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Abstract: Soil invertebrates represent almost a quarter of the total diversity of living organisms
and their activity affects the entire soil ecological process. The choice of adequate thinning
systems may differently affect soil nematode and microarthropod biodiversity in artificial black
pinewoods. In this work, the results of the impact of different thinnings on the structure
of nematode and microarthropod communities was reported. In a short-term experiment,
thinning from below and selective thinning were compared to unmanaged stands to provide
indications at the regional scale in central Italy. Soil nematode and microarthropod biodiversity
was explored by examining community structure, assessing biodiversity. The interaction between
environmental variables (crown volume, Photosynthetically Active Radiation, soil texture,
soil temperature, and moisture) with taxa abundance of nematodes and microarthropods were
also reported. The results indicated that the effects of thinning practices were temporary
and varied between years. Soil nematode community shifted during the first and third
years of thinning managements only in the Pratomagno site, while soil microarthropod
community shifted in both sites only in the second year. The total nematode abundance
was minimally affected by thinning practices, while the nematode community composition
showed a decrease of omnivores and predators in the first years. Soil indicators showed
inconsistent results. In microarthropods, mites and collembola were the least affected by
thinning in terms of abundance and species biodiversity, while eu-edaphic taxa of Chilopoda,
Diplopoda, and Pauropoda were not influenced by thinning, hemi-edaphic and epi-edaphic taxa
of Coleoptera, Diptera, Hymenoptera, Tysanoptera, and Hemiptera were negatively affected.
Soil indicators such as Shannon-Weiner and Simpson indices and soil biological quality (QBS-ar)
improved in thinning from below in both sites. Soil temperature and moisture were the main
driving factors in affecting soil nematode and microarthropods communities. Thinning from
below probably allowed a more rapid recovery than selective thinning.
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1. Introduction

Soil is a habitat characterized by high biodiversity and abundance of organisms,
including invertebrates [1,2]. In natural ecosystems, soil mesofauna, belonging mainly to the phyla
Arthropoda and Nematoda, is involved in recycling nutrients as a supporting ecosystem service. In fact,
it increases the availability of soil mineral elements such as nitrogen, phosphorus, and potassium,
which are essential for growth and development of all organisms [3,4]. Arthropods contribute to the
turnover of organic matter as they decompose it by feeding on dead plant and animal tissues. Moreover,
they transform these organic materials into a substrate more easily degradable by microorganisms,
at the same time, regulating microbial populations. These organisms also affect porosity, aeration,
infiltration, and distribution of organic matter within the soil [5]. On the other hand, nematodes enrich
the soil in nutrient elements by excretion and play an important regulatory role by feeding on bacteria,
fungi, and plants. Furthermore, microarthropods and nematodes establish synergistic interactions at
various trophic levels (mainly by predation) that are essential in the maintenance of the homeostatic
capacities and productive potentials of ecosystems [6].

Reforestation with black pine, established since the beginning of the 1970s along the Apennine
ridge, provided a first cover of pioneer species in degraded areas at risk of erosion [7]. In such
monospecific plantations, silvicultural practices are essential as they increase the mechanical stability
of trees and accelerate the transition of forest stands to more dynamic, diverse, and complex forest
ecosystems. A good forest management can contribute to decomposition efficiency, favoring the
abundance and the biodiversity of soil organisms [8]. Silvicultural treatments such as thinning
increase both the vertical and horizontal stand structural diversity of plants, modifying the canopy
cover and enhancing the rate of light, water, and temperature at the soil level [9,10]. Currently,
the choice of adequate thinning systems might differently affect the decomposition process in artificial
black pinewoods.

Despite the importance of nematodes and microarthropods in forest ecosystems, relatively little
attention has been given to the impact of thinning on their abundance and community structure,
particularly in black pine wood stands. Several authors reported that pinewood areas subjected to
thinning managements had a very similar range of nematode and microarthropod taxa compared with
the unmanaged ones, but that the abundance of some taxa was often reduced, such as in the case of
springtails, mites, and beetles [11,12].

Therefore, we can hypothesize that the thinning impact does not affect the total abundance
of microarthropods and nematodes and that the major changes occur instead in the community
composition in the first period due to changes of soil temperature and moisture. Even if the temporal
factor is expected to play a key role in the community dynamics, few studies have been designed,
thus far, to investigate the evolution of soil nematode and microarthropod communities after thinning.
In fact, several authors have shown, on other plants, the existence of an annual variability in the effects
of different management practices [13,14].

The main purpose of the present work was to assess the effects of thinning on soil nematode and
microarthropod communities. The consequences of two different thinnings were evaluated in two
black pine wood stands in central Italy. In particular, the impact of managements was tested over time
to assess: (i) shifts in forest parameters, (ii) changes in abundance of nematode and microarthropod
taxa, (iii) biodiversity of soil nematode and microarthropod communities, and (iv) the interaction
between environmental variables and soil nematode and microarthropod communities.
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2. Materials and Methods

