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Abstract: Soil biodiversity is fundamental for ecosystems, ensuring many ecosystem functions, such
as nutrient cycling, organic matter decomposition, soil formation, and organic carbon pool increase.
Due to these roles, there is a need to study and completely understand how soil biodiversity is
composed through different habitats. The aim of this study was to describe the edaphic soil community
of the alpine environments belonging to the Gran Paradiso National Park, thus detecting if there are
any correlation with environmental features. We studied soil fauna through environmental DNA
metabarcoding. From eDNA metabarcoding, 18 families of arthropods were successfully detected,
and their abundance expressed in terms of the relative frequency of sequences. Soil faunal communities
of mixed coniferous forests were characterized by Isotomidae, Entomobriydae, Hypogastruridae,
and Onychiuridae; while mixed deciduous forests were composed mostly by Isotomidae, Cicadidae,
Culicidae, and Neelidae. Calcicolous and acidic grasslands also presented families that were not
detected in forest habitats, in particular Scarabaeidae, Curculionidae, Brachyceridae, and had in
general a more differentiated soil community. Results of the Canonical Component Analysis revealed
that the main environmental features affecting soil community for forests were related to vegetation
(mixed deciduous forests, tree basal area, tree biomass, Shannon index), soil (organic layers and
organic carbon stock), and site (altitude); while for prairies, soil pH and slope were also significant in
explaining soil community composition. This study provided a description of the soil fauna of alpine
habitats and resulted in a description of community composition per habitat and the relation with
the characteristic of vegetation, soil, and topographic features of the study area. Further studies are
needed to clarify ecological roles and needs of these families and their role in ecosystem functioning.
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1. Introduction

1.1. Soil Biodiversity and Ecosystem Functions

Soil hosts a huge amount of biodiversity, which performs an important role in the ecosystem
functions. The current understanding of soil biodiversity is still quite limited because soil is highly
heterogeneous and the organisms that live in soil are very small, difficult to isolate, and have a great
range of habitats [1].
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Soil invertebrates are the most abundant and differentiated animal group. They occupy many
niches and their populations, phenology, behavior, dispersal, and genetics are highly sensitive to
climate change [2]. Soil invertebrates ensure numerous important functions that benefit the ecosystems
to which they belong. They are essential to the detritus food chain [3] and on the whole, the soil food
web, and contribute to important ecological functions, such as organic matter decomposition, nutrient
recycling, and water retention [4–7].

Soil fauna might influence Soil Organic Carbon (SOC) storage in different ways. For example,
it might affect the soil structure or it might have a role in SOC accumulation and stabilization [8,9].
Soil macrofauna (e.g., earthworms) breaks down and transforms particulate organic matter, and can
translocate SOC to greater soil depths, where it will have longer residence times [9,10]. However,
limited information is available about the relationship between soil fauna and SOC storage. The edaphic
faunal contribution to SOC dynamics depends on a great number of factors and might be significantly
influenced by site-specific properties [11].

The composition of the arthropod communities present in soil varies widely from habitat to
habitat (e.g., from grasslands to forests). Multiple environmental factors contribute to this variation,
including differences in the organic matter present in soil [12].

Since soil invertebrates are inherently important, both because of their contributions to biodiversity
and the ecological benefits they offer, it is essential to develop a better understanding of soil biodiversity,
especially at the species and population levels. Even though databases with information on this topic
are growing in number (Barcode of Life Data Systems–BOLD), information about these taxa is still
lacking, and they urgently need to be studied.

Once soil biodiversity is properly understood, studies of the ecosystem functions should be
performed. Such studies will improve our understanding of soil-based ecosystems functions and give
us a first evaluation of ecosystem services correlated. In regards to concerns about the environment, it
is important to note that soil invertebrate communities are deeply affected by human activities [13,14].
Studying such communities will lead to a better valuation of the conservation status of these taxa and
will help clarify whether conservation actions are needed or not.

