturbed areas exhibit traits that support
faster resource acquisition strategies [64,65]. The prolonged stress of plants in the grubbing
areas were probably due to the recurring behavior of ungulates that generally have prefer-
ential places to gather food, defecate, or dig [48]. Kunstler et al. [64] and Loughnan and
Gilbert [66] found that LA and SLA increased in disturbed communities characterized by
a fast growth, since high values of these parameters are associated with higher photosyn-
thetic rates and the light-harvesting capability of plants. The apparent increase in LA values
in the leaves of grubbed areas compared to those of the ungrubbed areas likely confirm
changes in functional strategies for disturbed plants. The significant reduction in the C/N
ratio without a real change in leaf N content may suggest a different uptake and C utiliza-
tion in grubbed areas. A direct relationship between soil responses to wild boar grubbing
and leaf characteristics seems to mainly affect LA and RWC, which increases as the soil
quality decreases and are specifically related to the resource content of the grubbed soil [67].
In addition, changes in the soil characteristics in grubbed areas reflect the overall fruit
quality, highlighting lower values for pulp/stone ratio (P/S), dry matter (DM), and total
polyphenols (Tp). The strong relationship between soil quality and fruit characteristics has
been emphasized by many authors as being a consequence of different agronomic practices,
fertilization, or irrigation management [68,69]. The link between soil and fruit quality is
evident in our study regardless of wild boar activity, but grubbing, like anthropogenic soil
tilling activities, can worsen fruit responses. For instance, it is generally reported that soil
N negatively influences some fruit characteristics, especially P/S and polyphenols, after
fertilization [70]. Although, during the study year, the investigated soils did not receive any
form of fertilization and a similar N content was measured in the grubbed and ungrubbed
soils, the fruit P/S ratio and polyphenol content can be affected by a change in the nitrogen
quality in terms of the balance and proportions of ammonia and nitrate. Additionally, water
management—and, hence, WHC—tends to affect fruit traits and increase quality, yield, and
olive oil features [71]. In our study, the higher moisture found in the grubbed surface and
deep soil may be responsible for the reduced polyphenol content of the olives harvested
from the grubbed areas. It is noteworthy that the total polyphenol content is affected by
irrigation levels [72,73]. Furthermore, it has demonstrated that polyphenol biosynthesis
varies with plant development and fruit maturation, but also with stress conditions [74].
The increase in fruit dry matter together with soil organic matter is commonly reported in
the literature because carbon resources improve plant biomass production [75].
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4.2. Seasonal Variation of Grubbing Effects on Soil Quality

The seasonal variability of the impact of wild boar activity evidenced in the olive
groves of Cilento National Park is in disagreement with Mohr et al.’s [20] findings for
German semi-natural woodlands, with similar changes in grubbed soil characteristics for
Spring and Autumn samples [20]. In the studied olive groves, the incidence of wild boar
grubbing remains high in all seasons despite the different environmental and microcli-
matic conditions. Seasonal differences in the soil responses are the result of a different
combination of factors acting together with wild boar activity on soil quality.

The negative impact of grubbing activities on the soil quality index is reported for
almost all seasons and soil depths. The only exception is the Summer grubbed soil at
a depth of 1540 cm. An important role in defining the soil quality of the Summer samples
may be played by the soil moisture that, in deeper layers, although low, is twice as high
in the grubbed areas than in the ungrubbed areas. The soil moisture is the result of
a combination of infiltration, transpiration and evaporation processes, and in Summer,
evaporation processes are of considerable importance in grubbed soils generally subjected
to high solar radiation. Soils carried by wild boar deeper down along the profile retain
more water, and are thus less affected by the sunlight [76,77]; as consequence, the moisture
drives the activity of organisms that have survived the physical stress of ploughing by the
wild boar.

A close relationship between grazing and grubbing effects on the soil microbial com-
ponents, climatic conditions, and grazers’ body size was shown by the meta-analysis con-
ducted by Andriuzzi and Wall [78]. These authors found that herbivore presence reduced
microbial biomass and nitrogen mineralization in arid ecosystems, but the decomposers’
activity was stimulated with increasing soil moisture.

