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Abstract: Forest soil biodiversity, which drives natural ecosystem multifunctionality, can be altered
by incorrect forestry management practices. Pinus laricio is the most representative and widespread
conifer species in Calabria, South Italy, and appropriate management is needed to maintain Pinus
laricio forest for its great economic and natural value. In Europe, thinning is considered the most
effective silvicultural treatment to maintain/increase the ecological value of coniferous stands. In this
study, moderate thinning (MT), intense thinning (HT), and clear cut (CC) treatments were used to
manage Pinus laricio stands with the aim of identifying the thinning intensity that is less detrimental
to soil biodiversity. The effects of the different thinning intensities were evaluated, in two contrasting
seasons (summer and winter), on the abundance, and diversity of arthropods, fungi, and bacteria
colonies as well as on selected soil properties (organic matter, humification index, bulk density, pH)
related to soil habitability. Results evidenced that the abundance, species richness, and diversity
of arthropods, as well as fungi, bacteria colonies, and soil properties, changed with the treatments
and seasons. Under HT, the greatest biodiversity and the highest amounts of arthropods, fungi, and
bacteria were found in both seasons. This study finds evidence for Connell’s intermediate disturbance
hypothesis, highlighting that the greatest organic carbon content and humification index, as well
as the lowest bulk density, found in HT reduced the likelihood of competitive exclusion between
occurring species, thereby promoting high species richness and diversity. This study gives insights
into ecological relationships between understory composition related to tree species abundance and
soil community.

Keywords: arthropod; biological index; bulk density; forest management

1. Introduction

Among forest management techniques used to preserve forests, thinning is the practice
that removes a small number of trees from a stand [1,2] in order to make sites more pro-
ductive, thereby driving the abundance and composition of undergrowth vegetation and
increasing the economic value of forests. Sometimes, when improperly used, silvicultural
treatments can cause disturbances to the forest equilibrium, affecting species succession,
understory vegetation distribution, and soil ecosystem functioning, with negative potential
impacts on tree growth [3,4], forest community structure, species composition, habitat
conditions, and soil fertility [5,6]. Thinning, which changes light penetration, air movement,
and temperature [7,8], affects litter and organic matter amounts [9,10], soil nutrient cycles,
soil microorganisms [11–13], and arthropod communities [14,15]. All of these factors taken
together regulate soil fertility [16]. Soil microorganisms have an essential role in soil or-
ganic matter decomposition [17] and in nutrient cycling and are considered early warning
indicators of changes in soil properties on account of their high sensitivity to external
perturbation [9]. Arthropods, with their 1.2 million species, are litter transformers and
pulverizers [18,19], contributing to improving soil physical and chemical properties [20–22].
Because of their high abundance, species richness, habitat fidelity [23], and high sensitivity
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to external perturbations, arthropods are considered important bio-indicators of environ-
mental quality and can be used for monitoring short-term changes in soil ecosystems. For
the above considerations, changes in forest vegetation related to thinning are expected
to affect soil quality through changes in microbial and arthropod communities. Previous
works evidenced that soil microorganisms were affected by gap creation in forest [24–27],
highlighting that small gaps (185 m2) created the best environmental conditions for mi-
croorganism growth. Kwon et al. [28] showed that there were no differences in the total
arthropod amount between thinned and unthinned areas because the differences were an-
nulled by the increase or decrease in taxa abundance. Richards and Windsorf [29] showed
that arthropod biodiversity was positively related to humidity, while arthropod abundance
was negatively correlated with light intensity. At present, studies on the relationships
between arthropod abundance and biodiversity, plant distribution, and soil abiotic factors
are still scarce, even if this information is essential for understanding soil processes linked
to site productivity. Pinus laricio is an endemic species in Calabria, South Italy, with great
value for the local economy and deserves an appropriate management to avoid triggering
forest degradation and accompanying soil fertility losses in areas already subjected to
climatic changes. For the above consideration, a 60-year-old old Pinus laricio stand was
managed with thinning treatments of different intensities (moderate thinning (MT) and
intense thinning (HT)) and clear cut (CC) in order to identify the better silvicultural practice
for preserving the quality of the soil and the multifunctionality of this forest. Based on
the intermediate disturbance hypothesis, which suggests that at low levels of disturbance
more competitive organisms will dominate the ecosystem and push subordinate species to
extinction [30], our starting hypothesis was that different thinning intensities would differ-
ently affect soil biodiversity and fertility. Our specific aims were to (1) assess if and how
different thinning intensities can be the cause of changes in microorganisms, arthropods,
and soil properties, and (2) explore the relationships among microorganisms, arthropods,
and soil properties in differently thinned plantations.