1.2. A New Approach to Pedofauna Description and Its Relationship with Environmental Features and
Ecosystem Functions

In this study, we used environmental DNA (eDNA) metabarcoding to characterize the composition
of arthropod, insect, and annelid communities in alpine soils.

Environmental DNA is the mixture of DNA left in the environment by organisms, and it can be
extracted from an environmental sample (e.g., soil, sediment, water, etc.) [15].

From a single environmental sample [16], eDNA metabarcoding allows the extraction and
amplification of multiple taxonomic groups. Therefore, eDNA metabarcoding is useful for several
tasks, including biodiversity description, monitoring the effects of climate change on ecosystems,
and microbial analysis [17]. There are many additional advantages to eDNA metabarcoding. It can be
implemented quickly [18,19]. It is non-invasive and eliminates the need to sample whole organisms [20].
It also allows to develop an exhaustive description of soil communities from different habitats, much
faster than time-consuming traditional approaches, such as expert-based taxonomic identification.
Furthermore, research done with eDNA barcoding is not problematized by the types of human errors
linked to expert based techniques [18]. Nevertheless, an effective application of this technique requires
a robust experimental design and the careful implementation of quality-checks across every step of
the analyses [21–23]. Quality checks help avoid biased inferences, which are the false identification of
organisms that are not actually present (false positives) or the non-identification of organisms that are
actually present (false negatives) [23].

A growing number of studies are using eDNA barcoding to study soil biodiversity and improve
our understanding of below-ground diversity.
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Alpine areas are sensitive to natural and anthropogenic environmental changes [24]. The latter
can be related to landscape management, unsustainable tourism, and climate change [25]. Due to
their inherent sensitivity, alpine ecosystems need to be studied. Studies such as this one provide
policy-makers with the tools they need to manage and protect natural areas, evaluate their conservation
status, and gain a better understanding of their ecological functions.

The aim of the study was to describe pedofauna communities through eDNA metabarcoding
in the Gran Paradiso National Park (Italy). This description was done at two depth layers of soil, in
order to describe vertical distribution of the edaphic soil biodiversity. The studied layers ranged from
the surface to below-ground and were located in the six most extended habitats in the study area.
After gathering the data from the field, the second aim was to relate differences in soil community
composition to environmental features, such as vegetation type, soil characteristics, and study area
features. This investigation also led to the development of considerations regarding the relationship
between biodiversity and environmental features.

2. Materials and Methods

2.1. Study Area

The study took place in the Italian Alps at the Gran Paradiso National Park, the first protected
area established in Italy in 1922. The Park is situated in Northwestern Italy. It occupies the regions
of the Aosta Valley and Piedmont. It extends for nearly 600 km2, and its altitudes range from 800
m to 4000 m. Gran Paradiso National Park has five valleys: Val Soana, Valle Orco, Val di Rhemes,
Valsavaranche, and the Val di Cogne. The geomorphology of the Park derives from glacial processes:
it is due to the expansion of glaciers during Quaternary glaciations.

2.2. Sampling

Soil and vegetation samples were collected from June to August during the summers of 2018 and
2019, in four of the five valleys belonging to the park. A total of 122 plots (each 30 × 30 m; Figure
S1) were established, with a stratified random sampling design distributed across the most extended
habitats of the forests (70 plots) and the grasslands (52 plots) of the park (Table S1), in order to yield a
more representative sampling of the study area. Eighty of the 122 plots were investigated with eDNA
techniques (Table S2). The process of plot selection was highly based on the habitat map of the park,
which provide the pre-existent habitat classifications. The various habitats of the park were identified
and quantified in terms of their area, and only the most spatially extensive forests and grasslands
were chosen for study (Table 1). The primary types of forest in the park are mixed deciduous, mixed
coniferous, spruce (composed mostly by Picea abies L.), and larch (composed of Larix decidua Mill.).
Meanwhile, the major categories of grasslands are acidic grassland and calcicolous grassland. The park
also contains rocky environments, glaciers, shrub environments, and aquatic environments. These
areas were not included in this study because of their limited geographical extension or the scarce
presence of soil.