However, the quality of soil organic matter transported by wild boar activity is proba-
bly less complex and easier to attack by soil microorganisms that accelerate mineralization
and C loss. In the Summer samples of deep grubbed soil, a reduced efficiency of carbon
resource utilization and low energy investment for biomass production are a clear sign of
stress in the soil microbial community [4].

Conversely, the organic matter superficially distributed by the intense excavation
activity of wild boar in Summer has a high C/N ratio compared to the undisturbed soil,
and this higher recalcitrance results in reduced microorganism activity [8]. On the other
hand, the higher complexity of OM in grubbed topsoil would seem to activate the fungi
(the active fungal fraction triples its value in the grubbing topsoil), inducing a reduced C
turnover and slower mineralizing activity [49].

In Spring and Summer, the impact of wild boar activity on soils seems to have similar
trends, although for several parameters in Spring, the differences between the grubbed
and ungrubbed soils are less significant. The divergences in the responses to wild boar
activity in the two seasons are found mainly at the 0-15 cm soil depth and, in particular,
for N content, which is significantly reduced, and for microbial biomass, which increases
in the Spring grubbed soil. It is likely that the more favorable microclimatic conditions
induced by both season and soil mixing stimulate microbial growth [50,52]. In addition,
in Spring, the vegetative renewal of both olive trees and herbaceous plants can induce
a greater demand for nutrients and specifically for N, which was mainly required in the
grubbed soil [57].

On the other hand, a stronger negative impact of wild boar grazing is observed in the
Autumn/Winter season. Microbial biomass strongly depends on resource availability [8],
among them leaves and fruits fallen abundantly on the soil and mixed by the grubbing
activity along the profile. The grubbing can affect the amount and quality of resources
fueling the soil food web by chemical and/or physical changes in plant litter, due to the
physiological responses of plants and/or shifts in herbaceous species composition [53], or
fast pools of C and nutrients coming from their excrements [79]. In addition, in grubbed ar-
eas, plants may also alter the allocation of C below ground, including root exudates [80,81],
which represent, as litter, an important energy source for soil food webs [82]. Thus, wild
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boar grubbing may alter the allocation of C above ground and below ground as well as
the litter amount and quality. Soils” immediate responses to wild boar activity, evidenced
by an overall assessment on annual means, follow the same trends in the Autumn/Winter
season where they are particularly intense. In fact, in the Autumn/Winter samples, the
active fraction of fungi and microbial activity show opposite responses to grubbing for
both soil depths. In these seasons, soil changes related to the physical stress results are
more evident at a depth of 0-15 cm, because the wild boar community eats the abundant
olive biomass fallen on the topsoil. In addition, the higher stress condition of the microbial
community is also indicated by the higher microbial activity measured in these soils.

5. Conclusions

This research focuses on the disturbances caused by the grubbing activity of Sus scrofa L.
on soil and plant characteristics in Mediterranean olive orchards. From this one-year study, our
results show an intense impact of wild boar activity on the physical and chemical characteristics
of soil, as well as on the biological features, e.g., microbial biomass, activity, and composi-
tion, acting in both the top and deeper soil layers (0-15 and 15-40 cm) over several seasons
(two consecutive Springs, Summer, and Autumn/Winter).

Despite the seasonality, wild boar grubbing activity strongly affects the soil’s physical
and chemical characteristics, mainly soil moisture and pH, indicating a stimulation of
microbial growth in the topsoil layer. The modifications found in the microbial community
are fostered by an inhibition of the fungal biomass and likely more favorable microclimatic
conditions for the bacterial community. Conversely, in the deeper grubbed soil, the fungal
fraction on the total microbial biomass increases, and more stressful conditions for the
edaphic community are evidenced.

The decrease in the soil quality in grubbed areas affects fruit characteristics to a greater
extent than leaf traits in olive trees, with an increase in fruit polyphenols.