2.1. Study Sites and Treatments Description

Both experimental sites were located in two unmanaged artificial black pine plantations in Tuscany
(central Italy). The Pratomagno site is located in the central Apennines (north-eastern Tuscany) and
is characterized by an adult high forest (age: 59 years) consisting primarily of black pines (83.4% of
total trees/ha and 86% of total basal area/ha), with scattered Abies alba Mill. and occasionally broadleaf
species such as Fagus sylvatica L., Fraxinus ornus L., and Quercus cerris L. [15]. Soils are shallow to
moderately deep, with a high content of organic matter in the surface horizon A, with many rock
fragments (coarse gravel, pebbles, and stones) throughout the profile. They have a predominantly
loam and sandy loam texture, non-calcareous, extremely to moderately acid (pH between 4.0 and 5.5),
with moderately low base saturation, and are sometimes excessively drained. The bulk density of the
surface horizons has values between 0.90 and 1.20 (g/cm3), highlighting a high porosity of the soils that
guarantees high water permeability and a moderate available water capacity (AWC). From a taxonomic
point of view [16], the soils belong to Lithic Humudepts: coarse loamy, mixed, super-active, mesic,
and to Typic Humudepts: coarse loamy, mixed, super-active, mesic. The Amiata site is instead situated
in Val D’Orcia (southern Tuscany) and consists of a young high forest (age: 44 years) dominated
by black pine (91.3% and 97.3% of total trees and basal area, respectively), and to a lesser extent,
by Quercus pubescens Wild. and Q. cerris covering the remaining 10% of the area [15]. Soils are deep,
with a moderate content of organic matter in the surface horizon A, scarcely gravelly to gravelly in
depth, with a predominantly clay loam and clayey texture, from weakly to moderately calcareous,
weakly alkaline (pH between 7.2 and 7.9), with very high base saturation, well-drained, and somewhat
poorly drained. The bulk density of the surface horizons has values between 1.30 and 1.56 (g/cm3),
highlighting a low porosity of the soils composed mainly of small pores. From a taxonomic point
of view [16], the soils belong to Typic Eutrudepts: fine loamy, mixed, active, mesic, and to Aquic
Eutrudepts: fine, mixed, active, mesic. In each site, 20 ha homogeneously covered by black pine stand
were selected [17] (Supplementary Materials Table S1).

The same experimental design was applied in each site to compare two different thinnings with
unmanaged stands (control, CTR):

1. Thinning from below (TB)—only dominated, small, or standing dead trees were harvested
(negative selection) in the forest.

2. Selective thinning (ST)—(i) selection of 100 trees per hectare based on the quality of phenotype,
i.e., its mechanical stability and vigor (candidate trees), (ii) making candidate trees free from their
direct competitors, i.e., all the surrounding trees limiting the full crown growth of the candidate
tree. The average number of candidate trees was around 100 trees per hectare. The density of
100 trees per hectare (10 m, the average distance between trees) came from the analysis of crown
development patterns of black pine in the absence of lateral competition and by experimental
data measured for this purpose. The aim of selective thinning was to leave free space available
to the crowns of candidate trees. Selective thinning, changing both the horizontal and vertical
layering, originates the stand structure variation [18].

In each stand, nine-squared macro-plots of 1 ha were chosen for the trial (three for each treatment)
and marked on the ground (Figure 1). Treatments were randomly selected. The thinning was carried
out in summer 2015.
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Figure 1. Experimental design in the black pine plantations and macro-plots and sampling plots
performed in Pratomagno and Amiata sites.

2.2. Sampling Design

Samplings were carried out before treatments and for three years after treatments (2016–2018)
to evaluate the effects on forest parameters. In May, for three years after treatments (2016–2018),
samplings were collected to monitor changes in the structure of nematode and microarthropod
communities under selected management systems. Three points marked by pickets on the ground were
randomly selected in each macro-plot (Figure 1). Then, concentric circular plots of 10 m radium for
nematode and microarthropod analysis and 15 m radium for dendrometric and structural assessment
were defined, as reported by Cantiani and Marchi [19]. For each plot, three replicate samples were
collected (three samples/macro-plot/year/location) for a total of 162 samples.

2.3. Soil Parameters

Soils were investigated with a pedological survey conducted following national methodologies [20–22]
and according to some soil studies and regional inventories [23,24] (Tuscany Region—Regional soil
database). Soil characteristics were described by twenty-seven Edelman auger holes for each experimental
area and soil samples were collected on the surface horizons in each macro-plot; for each representative plot,
three soil profiles were dug, sampled, and described in all horizons. The standard chemical parameters
were analyzed for all samples under laboratory conditions. Bulk density was determined with core method
retention curve with Richards apparatus and hydraulic conductivity with a field permeameter [25].

2.4. Meteorological Parameters

To acquire data on the main meteorological and hydrological parameters of the sample areas,
two meteorological stations (Davis Vantage) were installed at the beginning of the project, complete with
the main sensors (rain, temperature, humidity, solar radiation, wind) and six Dataloggers (Decagon
Em50 and Em50G) for the hourly measurement of soil moisture and temperature at two depths of
10 and 30 cm (capacitive probes, Decagon 5TM and 10HS). The meteorological stations were located
outside the forest at a distance of about 300–400 m from the experimental plots, the humidity and soil
temperature sensors were instead positioned in each of the three representative plots of the silvicultural
treatments (thinning from below, selective thinning, and unmanaged stand).

For the climatic characterization of the experimental areas, the weather stations of the Regional
Hydrological Service most representative for these areas (Vallombrosa (FI) and Villa Cognola (AR)
for the Pratomagno area and Castiglion d’Orcia (SI) for the Amiata area) were selected to carry out
climatological calculations for a period of at least twenty years.

2.5. Forest Parameters

In each area (i.e., Monte Amiata and Pratomagno), the forest structure of each circular plot
was recorded using a custom version of the FieldMap® technology composed by a Trupulse360B
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connected to a portable tablet with Bluetooth connection. During in-field works, each tree was
numbered progressively and geo-referenced using a polar coordinate system (horizontal distance from
the center of the circular plot and degrees from the north), subsequently converted into metric planar
coordinates [19].

For all trees, the following variables were measured: (a) the diameter at 1.30 m height (DBH;
Diameter at Breist Height) using diameter measurement tape, (b) total height, height of first living
whorl, and height at maximum crown width using Vertex III, (c) the mean crown radius using the
vertical sighting method [26] as the quadratic mean of eight crown radii, selected to be representative
of the crown perimeter and without any prefixed scheme (e.g., North, North East, East, etc.), (d) the
crown radius at crown base base to calculate the total crown volume i.e. the space occupied by the
canopy [9], and (e) the total PAR (Photosynthetically Active Radiation i.e. the amount of light available
for photosynthesis) on the ground using ceptometers (AccuPAR model PAR-80 and LP-80—Decagon
Devices Inc., Pullman, WA, USA). Then, the total basal area and the total standing volume were
calculated for each plot. Single-tree volumes were calculated using the most recent Italian national
forest inventory equations [27].