Table 1. Extension of habitat typologies of forests and grasslands in the Park.

Habitat Type Area (ha) Used in This Study

Forests

Larch (Larix decidua) 6890 *
Mixed deciduous 2455 *
Mixed coniferous 913 *

Spruce (Picea abies) 394 *
Sparse coniferous 143

Reforestations 130
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Table 1. Cont.

Habitat Type Area (ha) Used in This Study

Forests

Isolated trees or in small groups 120
Durmast (Quercus petraea Matt.)Que 89

Fir (Abies Mill.) 63
Mixed coniferous and deciduous 62

Pine (Pinus Sylvestris L.) 41
Pine (Pinus mugo Turr.) 21

Mixed hygrophile deciduous 2
Cores of standing dead plants 2

Grasslands

Subalpine and alpine acidic 12,949 *
Subalpine and alpine calcicolous grassy

formations 3452 *

Mountain 489
Arid and thermophilic 188

Megaforbieti of the alpine plain 11

Habitats marked with * are the ones used for this study.

A total of 336 soil samples were obtained from 122 plots. In each plot, the soil samples derived
from three layers (0–10 cm; 10–20 cm; 20–40 cm) were extracted from three mini-pits (Figure S1); then,
for each layer, a composite sample (≈100 g) was created, mixing the samples derived from the three
mini-pits. The sample totals and their related depths were as follows—122 samples taken from the 0–10
cm layer (layer I), 120 samples from the 10–20 cm layer (layer II), and 94 samples from 20–40 cm layer
(layer III). Sampling by layers allowed comparisons among different plots that might have different
soil layers.

To create the eDNA data, we used 156 samples (Table S2) of the 336 total samples. To perform
the eDNA analysis, 20 g of soil were taken from layer I (80 samples) and layer II (76 samples). To
avoid contamination, all eDNA sampling activities were performed with disposable gloves, and all
tools were sterilized with a camping gas burner before each sampling. To limit the degradation of
DNA during long-term storage, samples were inserted into sterile boxes (120 cc) with 40 g of Silica
gel [26,27].

2.3. Environmental Features

Soil samples were analyzed to determine soil organic carbon (SOC), total nitrogen (TN), (Flash
EA 1112 NCSoil, Thermo Fisher Scientific elemental analyzer, Pittsburgh, PA, USA), and pH in
water (soil to water ratio of 1:2.5). Particle-size and distribution were also determined via sieving
and sedimentation [28]. Finally, soil types were described according to the World Reference Base
(WRB) [29].

Topsoils (or humus systems) were classified as Mull or Moder on the basis of the characteristics of
OL (litter), OF (fragmented), OH (humus), and A (first mineral horizon) horizons [30].

Moreover, to make note of vegetation structure, all trees observed within the forest plots were
recorded, and data on tree species and DBH (Diameter at Breast Height) were measured [31]. To study
the forests, we determined indices of species and structural diversity following the advice of Chheng
et al. [32]. Stem density (SD) was calculated as the number of trees per unit area (hectares). Basal area
(BA) was measured as the cross-section of a tree’s trunk measured at breast height (1.3 m) and then
calculated for the whole plot. Lastly, the Shannon Index (HSH) was used as a diversity index of tree
species [33].
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2.4. Molecular Analyses

Environmental DNA extraction was performed as follows: First, the 20 g of soil samples were
mixed with 20 mL of phosphate buffer for 15 min [34]. Next, 2 mL of this mixture were centrifuged (10
min at 10,000 g) using the NucleoSpin® Soil Mini Kit (Macherey-Nagel, Düren, Germany). An amount
of 400 µL of the resulting supernatant was kept as a starting material for the extraction, with a final
elution of 150 µL. We also performed eight negative extraction controls, in which all extraction steps
were performed without adding soil samples [22]. These controls were combined with the 156 soil
samples for a total of 164 samples.