2. Materials and Methods
2.1. Study Area

This study was conducted in Aspromonte Mountain (Zervò, Calabria, South Italy)
(38◦14′37” N; 16◦01′11” E), 1100 m above sea level in a 60-year-old Pinus laricio forest. The
study area was approximately 45 ha. Four study areas were established: no thinning (15 ha)
(CTR: with 1935 tree ha−1); moderate thinning (10 ha) (MT: 25% basal area (BA) removed,
1354 tree ha−1); intense thinning (10 ha) (HT: 45% BA removed, 780 tree ha−1); and clear
cut (10 ha) (CC: 100% thinning, 0 tree ha−1). Five plots in each of the four study areas
were designed. Each plot in the CTR was 3 ha, while in the MT, HT, and CC each plot was
2 ha. Thinnings were designed to reduce stand density, removing all the trees present in
the stand. To preserve the soil during logging operations and to minimize the crossing of
the tractor on soil, the “full-tree harvesting method” was used with the aid of tractor and
cable winch. Homogeneous features regarding the slope, exposure, elevation, and climate
conditions characterize the study area. The area’s climate is typically Mediterranean, with
mean annual precipitation of 1838 mm, and total precipitation occurring from October
to June. Mean annual temperature is about 10 ◦C, and the lowest and highest monthly
mean temperatures are 3 ◦C in January and 17 ◦C in July, respectively (climate data
from Santa Cristina d’Aspromonte Meteorological Station). The areas appertain to the
Castanetum zone, according to Pavari’s phytoclimatic classification [31]. The soil, with a
xeric soil regime moisture, generated from schist and biotitic gneisses, was classified as
Humic Cambisols, according to the IUSS (International Union of Soil Science) WRB (World
Reference Base for Soil Resources) [32]. The forest management operations of this study
area started in 2010.
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2.2. Measurement of Microclimatic Variables

The microclimate in the gaps was assessed by measuring air temperature, soil tempera-
ture and moisture, and photosynthetically active radiation (PAR, measured at 400–700 nm).
PAR was detected on clear days, at 12:00 p.m. in each plot for all treatments. PAR was
measured by using a Ceptometer (AccuPAR, Degagon Devices Inc., Pullman, WA, USA),
at 1.00 m above the ground, with the instrument held horizontally [33]. Corresponding
PAR values were used to calculate PAR transmittance using the following formula: PAR
transmittance = (PAR subplot/PAR full open) × 100. Soil temperature was measured using
a soil thermometer (Elite Greenhouses Ltd., Lancashire, UK). In addition, litter thickness
was measured using a millimeter scale.

Understory vegetation information was collected in the study area by using standard-
ized photographs of the forest understory. A sample dataset of photographs was taken in
each plot (within 20 × 20 m quadrat) in each study area. The photographic images were
taken at a resolution of 5184 × 3456 pixels in JPG format. We used a Canon EOS Rebel
T5RM camera (Melville, New York, NY, USA). The distance between the camera and the
ground was 3 m. The understory vegetation was visually identified.

2.3. Experimental Design

In each plot, three soil samples were taken randomly. Soil samples were collected
at 0–10 cm depth (within a 20 × 20 m quadrat) after removing the litter layers for two
consecutive years and in two different seasons (Spring, June 2014–2015 and Autumn,
November 2014–2015). Each year, 120 samples were collected. The samples were brought
to the laboratory on the same day, and soil water content (WC), soil fauna, fungi, and
bacteria were detected in fresh soil within 24 h of sample collection. A part of the soil
samples was air-dried and sieved through a 2-mm diameter mesh; visible roots were
removed. The results of the two years did not show significant differences and for this
reason the data were not included in this paper.

2.4. Soil Chemical and Physical Analysis

Soil texture was detected by using the hydrometer method with sodium hexam-
etaphosphate as a dispersant [34]. The final classification was done using the USDA
triangle method. Soil water content (WC) was determined by oven-drying soil samples at
105 ◦C until they reached a constant weight. The moisture content (%) was calculated from
the sample weight before and after drying. pH was tested using a soil:water suspensions
ratio of 1:2.5 (w/v). Immediately after the addition of the water, the suspensions were
thoroughly mixed on an orbital shaker for 2 h, and pH readings were taken after sedimen-
tation. Organic carbon (OC) was determined by dichromate oxidation method, according
to Springer and Klee [35]. Organic carbon was quantified by titration with iron-sulfate
(FeSO4, 0.2 N).