2.6. Soil Nematode Community Analysis

In each plot, three soil samples were collected at a depth of 15 cm in the top layer of bulk
soil using a hand auger, and then mixed to form a composite sample. Each sample was placed
into a sterile plastic bag, labelled, and stored in a cold chamber at 4 ◦C. Nematodes were isolated
from 100 mL of each soil sample using the cotton-wood filter extraction method for 48 h at room
temperature, approximately 20 ◦C. Each nematode suspension was sieved through a 25 µm mesh
and the nematodes were mounted on temporary slides. Specimens were then identified at high
magnification to genus or family level using the keys of Mai [28], Bongers [29], and Marinari-Palmisano
and Vinciguerra [30]. Taxonomic families were assigned to a trophic grouping based on Yeates et al. [31]
and Okada et al. [32]. Nematode communities were characterized using the: (i) absolute abundance
of individuals, (ii) richness determined by counting the number of taxa, (iii) biodiversity indices (H,
Shannon-Weiner index; D, Simpson index), and (iv) maturity (MI) and Plant Parasitic (PPI) indices
according to Bongers [33], and the food web indicators (EI, enrichment index; SI, structure index;
CI, channel index) according to Ferris et al. [34]. In addition, the presence of entomopathogenic
nematodes (EPNs) was assessed using the Galleria bait method (n = 9 samples for each year) [35,36].
Dead larvae were placed on modified White traps [37] and emerging infective juveniles (IJs) were
examined and measured using a light microscope at up to 1000x magnification and identified to the
species level using morphological and morphometric characters based on Nguyen and Hunt [38].

2.7. Soil Microarthropod Analysis

Three soil samples were collected close to the previous ones (see above) in each plot using a
special 10 cm3 corer for mesofauna sampling, as reported by Parisi et al. [39]. Microarthropods
were extracted using modified Berlese-Tullgren funnels following the standard methodology [39].
The edaphic microarthropod communities were characterized using the: (i) individual abundance,
(ii) richness determined by counting the number of taxa, (iii) biodiversity indices (H, Shannon-Weiner
index; D, Simpson index), and (iv) soil biological quality, QBS-ar index, according to Parisi et al. [39] in
order to evaluate the soil biological quality by organism adaptation to the edaphic habitat.

2.8. Statistical Analysis

One-way analysis of variance (ANOVA) (post-hoc Tukey’s test) was performed to evaluate the
effects of different silvicultural treatments in terms of the main dendrometric and forest structural
parameters. To evaluate an overall outcome, two-way ANOVA was carried out to assess management
and year effects on indicators of nematode and microarthropod structure communities. When the F-test
was significant at p < 0.05, means were compared by the Student-Newman-Keuls test using the CoStat
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software package (https://www.Cohorn.com/costat.html). In addition, nematode and microarthropod
communities were compared by multivariate analysis with the PAST (PAleonthological STatistics)
statistical software package [40] (https://folk.uio.no/ohmmer/past). Nematode and microarthropod
communities were compared using analysis of similarities (ANOSIM), multidimensional scaling
(MDS), and SIMPER (Similarity Percentage) analysis based on the Bray–Curtis similarity index with
the nearest-neighbor method in accordance with Clark [41]. The abundance data of nematodes
and microarthropods were transformed using square root transformation. Bonferroni correction
was applied. Canonical Correspondence Analysis (CCA) was carried out in order to link taxa
abundance of nematodes and microarthropods with forest variables (e.g., trees per hectare, basal area,
standing volume, quadratic mean diameter, mean height, canopy volume, PAR) and soil physical
variables (e.g., soil texture, soil temperature, moisture). Only significant environmental axes have
been taken into account and represented by vectors. The statistical significance of relationships
between nematode and microarthropod communities and environmental variables was assessed by a
permutation test of both the first ordination axis and the combination of the first and second axes.

3. Results

3.1. Meteorological and Hydrological Parameters

The weather stations of the Regional Hydrological service and those set up in the study areas
were compared (Supplementary Table S2). In the Pratomagno area, temperature as well as quantity
and distribution of rainfall recorded for 2016 were in line with averages measured in the last twenty
years, 2017 was instead characterized by a very dry and hot spring–summer period, while 2018 was
characterized by a very humid spring and a drought, but not a particularly hot summer. For the
Amiata area, 2016 was wetter and cooler, with no summer water deficit, while 2017 was drier and
warmer than usual in both spring and summer. Moreover, 2018 was a rainy year, but not particularly
hot in both spring and summer.

Temperature and humidity of the soil within the forests varied according to distribution of trees
in space, shape, and degree of canopy closure. These are among the main factors that influence gas
exchanges with the atmosphere, light interception and photosynthetic capacity levels, interception of
rains, as well as temperature regime.

Water content of the soil in the experimental areas (Supplementary Figure S1) was always positively
correlated with crown volume, especially for the sensors located in thinned stands. The canopy protected
the soil from solar radiation, reducing air temperature and consequently evaporation. In the very rainy
and humid winter months, the water content of the soil did not show significant differences between
the treatments. From late spring to summer, the differences became larger and the soil of the thinned
woods was drier than the unmanaged stands. In the summer months, the water content of the soil
subjected to thinning was much lower (about 10%) than the control soil, and this gap depended on the
intensity of the summer drought.

As regards soil temperature, results showed that, in the thinned stands, summer temperatures
were higher than those recorded in the control areas, while winter temperatures were lower
(Supplementary Materials Figure S1). Therefore, the forest showed the ability to mitigate extreme
temperatures in both winter and summer seasons at both sites.

3.2. Effects of Silvicultural Treatments on Forest Structure and Dendrometrical Parameters

The two thinning systems determined a very different modification of forest structure, even though
they involved a similar reduction in terms of number of trees (trees ha−1). In particular, selective thinning
acted in a more incisive way at the crown level and the canopy cover reduction determined a greater
increase of PAR. As shown in Table 1, in the Amiata study area, 413% and 133% PAR increases were
measured after selective thinning and thinning from below, respectively. Similarly, in the Pratomagno

https://www.Cohorn.com/costat.html
https://folk.uio.no/ohmmer/past
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study area, 232% and 87% PAR increases were recorded after selective thinning and traditional
practice, respectively.