The immediate effects of wild boar grubbing change significantly over the seasons
because of a combination of specific climatic conditions, variations in the plant vegetative
cycle, and wild boar feeding behavior. In fact, even if a stronger negative impact of wild
boar grubbing is observed in the Autumn/Winter, the Summer dryness and the Spring
vegetative recovery with favorable microclimatic conditions influence the soil’s responses
to grubbing.

In this framework, the present study provides pivotal information about Mediter-
ranean olive groves and their response to wild boar grubbing. The use of the proposed
grazing impact factor turned out to be direct and helpful for the management of these
ecosystems. Further studies are needed to enhance the knowledge on the effects of wild
boar activities on several soil processes and characteristics, including carbon and nitrogen
dynamics and microbial community differentiation. The evaluation of overall plant health
status, productivity, and oil quality needs to be expanded.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/soilsystems7020038 /s1. Supplementary Material Figure S1: Soil
moisture (SM, % d.w.) and pH in grubbed (G) and ungrubbed (UG) soils at 0-15 and 15-40 cm depths.
On the left: annual means; on the right: data for each season (Spring, Summer, and Autumn/Winter).
Different lowercase letters indicate significant differences in the superficial layer, whereas uppercase
letters indicate significant differences in the deeper layer of at least p < 0.05 (paired t-test for annual
means and three-way ANOVA for seasonal means, respectively). Supplementary Material Figure S2:
Total fungal biomass (TFB, mg g dw.7 1) in grubbed (G) and ungrubbed (UG) soils at 0-15 and
15-40 cm depths. On the left: annual means; on the right: data for each season (Spring, Summer, and
Autumn/Winter). Different lowercase letters indicate significant differences in the superficial layer,
whereas uppercase letters indicate significant differences in the deeper layer of at least p < 0.05 (paired
t-test for annual means and three-way ANOVA for seasonal means, respectively). Supplementary
Material Figure S3. Cluster analyses (UPGMA) summarizing the different impacts of wild boar
grubbing (IFg) on soil parameters at 0-15 (A) and 1540 cm (B). Supplementary Material Table S1: Co-
efficients of Spearman rank order correlation performed between biological (MB: microbial biomass,
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AFB (%TFB): percentage of active fungal biomass on total fungal biomass, TFB: total fungal biomass,
TFB(%MB): percentage of fungal biomass on total microbial biomass, respiration, qCO,: metabolic
quotient, CEM: coefficient of endogenous mineralization) and physical and chemical parameters (pH,
SM: soil moisture, SOM: soil organic matter, Ng: soil nitrogen, soil C/Ng ratio, CEC: cation exchange
capability, WHC: water-holding capacity, BD: bulk density) in grubbed (G) and ungrubbed (UG) soils
sampled at 0-15 and 15-40 cm depths. The correlations between the biological parameters and WHC
and BD are only reported for the superficial layer. In bold, statistically significant coefficients for
p <0.05 (*), p <0.01 (**) and p < 0.001 (***) are indicated. Supplementary Material Table S2: Coeffi-
cients of Spearman rank order correlation performed between soil physical and chemical parameters
(pH, CEC: cation exchange capability, SM: soil moisture, WHC: water-holding capacity, BD: bulk
density, SOM: soil organic matter, Ng: soil nitrogen, soil C/Ng ratio) including SQI and plant features
(leaf traits: LA: leaf area, RWC: relative water content, Ny : leaf nitrogen leaf C/Ny, ratio and fruit
characteristics: P/S: pulp/stone ratio, DM: dry matter and Tp: total polyphenols). Soil, leaves,
and fruits were sampled in grubbed (G) and ungrubbed (UG) areas and soils sampled at 0-15 and
15-40 cm depths. The correlations between WHC and BD and plant features are only reported for
the superficial layer. In bold, statistically significant coefficients for p < 0.05 (*), p < 0.01 (**) and
p <0.001 (***) are indicated.
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