The determination of humic acid, fulvic acid (HC, FC), and humification rate (HR)
was performed according to Ciavatta and Govi [36]. Bulk density (BD) was measured by
taking samples of soil using a corer with a 250 cm3 volume. The samples were weighted
and dried (105 ◦C) until they reached a constant mass; to obtain the BD value, the total dry
mass was divided by the sampled volume was by.

2.5. Soil Microbial Analysis

Bacteria, fungi, and actinomycetes were extracted by adding 95 mL of 0.1% (w/v)
sodium pyrophosphate solution to 10 g of each soil sample. This solution was decimally
diluted (10−1 to 10−7), and aliquots were plated on specific agarized culture media [37].
Bacteria and fungi colony forming units (CFU) were counted, according to Picci and
Nannipieri [38] and Eaton et al. [39].
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2.6. Soil Fauna Determination

The Berlese–Tullgren funnels method for the extraction of soil arthropods was per-
formed as previously reported in Berlese [40] and Bano and Roy [41]: soil samples were
placed on a sieve mesh at the top of each funnel selector for 7 days and collected in a
beaker with preservative liquid with 70% ethanol and glycerol 2:1 v/v) under the funnel.
Soil arthropods have a great impact on organic debris, microbial decomposers, nema-
todes, roots, and pathogenic fungi. Soil arthropods respond in a sensitive way to soil
changes and are correlated with healthy soil functions [22]. Due to the limits of the method,
morpho-species, not true species, of arthropods were identified, classified, and counted
using a stereomicroscope [42]. Larvae and imago belonging to the same taxonomic group
were grouped together [43–45]. Specie richness was estimated and discussed in terms of
parataxonomic units.

2.7. Data Analysis

The analyses were repeated five times. All datasets were tested for normality using
Shapiro–Wilk and Jarque–Bera tests. Soil micro-arthropod biodiversity was calculated by
using Shannon and Pielou’s evenness indices [46,47], and species richness was calculated
by counting the number of species present in each soil sample, as reported in Whittaker [48].
All statistical analyses were performed using Systat v. 8.0 software package (SPSS Inc.,
Evanston, IL, USA). Tukey’s test [49] was used to compare treatment means and to de-
termine which means differed significantly at p ≤ 0.05. Analysis of variance (one-way
ANOVA) was utilized to test the differences among the treatments, while two-way ANOVA
was used to detect the relationships between treatments and seasons. Significant differences
and effects were determined as p ≤ 0.05.

The results are summarized in an ordination diagram. PCA was carried out using
the environmental variables, arthropods, and soil parameters under different silvicultural
treatments and seasons, using the software PAST [50]. Because the data are expressed in
different units, the results are standardized with the following formula:

z =
(xi − x)

SD

where xi is the individual value of each parameter, x is the mean, and SD the standard
deviation.

3. Results and Discussion
3.1. Microclimate Variables

Microclimate parameters were significantly different between the silvicultural treat-
ments (Table 1). PAR was representative of light levels at solar noon, and it was the highest
in summer. PAR transmittance significantly increased with increasing tree cutting. Air
and soil temperatures were greater in summer than in winter. Soil temperature was the
highest in the CC plots in summer followed by HT, MT, and CTR plots. In winter, the
highest soil temperature was detected in HT plots. Litter thickness was always greater in
the HT plots in both seasons compared to the other treatments (Table 1), suggesting that
the microclimate changed in respect to the canopy closure and influenced the understory
vegetation, both in terms of the amount and typology (Table 1).

In HT plots, we found the greatest understory biodiversity expressed by Brachypodium
sylvaticum (Huds.) Erica arborea L., Dactylis glomerata L. subsp. Glomerata, Oxalis acetosella
L., Pteridium aquilinum L., Kuhn subsp. Aquilinum, and Rubus hirtus. In CC and MT plots,
we found Erica arborea L., Genista sagittalis L., Rubus hirtus, and Fragaria vesca L. subsp.
Vesca. Conversely, in CTR plots, understory vegetation was absent.
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Table 1. Micro-environmental variables in high intensity thinning (HT), medium intensity thinning (MT), clear cut (CC), and control
(CTR) plots in summer and winter. Different letters in the same row indicate, within each season, significant differences (Tukey’s test,
p ≤ 0.05). The data are the means of two consecutive years (2014 and 2015). PAR: photosynthetically active radiation. Different letters
in the same row show significant differences at p ≤ 0.05.