Table 1. Effects of silvicultural treatments for the main dendrometric and structural parameters in
terms of percentage variations (* indicates statistically significant differences in the Tukey’s Test with
p-value below 0.05).

Site Treatment N. Trees per ha Basal Area Standing
Volume

Quadratic
Mean

Diameter

Mean
Height

Crown
Volume PAR

Pratomagno

Thinning
from below −35.9% (*) −22.6% (*) −19.3% (*) +9.55% −4.18% −11.3% (*) +87%

Selective
thinning −30.8% (*) −29.4% (*) −29.7% (*) 0.00% +0.53% −21.2% (*) +232%

Amiata

Thinning
from below −30.4% (*) −19.7% (*) −18.7% (*) −6.75% +2.23% −24.4% (*) +133%

Selective
thinning −34.3% (*) −31.9% (*) −30.7% (*) +2.00% +1.09% −11.2% (*) +413%

3.3. Similarity Analysis on Soil Nematode and Microarthropod Communities

Two-way ANOSIM analysis on taxa abundance showed significant differences per management
and sites only for microarthropods (Nematodes: management R −0.03, p < 0.80; site R 0.04, p < 0.18;
Microarthropods: management R 0.02, p < 0.04; site R 0.22, p < 0.0001).

Thirty-three different genera, belonging to seventeen plant-parasitic and free-living nematode
families, were identified in soil samples collected in the two sites. The proportion of the nematodes
in the feeding groups was similar under different managements in both sites. The free-living
nematodes involved in the mineralization of organic matter (bacterial and fungal feeders) were the
most representative groups, while the abundance of predators (mainly belonging to Mononchidae and to
a lesser extent to Discolaimidae and Seinuridae families) was low. Plant-parasitic nematodes belonging
to the families Paratylenchidae, Anguinidae, Telotylenchidae, Hoplolaimidae, Pratylenchidae,
Criconematidae, and Longidoridae also showed low abundance and strong variability. As regards the
entomopathogenic nematodes, a low rate of infection on G. mellonella was detected. Only 11.1% of
soil samples were positive to EPNs and only in CTR in the Pratomagno site. Based on morphological
characteristics, the isolated nematodes were identified as Steinernema carpocapsae (Weiser) belonging
to the family Steinernematidae. The year-by-year data evaluation, based on MDS analysis on taxa
nematode abundance, showed a spatial separation between TB and the other two managements in
Pratomagno (Figure 2). One-way ANOSIM analysis confirmed that significant differences were found
in 2016 and 2018 (Table 2).

The analysis of the family abundance to the average Bray–Curtis dissimilarity among these
managements using SIMPER showed 32.19% and 37.45% of average dissimilarity in 2016 and 2018,
respectively. In 2016, differences were mainly due to the higher proportion of Dorylaimidae, Seinuridae,
and Longidoridae in CTR than thinning managements, while in the last year of the survey, a higher
number of taxa and an increase in the abundance of the Dorylaimidae family was found in TB
(Supplementary Tables S3 and S4). Family break-down of similarity showed that 10 and 9 families for
2016 and 2018 respectively, accounted for 95% of this similarity. Although in 2016, a spatial separation
was highlighted between ST and the other managements in the Amiata site, no significant differences
were found using the one-way ANOSIM analysis (Figure 2 and Table 2). However, in both thinning
types, Dorylaimidae families decreased in terms of abundance in 2017.

Nineteen different taxa of microarthropods were identified in soil samples collected from the
two sites. In general, only mites and springtails were prominent over years while the other taxa
showed a very low abundance. Oribatids represented only 6–7% of the whole mite population
in both sites and the springtails were mostly represented by hemi-edaphic forms belonging to
Poduromorpha and Entomobryomorpha groups. The total abundance was higher in Amiata than in
Pratomagno and a strong variability among years and managements were found. The MDS analysis
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on taxa microarthropod abundance showed a partial spatial separation in both sites only in 2017
(Figure 3). Using one-way ANOSIM, a small but significant difference was found, and the SIMPER
analysis showed 36.9% and 34.39% of average dissimilarity in the Pratomagno and Amiata sites,
respectively (Table 2). These differences were mainly due to the higher proportion of mites and
springtails in CTR than thinning managements, in both sites. Family break-down of similarity showed
that 11 and 13 families for Pratomagno and Amiata respectively, accounted for 95% of this similarity
(Supplementary Tables S5 and S6). For other taxa, the eu-edaphic taxa were similar among different
managements in both sites, while the abundance of hemi-edaphic and epi-edaphic taxa decreased in
thinned managements.
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Table 2. General analysis of similarities (ANOSIM) result table for nematode and microarthropod
abundances in the Pratomagno and Amiata sites from 2016 to 2018 (post-treatment). Significant values
are reported in bold.

Year

Nematodes Microarthropods

Pratomagno Amiata Pratomagno Amiata

R p R p R p R p

2016 0.36 0.04 −0.23 0.86 0.03 0.20 0.05 0.13
2017 0.16 0.37 0.13 0.24 0.11 0.02 0.07 0.05
2018 0.17 0.05 −0.01 0.47 −0.03 0.68 −0.04 0.86

3.4. Soil Nematode and Microarthropod Indicators

The averages of nematode index values according to the management and year are reported in
Table 3. In general, biodiversity indices (S and D) were not significant. The MI values ranged between
1.9 (ST and CTR in Pratomagno site) and 2.2 (CTR in Amiata), indicating the presence of generalist
and opportunistic species. However, no difference was shown for MI between managements in both
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sites, while the PPI was significantly lower in ST than in other managements in the Pratomagno site.
The food web indices showed significant values only in the Amiata site, and EI and CI were higher in
ST and CTR, respectively. No difference was found for SI in both sites. Furthermore, in most cases,
the community indices exhibited a significant temporal shift. In both sites, MI, CI, and H decreased in
2017, while EI and D increased in the same year. PPI instead showed a decreasing trend during the
three years of monitoring in the Pratomagno site.Forests 2020, 11, x FOR PEER REVIEW 9 of 19 
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Figure 3. MDS analysis based on Bray–Curtis similarity index of microarthropod community abundance
from soil samples in 2016, 2017, and 2018 in the Pratomagno and Amiata sites. Stress tests (S) are
reported. Symbols represent different managements: TB (thinning from below) in dark green;
ST (selective thinning) in hell green; CTR (control without thinning) in brown.

Table 3. Effect of different managements on soil nematode indices. TB, thinning from below; ST,
selective thinning; CTR, control without thinning; MI, maturity index; PPI, plant parasitic index; EI,
enrichment index; SI, structure index; CI, channel index; H, Shannon-Weiner index; D, Simpson index.
Standard errors (±) are reported. Different letters indicate significant differences at p < 0.05. Significant
differences are highlighted in bold.

Management Year Significant Effect

TB ST CTR 2016 2017 2018 M Y M + Y

Pratomagno
MI 2.1 ± 0.2 1.9 ± 0.1 1.9 ± 0.2 2.3 ± 0.1 a 1.6 ± 0.1 b 2.1 ± 0.1 ab 0.36 0.002 0.31
PPI 2.7 ± 0.3 a 2.2 ± 0.1 b 2.7 ± 0.3 a 3.1 ± 0.3 a 2.4 ± 0.04 b 2.1 ± 0.1 b 0.02 0.0005 0.02
EI 89.4 ± 2.0 93.6 ± 1.5 92.0 ± 2.6 93.9 ± 1.4 a 96.1 ± 1.0 a 85.0 ± 1.5 b 0.10 0.00001 0.56
SI 83.5 ± 4.5 74.8 ± 10.4 79.7 ± 6.0 91.1 ± 2.6 77.5 ± 5.8 69.4 ± 10.0 0.70 0.65 0.65
CI 8.0 ± 1.9 6.0 ± 1.6 7.7 ± 2.6 4.1 ± 0.8 b 3.4 ± 0.8 b 14.1 ± 1.8 a 0.50 0.00001 0.67
H 1.5 ± 0.1 1.3 ± 0.1 1.2 ± 0.2 1.5 ± 0.1 a 1.0 ± 0.2 b 1.5 ± 0.1 a 0.16 0.01 0.72
D 0.3 ± 0.04 0.4 ± 0.04 0.4 ± 0.05 0.3 ± 0.02 b 0.5 ± 0.04 a 0.3 ± 0.02 b 0.18 0.0006 0.90

Amiata
MI 2.0 ± 0.2 2.1 ± 0.2 2.2 ± 0.1 2.3 ± 0.1 a 1.7 ± 0.1 b 2.4 ± 0.1 a 0.56 0.004 0.77
PPI 2.4 ± 0.2 2.1 ± 0.05 2.2 ± 0.1 2.3 ± 0.1 2.3 ± 0.1 2.2 ± 0.2 0.25 0.96 0.96
EI 88.1 ± 3.3 a 79.9 ± 5.3 ab 74.0 ± 6.8 b 82.4 ± 3.7 a 93.4 ± 2.2 a 66.2 ± 7.0 b 0.05 0.0003 0.04
SI 78.8 ± 4.8 70.6 ± 5.3 73.6 ± 6.8 74.9 ± 6.5 76.6 ± 6.5 71.4 ± 3.8 0.64 0.83 0.68
CI 11.4 ± 3.3 b 18.2 ± 4.5 24.9 ± 7.4 a 17.6 ± 3.7 b 5.9 ± 2.1 c 31.0 ± 6.3 a 0.04 0.0002 0.02
H 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.03 a 1.1 ± 0.04 b 1.4 ± 0.1 a 0.79 0.002 0.55
D 0.4 ± 0.04 0.3 ± 0.03 0.4 ± 0.03 0.4 ± 0.02 0.5 ± 0.03 0.3 ± 0.03 0.33 0.001 0.03

The averages of indices according to the management and year were also reported. In general,
the selected indices evidenced low values, indicating degraded environments, particularly in the
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Pratomagno site (Table 4). However, the Shannon-Weiner index significantly increased in TB in
both sites, while the Simpson index was higher in CTR and ST in the Pratomagno and Amiata sites,
respectively. Conversely, QBS-ar showed that only TB increased soil biology quality in the Pratomagno
site. In both sites, the annual shift was evident.

Table 4. Effect of different managements (M) on soil microarthropod indices through the years (Y). TB,
thinning from below; ST, selective thinning; CTR, control without thinning; QBS-ar, soil biological
quality-arthropods; H, Shannon-Weiner index; D, Simpson index. Standard errors (±) are reported.
Different letters indicate significant differences at p < 0.05. Significant differences are highlighted
in bold.

Management Year Significant Effect

TB ST CTR 2016 2017 2018 M Y M + Y

Pratomagno
QBS-ar 99.8 ± 7.6 a 82.0 ± 2.9 b 88.9 ± 7.4 79.3 ± 16.6 b 101.0 ± 5.4 a 90.3 ± 7.5 0.05 0.03 0.06

H 1.3 ± 0.04 a 1.1 ± 0.1 1.0 ± 0.1 b 1.3 ± 0.1 a 1.2 ± 0.05 b 0.9 ± 0.1 b 0.02 0.01 0.16
D 0.3 ± 0.02 b 0.4 ± 0.1 0.5 ± 0.05 a 0.4 ± 0.05 b 0.4 ± 0.03 b 0.5 ± 0.05 a 0.04 0.02 0.36

Amiata
QBS-ar 123.0 ± 8.2 123.8 ± 4.4 136.8 ± 9.7 127.7 ± 5.3 144.2 ± 7.7 a 111.7 ± 6.4 b 0.26 0.008 0.42