Seasons Parameters HT MT CC CTR

PAR transmittance (%) 12.60 a (±2.72) 2.3 b (±0.50) 16.45 a (±3.43) 1.42 b (±0.82)
Air temperature (◦C) 12.48 b (±0.74) 9.72 c (±0.50) 16.74 a (±0.61) 7.82 d (±0.73)

Summer Soil temperature (◦C) 11.52 b (±0.72) 7.20 c (±0.94) 15.78 a (±0.53) 5.89 d (±0.75)
Litter thickness (cm) 3.5 a (±0.11) 1.11 b (±0.45) 0.2 c (±0.05) 1.5 b (±0.25)

PAR transmittance (%) 9.52 a (±1.25) 1.21 b (±0.92) 11.27 a (±1.48) 0.81 b (±0.32)
Air temperature (◦C) 7.58 a (±1.42) 5.12 b (±0.53) 5.24 b (±0.92) 4.64 b (±0.71)

Winter Soil temperature (◦C) 6.32 a (±1.01) 4.21 b (±0.94) 3.54 b (±0.63) 3.87 b (±1.02)
Litter thickness (cm) 3.21 a (±0.62) 1.05 b (±0.26) 0.2 c (±0.07) 1.27 b (±0.98)

3.2. Soil Chemical and Physical Features

Soil texture was sandy-loam, with 10% silt, 8% clay, and 82% sand (data not shown).
Water content was significantly higher in winter than summer in CC, CTR, MT, and HT
plots. CC plots had the highest WC value in winter and the lowest value in summer
(Table 2). This depended on the reductions in trees, which caused excessive infiltration
of rainwater in winter and excessive water evaporation in summer. Conversely, in plots
of the other silvicultural treatments, canopy shade reduced the amount of total soil water
evaporation, as previously observed by Stormont [51]. pH was moderately acidic and
did not differ significantly among the treatments and seasons (Table 2), confirming the
typical acidic nature of the soil under conifers [52]. OC was the highest in summer in
all the treatments, evidencing that seasonality has great influence on OC accumulation
(Table 2). The greatest amount of OC was detected in HT plots in both seasons (Table 2).
Regarding humic and fulvic acids (HC, FC) the highest values were found in summer
for all the treatments. In the managed soils and in CTR plots, the HC was significantly
higher than FC, indicating that in all the experimental areas the humification process
prevailed in respect to the mineralization process. HT plots showed the greatest HC values
in both seasons. No significant differences were observed between the two seasons for
the humification rate (Table 2); the greatest HR values were detected in HT plots in both
seasons. The components of soil organic matter are sensitive to climatic changes and
to site-specific factors such as stand productivity, vegetation management, and land use
history. Our results evidenced that treatments, more than seasons and their interaction,
influenced the humification process (Table 2). In HT plots, we found the greatest carbon
storage and the best humification process in both seasons, as shown by the highest values
of humification rate and HC [53–55]. Carbon storage increased in HT plots due to the
low tree density, which determined a different regime of light, temperature, and humidity
at soil level. All of the above factors contributed to increases in understory herbaceous
vegetation growth, which in turn produced more easily degradable litter with a consequent
increase in OC. Bulk density was significantly different among the treatments, both in
summer and in winter, with the lowest values (<1 g cm3) in HT plots (Figure 1). In MT,
CC, and CTR plots, bulk density was always >1 g cm−3. Bulk density was more influenced
by treatments than season and their interaction. It is well known that bulk density is
directly correlated to soil compaction and consolidation, and it is highly and inversely
correlated to soil organic carbon content [56,57]. Our data, in agreement with findings of
other authors [56,58], evidenced the strongest negative correlation between bulk density
and organic matter in HT plots, with the lowest BD and the highest OC in both seasons.
Additionally, species richness, fungi and bacteria colonies, and soil bulk density were
significantly negatively correlated. In both seasons, populations of soil aerobic bacteria,
fungi, and arthropods decreased when bulk density increased.
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Table 2. Water content (WC), pH, organic carbon (OC), humic acid (HC), fulvic acid (FC), and humification rate (HR) in soil under
differently managed plots (intensive thinning (HT), moderate thinning (MT), clear cut, (CC), and control (CTR)) of a Pinus laricio
plantation in summer and winter. The data are the means of two consecutive years (2014 and 2015). Analysis of variance shows the
effects of treatments, seasons, and their interactions. Different letters in the same column indicate, within each season, significant
differences (Tukey’s test, p ≤ 0.05). * p < 0.05. Different letters in the same row show significant differences at p ≤ 0.05.