H 1.3 ± 0.1 a 1.1 ± 0.1 b 1.2 ± 0.05 1.3 ± 0.1 a 1.1 ± 0.03 b 1.1 ± 0.1 b 0.02 0.01 0.16
D 0.3 ± 0.03 b 0.5 ± 0.03 a 0.4 ± 0.05 0.3 ± 0.05 b 0.5 ± 0.02 a 0.4 ± 0.04 a 0.03 0.02 0.16

3.5. Relationship among Soil and Forest Variables on Nematode and Microarthropod Community Structure

The CCA, conducted between nematode taxa abundance and environmental variables, evidenced
that abundance of nematode taxa was mainly influenced by hydro-climatic parameters and physical
properties in both sites (Figure 4). Moreover, the most abundant families, such as Rhabditidae,
Tylenchidae, Dorylaimidae, and Aphelenchidae, were poorly affected by environmental parameters.
In Pratomagno, axis 2 was dominated by soil temperature (−0.60), silt (−0.56), sand (0.47), and moisture
(0.45), while axis 3 was dominated by moisture (0.51), soil temperature (−0.51), PAR (−0.44), and crown
volume (0.34). The families of Mononchidae, Cephalobidae, and Criconematidae were positively
influenced by sand and moisture. Finally, the families of Seinuridae and Steinernematidae were
positively influenced by crown volume and moisture, while the Hoplolaimidae family was positively
affected by soil temperature and PAR. In Amiata, axis 1 was driven by moisture (−0.77), soil temperature
(−0.48), and PAR (0.21). The family of Monhysteridae was positively influenced by moisture and soil
temperature, while the Hoplolaimidae family was negatively affected.

Instead, the CCA, performed between taxa microarthropod and environmental variables,
evidenced that abundance of arthropod taxa was mainly influenced by soil temperature and moisture
as well as crown volume in both sites (Figure 4). Moreover, the most abundant taxa such as Acarina and
Collembola were poorly affected by environmental parameters. In Pratomagno, axis 1 was dominated
by soil temperature (0.41), moisture (−0.42), and crown volume (−0.37), while axis 2 was dominated
by moisture (0.54) and soil temperature (−0.46). The families of Isopoda and Pseudoscorpiones were
positively influenced by soil temperature, while Araneae was positively affected by moisture and
crown volume. Finally, the taxa of Diplura, Zygentomata, Coleoptera, and Symphyla were positively
influenced by moisture and to a much lesser degree by PAR, while Psocoptera was positively affected
by soil temperature and to a much lesser extent by silt. In Amiata, axis 1 was driven by crown volume
(0.41), moisture (0.31), and clay (0.30). The Opilionida was positively influenced by crown volume,
and Pseudoscorpiones and Hymenoptera by moisture and clay.

The biplot of CCA conducted between soil nematode indicators and environmental variables
showed that MI, PPI, EI, SI, H, and D were the least influenced by the environmental gradient
established within the study plots (Figure 5). In Pratomagno, axis 1 was dominated by sand (0.38) and
soil temperature (0.29); BI, which was the most distant from the origin and thus varied the most within
this gradient, was positively influenced by sand and to a lesser extent by PAR. In Amiata, axis 1 was
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dominated by moisture (0.61), soil temperature (0.43), and silt (0.30), and CI was affected by moisture,
soil temperature, and, to a lesser extent, by silt.
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Figure 4. Scatter plots of Canonical Correspondence Analysis (CCA) ordination showing
relationships between soil and forest properties and taxa abundance. Nematodes: Pratomagno (A),
percentage explained was 28.6% for axis 2 (p < 0.007) and 19.4% for axis 3 (p < 0.001), Amiata (B),
percentage explained was 70.0% for axis 1 (p > 0.05) and was not significant for axis 2. Microarthropods:
Pratomagno (C), percentage explained was 54.5% for axis 1 (p < 0.03) and 25.2% for axis 2 (p < 0.001),
Amiata (D), percentage explained was 70.6% for axis 1 (p < 0.04) and was not significant for axis 2.

Instead, the biplot of CCA performed between soil microarthropod indicators and environmental
variables showed that QBS-ar was not influenced by the environmental gradient established within the
study plots (Figure 5). In Pratomagno, axis 1 was dominated by silt (0.36), moisture (0.25), and clay (0.24),
while axis 2 was dominated by moisture (0.44) and soil temperature (−0.33). D, which was the most
distant from the origin and thus varied the most within this gradient, was positively related to silt and,
to a lesser degree, to crown volume. In Amiata, axis 1 was dominated by moisture (0.49), crown volume
(−0.43), and clay (0.31), while axis 2 was dominated by soil temperature (0.46), clay (−0.33), and sand
(0.29). H, which was the most distant from the origin and thus varied the most within this gradient,
was affected by moisture.
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Figure 5. Scattered plots of CCA ordination showing relationships between soil and forest properties and
nematode and microarthropod indicators. MI, maturity index; PPI, plant parasitic index; BI, basal index;
EI, enrichment index; SI, structure index; CI, channel index; QBS-ar, Soil biological quality-arthropods;
H, Shannon-Weiner index; D, Simpson index. Nematodes: Pratomagno (A), percentage or variance
explained was 84.3% for axis 1 (p < 0.05) and was not significant for axis 2, Amiata (B), percentage or
variance explained was 78.0% for axis 1 (p < 0.05) and was not significant for axis 2. Microarthropods:
Pratomagno (C), percentage or variance explained was 66.3% for axis 1 (p < 0.02) and 33.7% for axis 2
(p < 0.001), Amiata (D), percentage or variance explained was 79.5% for axis 1 (p < 0.03) and 20.5% for
axis 2 (p < 0.03).