Seasons Management WC (%) pH OC (%) HC (%) FC (%) HR (%)

Summer

MT 48 a ± 1.80 4.96 a ± 0.49 10.52 b ± 0.43 3.87 b ± 0.26 2.80 b ± 0.16 63.40 b ± 5.15
HT 51 a ± 1.40 5.39 a ± 0.39 12.81 a ± 0.61 5.56 a ± 0.24 4.28 a ± 0.32 76.81 a ± 4.88
CC 38 b ± 1.25 5.10 a ± 0.36 7.59 c ± 0.58 3.11 c ± 0.13 1.82 c ± 0.28 64.95 b ± 5.70

CTR 48 a ± 1.95 5.20 a ± 0.50 9.71 b ± 0.23 3.55 b,c ± 0.12 2.60 b ± 0.10 63.33 b ± 5.36

Winter

MT 60 b ± 1.80 5.59 a ± 0.35 8.31 b ± 0.26 3.17 b ± 0.10 1.85 b ± 0.42 60.40 b ± 4.72
HT 65 b ± 1.20 5.64 a ± 0.31 9.40 a ± 0.43 3.98 a ± 0.16 3.14 a ± 0.12 75.74 a ± 5.31
CC 82 a ± 1.00 5.37 a ± 0.29 8.08 b ± 0.22 2.91 b ± 0.33 1.62 b ± 0.13 56.06 b ± 5.23

CTR 61 b ± 2.02 5.53 a ± 0.30 7.80 b ± 0.20 3.04 b ± 0.17 1.53 b ± 0.14 58.58 b ± 5.11

F-ratio
Treatments 11.478 * 0.625 70.611 * 86.976 * 82.725 * 12.843 *

Seasons 609.151 * 5.565 * 114.852 * 80.687 * 76.661 * 4.360
Interaction 87.075 * 0.328 24.674 * 12.653 * 5.112 * 0.617

Figure 1. Bulk density (BD, g cm−3) in soil under differently managed plots of a Pinus laricio
plantation in summer and winter. HT: intensive thinning; MT: moderate thinning; CC: clear cut;
and CTR: control. Two-way ANOVA shows the effects of treatments, seasons and their interactions.
The data are the means of two consecutive years (2014 and 2015). * p < 0.05. Different letters show
significant differences at p ≤ 0.05.

3.3. Soil Microbiological Features

Soil bulk density and organic matter influenced fungi and bacteria colonies, which
in each plot, were mainly present in summer (Figure 2), the season with the highest light
and temperature at ground level. The highest number of colonies was detected in HT plots,
where the lowest value of BD and the highest values of OC and HC were detected. The
lesser amounts of microbial life in the other treatments was due to the negative impact
of soil compaction on soil water/air ratio, which consequently affected the aerobic soil
bacteria and fungi, as previously reported by Li et al. [59].
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Figure 2. (a) Fungi (CFU 104 g−1 dry soil) and (b) bacteria (CFU 105 g−1 dry soil) in soil under
differently managed plots of a Pinus laricio plantation in summer and winter. HT: intensive thinning;
MT: moderate thinning; CC: clear cut; and CTR: control. Two-way ANOVA shows the effects of
treatments, seasons, and their interactions. Lowercase letters and capital letters show significant
differences among the management intensities (Tukey’s test, p-level ≤ 0.05) in summer and winter,
respectively. The data are the means of two consecutive years (2014 and 2015). CFU: colony forming
units. * p < 0.05. Different letters show significant differences at p ≤ 0.05.

Biotic factors, in terms of resource quality and availability, have been always consid-
ered the main drivers of fungal and bacterial fluctuations in soil [60]. In this work, we
consider light (via seasonality) (Table 1) and abiotic factors, which differed in the study area
under different management intensities, to be equally important in steering the variations
in soil communities. The greater intensity of light, temperature, and humidity detected in
HT plots compared to the plots of the other treatments were the cause of the major increase
in understory vegetation diversity, which in turn promoted the proliferation of soil fungi
and bacteria colonies, as previously reported by Swenson et al. [61].