4. Discussion

The selected sites represented different climatic areas and allowed a full evaluation of thinning
effectiveness on a regional scale. The two selected climatic areas were classified as Csa and Csb (Köppen
Climate Classification) for Pratomagno and Amiata, respectively. Furthermore, these sites were located
at different elevations and latitudes and were composed by different age stands. Soil mesofauna
was influenced by a combination of factors including floristic composition, soil physico-chemical
characteristics, latitude, and elevation [42,43]. In fact, the two sites showed different nematode and
microarthropod abundance of taxa [17]. Nonetheless, richness and values of biodiversity indicators
were similar and evidenced that these sites were still degraded before thinning. After removing the
tree canopy, higher levels of solar radiation reached forest ground, organic matter input patterns were
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altered, and temperature and moisture fluctuation increased in the top 10 cm of soil [11,44]. For this
reason, this study was designed to evaluate the effects on invertebrate dwelling in the upper 10 cm.

4.1. Effect of Thinnings on Soil Nematode and Microarthropod Community Structures

The thinning determined a modification of the spatial structure of the vertical layer of the stand.
However, this change occurred in a different way when comparing the two tested managements.
The selective thinning, whose purpose was to benefit the candidate trees, freeing their crown from
direct competition of other plant competitors, acts above all in the upper layer removing dominant
or co-dominant trees. This generates, in the years immediately after the intervention, a different
modification of the horizontal structure of the stands. Differently, the thinning from below (where only
dominated, damaged, or ill trees are harvested) leads to an increase in light regime on the ground,
which is more homogeneously distributed on the ground. After the selective thinning (which
concentrates the harvest only around the candidate plants), the decrease in PAR is more pronounced
because the competing plants in the dominant plane have a high canopy volume. Consequently,
the distribution of light at ground level is also more irregular due to the alternating presence of
micro-gaps and brim cover [45,46].

The reforestation with black pine along the Apennine ridge was established in degraded areas
at risk of erosion to provide a first cover consisting of pioneer species. The global thinning effects
were minimal: during the three years of the survey, soil nematode communities showed no variation
for management and site, while the microarthropod communities showed minimal changes for
management and limited differences per site.

The effects of thinning practices were only temporary and varied from year to year. As shown by
MDS, the soil nematode community shifted during the first and third years of thinning managements
only in the Pratomagno site, while the soil microarthropod community shifted in both sites only in 2017.

In agreement with Bird et al. [5] as well as Peck and Niwa [12], the total abundance of nematodes
was minimally affected by thinning practices. Instead, the nematode community composition showed a
more evident shift. Generally, bacterial and fungal feeder nematodes were moderately affected by these
practices, while omnivores and predators were more negatively influenced. Forge and Simard [47] and
Sohlenius [48] found similar results after clear-cutting. Indeed, as already reported by Huhta et al. [11],
the effect of thinning and clear-cutting is similar, but varies in the intensity of its impact since it is
transitory in the first years.

The different thinning practices had only a negligible influence on the plant-parasitic nematode
assemblage. In particular, the individuals belonging to the Longidoridae family decreased, but only in
the first year (2016) in the Pratomagno site. Regarding entomopathogenic nematodes, only individuals
of Steinernema carpocapsae were isolated in CTR in the Pratomagno site, despite the high number and
diversity of EPNs found in the Italian pinewoods [49]. This species was found in the same plot,
in accordance with De Luca et al. [50], who reported that EPN populations are both spatially and
temporally extremely patchy, within and among sites.

Several authors reported discordant results on the abundance of microarthropods due to thinning.
In line with Huhta et al. [11] and Bird et al. [5], microarthropod abundance decreased in the second
year after thinning in Pratomagno. Instead, in accordance with Peck and Niwa [12], no variation in
abundance was reported in the Amiata site. These opposite results could be explained considering
that the impact of canopy reduction in thinning could also be influenced by site characteristics such
as elevation and soil properties. In this study, the reduction of microarthropod abundance was only
evident in the site located at higher elevation and with acid soil. However, in this site, in the first
year after thinning, a higher number of taxa was recorded in the selective thinning due to the new
environmental conditions. Mites and collembola, the numerically dominant taxa, were the least affected
by thinning in terms of abundance and species diversity. This is in contrast with what was reported
by Bird et al. [5], but in line with what was found by Peck et al. [12] about springtails. By contrast,
significant differences were found among the other taxa in relation to the soil depth at which they
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live [39]. The eu-edaphic group, mainly Chilopoda, Diplopoda, and Pauropoda, was never influenced
by thinning in both sites, while the hemi-edaphic group, mainly Coleoptera, and the epi-edaphic group,
Diptera, Hymenoptera, Tysanoptera, and Hemiptera, were only negatively affected by thinning [11].

In general, nematode and microarthropod indicator values were low, confirming that these soils
are often degraded and have low biodiversity [48]. Although, these results only reflect short-term
changes in response to thinning, and biodiversity and soil quality were scarcely affected. Moreover,
even though Shannon-Weiner and Simpson indices showed significant differences, their overall results
for nematodes were relatively inconsistent. By contrast, soil biological quality indicators evidenced
some changes. In Pratomagno, PPI revealed a decrease in selective thinning due to the reduction of
individuals belonging to the Longidoridae family. In Amiata, the highest levels of solar radiation and
the highest temperature range and rainfall on soil among the surveyed plots produced the highest EI
value in thinned managements (especially in thinning from below) due to the increase of r-strategy
nematodes. However, at the same time, they caused the lowest CI values due to a reduction of fungal
feeder nematodes higher than that of the bacterial ones. Regarding microarthropods, both biodiversity
(H, D) and soil biological quality (QBS-ar) indicators evidenced an improvement in thinning from
below in both sites. Thinning from below, which is less intense with a more homogeneous amount of
sunlight on the soil, probably allowed a more rapid recovery than selective thinning [51].

Soil nematode and microarthropod indicators also showed an annual shift in both sites, but with
a different trend. As already reported by Landi et al. [52], nematodes MI, EI, CI, and D were affected
by rainfall: the lowest values of MI and CI and the highest values of EI and D were recorded in the
drought year (2017). In fact, the colonizer species were favored during the drought year (particularly
those belonging to the Rhabditidae family); at the same time, many species remained inactive and
this increased the dominance effects. However, SI was not affected, indicating that the soil nematode
structure remained stable. By contrast, in both sites, QBS-ar values for microarthropods increased
in the drought year (2017). This result indicates that microarthropods could benefit more from soil
temperature than from moisture.