3.4. Soil Biodiversity

Results indicated that soil biodiversity was not affected by logging residue removal; no
negative effects on biodiversity (i.e., species richness or viability of populations) occurred
in soils of thinned plots and in particular in soils of HT plots compared to control plots.
Our data are in agreement with numerous studies reporting that tree removal operations
do not affect soil population. Victorsson and Jonsell [62] and Taylor and Victorsson [63]
evidenced that, at stand level, wood residue extraction reduced only the number of dead
wood-dependent beetle species and soil invertebrates.

Significant differences were observed in arthropod communities and in particular in
the number of individuals among the treatments in both seasons. The highest number of
individuals and the greatest species richness, both in winter and in summer, were recorded
in HT plots (Tables 3 and 4), while the lowest were observed in in CC plots (Figures 3–5).
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In all treatments, the individuals, as well the richness of species, were more abundant in
winter than in summer. These differences were due to the variations in temperature and
rainfall between summer and winter in a strongly Mediterranean climate, which caused
asynchrony between resource availability and plant growth [64,65]. The lower biodiversity
found in summer, in all the sites (managed, and unmanaged), was due to the limited
amount of rain and to the consequent scarce litter humidity, which strongly influenced
the invertebrate diversity, as previously reported by other authors [66,67]. Shannon di-
versity and evenness showed significant differences among treatments but did not show
any difference between seasons. This trend in species richness can be simply due to an
increase in resources correlated with the increasing thinning intensity. The great amount
of undergrowth vegetation and the consequent mixed litter at different decomposition
stages present in HT plots strongly influenced the amount and the diversity of arthropod
communities, as previously reported by Santonja et al. [67] and Jiménez-Chacón et al. [68].
These results evidenced that thinning intensities affected pedoclimatic conditions, drove
understory richness, and, in turn, modified the relationships between arthropod rich-
ness, evenness, and proportional diversity, with consequent effects on soil microorganism
amounts. Seasonal changes did not affect the thinning trend. Specifically, in summer, we
found a greater amount of Collembola, Acarina, Diptera, Hymenoptera, and Pseudoscor-
pionida in in HT plots in respect to plots of all the other treatments (Table 3). All these
arthropods, as previously reported by Menta and Renelli [22] and Tsurho and Ao [69], have
a key role in maintaining the sustainability of an ecosystem through the decomposition
and mineralization of litter. Additionally, all these arthropods are important bio-indicators
of soil ecosystem functioning because they include numerous groups that respond quickly
to external disturbance, varying their distribution and amount in space and time [70]. In
winter, we found the greatest abundance of the above mentioned arthropods in HT plots
(Table 4), and, surprisingly, we also observed the appearance of other groups that were
completely absent in plots of the other treatments (Chilopoda, Psocoptera, Symphyla, and
Thysanoptera) in HT plots in summer (Tables 3 and 4). These findings highlighted an
increase in species in soil under high thinning intensity treatments, suggesting that HT
created, independently of seasons, better habitat conditions allowing for the development
of trophic interactions that played a key role in ecological soil processes, as previously
demonstrated by Wardle [71] and Dyer et al. [72]. Analysis of variance of the effects of
treatments, seasons, and their interactions on arthropod taxa confirmed the above state-
ment, evidencing that the majority of taxa were mainly influenced by treatments rather
than seasons and their interaction (Table 5), except for Acarina, Diptera, Hymenoptera, and
Protura, which were mainly influenced by seasonality (Table 5). For PCA analysis, the first
two components (Eigenvalues > 1) were extracted. The variance was high (85.1%), com-
ponent 1 explained about 50%, while component 2 explained about 35% of the variability
in all parameters (Figure 6). The PCA diagram showed that HT, in both seasons, influ-
enced especially and positively the number of individuals (Ab), Shannon–Wiener index
of diversity, species richness and evenness, HR, HC, FC, bacteria, and fungi. The highest
amount of arthropods in HT plots in both seasons could explain the observed increase in
microflora. The great ingestion and excretion of dead plant material by arthropods could
have increased the interfacial contact, facilitating the colonization of plant residues by fungi
and bacteria and justifying their increase in number. In short, our results evidenced a strict
correlation between soil community, seasonality, stand density, understory abundance, and
litter diversity.
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Table 3. Total number of individuals (Ab) and percentage abundance (% Ab) of arthropods captured in summer in soil under differently
managed plots of a Pinus laricio plantation. HT: intensive thinning; MT: moderate thinning; CC: clear cut; and CTR: control. The data
are the means of two consecutive years (2014 and 2015). Different letters in the same column indicate, within each season, significant
differences (Tukey’s test, p ≤ 0.05).