4.2. Environmental Parameters Influencing Soil Nematode and Microarthropod Structure

In general, the most abundant taxa, such as Rhabditidae and Tylenchidae for nematodes and mites
and collembola for microarthropods, were not influenced by the parameters explored in this study.
In fact, these taxa are widely distributed in the world and well adapted to every latitude and altitude.
Thus, we suggest that their total abundance was only moderately affected by thinning practices.

In both sites, hydro-climatic parameters played a major role in influencing soil nematode and
microarthropod communities [53]. As expected, several nematode families could benefit from the
increase in soil moisture. In the Pratomagno site characterized by loam soil, the soil moisture positively
affected the families Cephalobidae, Mononchidae, Criconematidae, Seinuridae, and Steinernematidae.
For the latter two, the crown volume, higher in the unmanaged stand than the thinned ones,
also contributed to enhance their growth. On the contrary, in the Amiata site characterized by silty
clay loam soil, only the Monhysteridae family was positively affected by soil moisture and soil
temperature. As previously reported by Baujard and Martiny [54], the hoplolaimids are positively
affected by temperature up to 34 ◦C, while the low moisture levels cause quiescence by anhydrobiosis.
This behavior may explain why a temperature increase due to thinning benefited the Hoplolaimidae
family in Pratomagno (a site characterized by higher elevation and lower temperatures), while the
increase of temperature and moisture negatively affected the same family in the Amiata site (located at
a lower elevation and characterized by higher temperatures and clay-rich soils).

Mackay et al. [53] and Špaldoňová and Frouz [55] asserted that soil temperature has a greater
effect on microarthropod populations than soil moisture. Our study confirmed their results only in
the Pratomagno site for the taxa Isopoda, Pseudoscorpiones, and Psocoptera [55–57]. Conversely, the
taxa Araneae, Diplura, Zygentomata, Coleoptera, and Symphyla appeared more influenced by soil
moisture in the same site [58–61]. Moreover, the combination of soil moisture and heavy soil positively
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affected the taxa Pseudoscorpiones and Hymenoptera in the Amiata site. This result, in contrast with
Villarreal et al. [57], might be explained in terms of reduced water availability in soil rich with clay.

Weak correlations were found between nematode and microarthropod community indices and
environmental parameters. In nematodes, a positive correlation between both loam texture and PAR
with BI was found in Pratomagno, while soil temperature and moisture improved CI in Amiata.
These correlations suggest that PAR in soil with loam texture enhanced the basal food web represented
by cp 2 bacterial and fungal feeders (nematode with high colonization ability), while the increase of
soil hydroclimatic parameters (soil temperature and moisture) benefited the fungal channel more than
the bacterial one in Amiata. As regards microarthropods, QBS-ar located at the origin of the plot
indicated no reduction in taxonomic richness. Therefore, different values in Shannon-Weiner and
Simpson indices could be attributed only to variation in community evenness. The unmanaged forest,
where a higher amount of crown volume is still present due to the lack of tree removal, showed a
dominance of some taxa in Pratomagno, whereas the increase of soil moisture in a heavy soil, such as
those in Amiata, enhanced soil biodiversity.

5. Conclusions

Several decades after the establishment of black pine forests, these ecosystems still showed a low
biodiversity for soil nematodes. The biodiversity indices evidenced a degraded soil environment in
which colonizing species were dominant. On the other hand, QBS-ar values for microarthropods were
consistent with those usually measured in forest environments at the Amiata site, while they were
lower in the Pratomagno site.

At temperate latitudes, the thinning caused only a negligible and transitory loss of biodiversity.
Nematodes were affected only in the first two years after thinning with a predator reduction in
both sites. However, during the three years of monitoring, the nematode indicators remained quite
constant. As regards microarthropods, the Shannon-Weiner index and the QBS-ar increased in
thinning from below in both sites. On the other hand, in selective thinning, a loss of biodiversity was
found, particularly in the hemi-edaphic microarthropods beetles. The extreme climatic conditions
created by a more intense thinning, soil temperature, and moisture were key factors in affecting
soil nematode and microarthropods communities. These results show that forest management by
thinning may improve mesofauna biodiversity. In fact, thinning from below improved nematode and
microarthropod biodiversity even in the short term. We can hypothesize that selective thinning might
enhance mesofauna biodiversity in a longer period.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/11/1212/
s1, Figure S1: Soil water content and soil temperature measured in three plots with three treatments.
A, C, Pratomagno site; B, D, Amiata site; Table S1: Climate, soil, and main forest stand characteristics of
two artificial black pine plantations, Pratomagno and Amiata, located in Tuscany (central Italy) before thinning
(2015). Table S2: Comparison between weather stations in Pratomagno and Amiata sites. Stations of Regional
Hydrological service were located at Villa Cognola (rain) and Vallombrosa (temp) for the Pratomagno site and
at Castiglio d’Orcia for the Amiata site. Table S3: SIMPER analysis (TB = Thinning from below, ST = Selective
thinning, CTR = Control without thinning) on the abundance of nematode taxa (number of nematodes/ml of soil)
in Pratomagno site in 2016. Standard errors (±) are reported. Table S4: SIMPER analysis (TB = Thinning from
below, ST = Selective thinning, CTR = Control without thinning) on the abundance of nematode taxa (number of
nematodes/ml of soil) in Pratomagno site in 2018. Standard errors (±) are reported. Table S5: SIMPER analysis
(TB = Thinning from below, ST = Selective thinning, CTR = Control without thinning) on the abundance of
nematode taxa (number of microarthropods/dm3 of soil) in Pratomagno site in 2017. Standard errors (±) are
reported. Table S6: SIMPER analysis (TB = Thinning from below, ST = Selective thinning, CTR = Control without
thinning) on the abundance of nematode taxa (number of microarthropods/dm3 of soil) in Pratomagno site in
2016. Standard errors (±) are reported.
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