Summer

MT HT CC CTR

Ab Ab (%) Ab Ab (%) Ab Ab (%) Ab Ab (%)

Acarina 10,667 c ± 558 52.52 15,833 a ± 721 44.49 9417 d ± 65 71.56 13,417 b ± 172 62.46
Araneidae 333 b ± 18 1.64 833 a ± 79 2.34 0 0.00 250 b ± 9 1.16
Coleoptera 250 b ± 32 1.23 833 a ± 29 2.34 250 b ± 11 1.90 50 c ± 86 0.22
Collembola 7833 b ± 388 38.57 10,583 a ± 399 29.75 2500 d ± 84 18.99 5167 c ± 184 24.04
Diplopoda 250 b ± 16 1.23 500 a ± 37 1.40 30 d ± 51 0.22 116 c,d ± 87 0.53

Diplura 116 b ± 101 0.55 667 a ± 90 1.87 0 0.00 115 b ± 99 0.52
Diptera 171 d ± 118 0.81 2083 a ± 111 5.85 333 c ± 98 2.53 1167 b ± 105 5.43

Hemiptera 51 c ± 38 0.23 583 a ± 121 1.63 167 b,c ± 119 1.25 117 c ± 82 0.53
Hymenoptera 250 d ± 84 1.23 1000 a ± 148 2.81 417 c ± 87 3.17 667 b ± 124 3.10

Isopoda 79 a ± 35 0.36 53 a ± 19 0.15 0 0.00 51 a ± 20 0.23
Protura 333 b ± 102 1.64 750 a ± 145 2.11 53 c ± 26 0.39 52 c ± 33 0.23

Pseudoscorpionida 0 0.00 1833 a ± 124 5.16 0 0.00 333 b ± 97 1.55
Symphyla 0 0.00 30 ± 17 0.09 0 0.00 0 0.00

Total 20,333 100.00 35,581 100.00 13,167 100.00 21,502 100.00

Table 4. Total number of individuals (Ab) and percentage abundance (% Ab) of arthropods captured in winter in soil under differently
managed plots of a Pinus laricio stand. HT: intensive thinning; MT: moderate thinning; CC: clear cut; and CTR: control. The data are
the means of two consecutive years (2014 and 2015). Different letters, in the same row, show significant differences at p ≤ 0.05.

Winter

MT HT CC CTR

Ab Ab (%) Ab Ab (%) Ab Ab (%) Ab Ab (%)

Acarina 25,417 a ± 259 59.76 19,250 b ± 272 36.62 24,333 a ± 294 70.79 25,083 a ± 248 63.98
Araneidae 667 b ± 142 1.57 2083 a ± 214 3.96 208 c ± 124 0.60 83 c ± 43 0.21
Chilopoda 0 0.00 82 ± 32 0.15 0 0.00 0 0.00
Coleoptera 1167 b ± 174 2.59 2000 a ± 207 3.80 28 d ± 12 0.08 750 c ± 142 1.91
Collembola 9333 b ± 1142 22.07 16,167 a ± 1537 30.75 4667 d ± 942 13.58 6250 c ± 1021 15.94
Diplopoda 833 b ± 314 1.97 168 c ± 48 0.32 1333 a ± 523 3.88 167 c ± 51 0.43

Diplura 1417 a ± 231 3.35 1500 a ± 227 2.85 28 c ± 10 0.08 167 b ± 46 0.43
Diptera 2417 b ± 745 5.54 4583 a ± 974 8.72 1833 c ± 428 5.33 2417 b ± 681 6.16

Hemiptera 28 b ± 7 0.07 417 a ± 74 0.79 0 0.00 0 0.00
Hymenoptera 1083 c ± 179 2.54 2167 a ± 211 4.12 674 d ± 107 1.97 1417 b ± 183 3.61

Isopoda 167 b ± 62 0.39 417 a ± 183 0.79 119 c ± 54 0.35 124 c ± 53 0.32
Protura 28 d ± 12 0.07 1667 b ± 61 3.17 1159 c ± 324 3.35 1917 a ± 421 4.89

Pseudoscorpionida 30 c ± 17 0.08 1583 a ± 374 3.01 0 0.00 833 b ± 211 2.12
Psocoptera 0 0.00 115 ± 55 0.22 0 0.00 0 0.00
Symphyla 0 0.00 152 ± 42 0.09 0 0.00 0 0.00

Thysanoptera 0 0.00 333 ± 89 0.63 0 0.00 0 0.00

Total 42,586 100.00 52,583 100.00 34,381 100.00 39,208 100.00



Forests 2021, 12, 108 10 of 15

Figure 3. Species richness in soil under differently managed plots of a Pinus laricio plantation. HT:
intensive thinning; MT: moderate thinning; CC: clear cut; and CTR: control. Two-way ANOVA shows
the effects of treatments, seasons, and their interactions. Lowercase letters and capital letters show
significant differences among the management intensities (Tukey’s test, p-level ≤ 0.05) in summer
and winter, respectively. * p < 0.05. The data are the means of two consecutive years (2014 and 2015).

Figure 4. Shannon–Wiener Index of diversity in soil under differently managed plots in a Pinus laricio
plantation. HT: intensive thinning; MT: moderate thinning; CC: clear cut; and CTR: control. Two-way
ANOVA shows the effects of treatments, seasons, and their interactions. Lowercase letters and capital
letters show significant differences among the management intensities (Tukey’s test, p-level ≤ 0.05)
in summer and winter, respectively. * p < 0.05. The data are the means of two consecutive years (2014
and 2015).
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Figure 5. Species Evenness in soil under differently managed plots of Pinus laricio plantation. HT:
intensive thinning; MT: moderate thinning; CC: clear cut; and CTR: control. Two-way ANOVA shows
the effects of treatments, seasons, and their interactions. Lowercase letters and capital letters show
significant differences among the management intensities (Tukey’s test, p-level ≤ 0.05) in summer
and winter, respectively. * p < 0.05. The data are the means of two consecutive years (2014 and 2015).

Table 5. Analysis of variance of the effects of treatments, seasons, and their interactions on arthropod
parataxonomic units. * p < 0.05.

F-Ratio

Treatments Seasons Interaction

Acarina 2.967 871.066 * 57.942 *
Araneidae 418.725 * 193.862 * 83.547 *
Chilopoda 0.921 0.882 0.921
Coleoptera 1.613 1.677 0.988
Collembola 3.345 0.029 1.696
Diplopoda 3.638 * 4.735 * 3.139

Diplura 8.040 * 6.664 * 6.868 *
Diptera 2.167 17.107 * 2.057

Hemiptera 6.525 * 2.472 3.589 *
Hymenoptera 1.203 5.387 * 2.599

Isopoda 5.792 * 8.116 * 5.611 *
Protura 5.135 * 25.827 * 11.417 *

Pseudoscorpionida 5519.388 * 61.935 * 587.760 *
Psocoptera 5.270 * 5.049 * 5.270 *

Raphidioptera 0.921 0.882 0.921
Symphyla 1.729 0.109 0.113

Thysanoptera 531.951 * 509.600 * 531.951 *
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Figure 6. Principal component analysis (PCA) diagram of differently managed plots in a Pinus
laricio plantation in two different seasons: summer (S) and winter (W). HT: intensive thinning; MT:
moderate thinning; CC: clear cut; CTR: control; WC: water content, OC: organic carbon; HC: humic
acid; FC: fulvic acid; HR: humification rate; Ab: total number of individuals; BD: bulk density; Fung:
fungi; Bact: bacteria; Sp rich: species richness; Sp even: species evenness; Shann: Shannon–Wiener
index of diversity. The triangles denote the groups (convex hulls) relating to the different silvicultural
treatments, each consisting of n = 5 replicates.

4. Conclusions

Despite the complex nature of soil dweller interactions, we found that the soil commu-
nity responses to forest management in coniferous forest depended on the provided higher
resources (light, below-ground resources) and better habitat conditions for shade-intolerant
species that thinning treatments established along with resident vegetation. The highest
thinning intensity (which removed a greater amount of basal area) favored the highest un-
derstory species richness, with positive effects on soil organic matter, humification process,
as well as on soil community in terms of arthropod and soil microorganisms. The relation-
ship found between thinning intensity and soil quality allowed us to individuate the high
intensity thinning as a sustainable forest management practice not only from a forestry
point of view but mainly for its eco-compatibility with soil ecosystems. Our results are
consistent with the intermediate disturbance hypothesis, which suggests maximum levels
of biodiversity are observed under some intermediate disturbance frequency because few
species are able to tolerate very intense disturbance regimes, and few are able to compete
successfully in habitats that experience minimal disturbance regimes. The outcomes of this
study evidence HT as a form of intermediate disturbance, and help to formulate forestry
policy recommendations to benefit biodiversity.
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