DNA amplification was performed for the following primer pairs: Arth02 [15] and Inse01 [15].
These pairs targeted arthropods and insects, respectively. Primers Arth02 and Inse01 amplify 16
S mitochondrial rDNA [15]. Forward and reverse primers were tagged on their 5′-end with an
eight-nucleotide long sequence, in order to ensure a unique combination of primers for each sample.
First, the 164 samples, 16 bioinformatic blanks, 2 positive controls, and 10 amplification controls were
randomized on 96-well plates. Next, a qPCR essay was performed to determine the optimal number of
amplification cycles, using 1 µL of 1:1000 diluted SYBR® Green I nucleic acid gel stain (Invitrogen™,
Carlsbad, CA, USA), with undiluted and 1:10 diluted DNA. Bioinformatic blanks consisting of empty
PCR-plate wells were used to monitor tag jumps, and the amplification controls were prepared by
adding the amplification reagents to all, except to the ones used for DNA sample [16,35]. The positive
control consisted of eDNA from a tropical forest soil provided by Pierre Taberlet. The positive
control was used to monitor amplification and sequencing performance, and to also check for the
cross-contamination of samples.

DNA amplification was performed using 2 µL of undiluted DNA, 2 µL of 5 µM forward and
reverse primers, 0.16 µL of Bovine Serum Albumin (Roche Diagnostic, Basel, Switzerland), and 10 µL
of AmpliTaq Gold 360 Master Mix 2 (Applied Biosystems™, Foster City, CA, USA). All reactions had
a 20-µL volume, and four replicates per samples were performed in 384-well plates. Amplifications
had an initial step of 10 min at 95 ◦C, and a denaturation step of 30 s at 95 ◦C. For 44 (Arth02) and 55
(Inse01), an annealing step of 30 s was performed either at 49 ◦C (Arth02) or 52 ◦C (Inse01), followed
by an elongation step of 60 s at 72 ◦C. Subsequently, amplicons were visualized by high-resolution
capillary electrophoresis (QIAxcel Advanced System; QIAGEN, Hilden, Germany), using 5µL of pooled
amplification product per marker. The purpose of these visualizations was to monitor both the expected
fragment length (max. 170 bp for Arth02 and 270 bp for Inse01) and the primer dimers formation.

Amplicon purification was performed, per marker, as follows—(1) the four amplicon replicates per
sample were pooled together, (2) six subsamples were purified using the MinElute PCR Purification
Kit (QIAGEN, Hilden, Germany), and (3) the six subsamples were pooled together. Libraries were
prepared following the MetaFast protocol [15] created by Fasteris (Geneva, Switzerland), and the DNA
was sequenced using the HiSeq 2500 (Arth02) and the NextSeq High (Inse01) (Illumina, San Diego, CA,
USA).

2.5. Bioinformatic Treatment of Sequence Data

Sequence data were analyzed using the OBITools software suite [35]. The analysis included the
following steps: assembling of forward and reverse reads; using the illuminapairedend program with an
alignment score > 40; assigning sequences to the corresponding sample; using the ngsfilter program
with zero and two mismatches allowed for the tags and primers, respectively; testing for sequence
dereplication using the obiuniq program; filtering sequences with lengths shorter than 76 bp (Arth02)
and 75 bp (Inse01), as well as singletons and low-quality sequences (i.e., sequences containing bases
other than A, C, G, T); detection of PCR and sequencing errors using the obiclean program with the –r
0.5 option; constructing a reference database from EMBL (version 136); using the ecoPCR program [36];
and giving sequence taxonomical assignments using the ecotag program. Even though annelids were
not a target of our primers, metabarcoding successfully amplified this taxon. Since many taxonomic
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assignments of annelids were obtained, we included them in the study. However, we acknowledge
that their representation is not complete.

Additional filtering of the taxonomically assigned sequences (MOTU) was performed in R (version
3.6.1; R Core Team, 2018), with the aim of removing MOTUs that can lead to biased results. Therefore,
we removed MOTUs with a best identity value of <0.8; MOTUs observed less than 10 times (Arth02)
and 30 times (Inse01) in one sample; MOTUs observed more than one time in extraction or the
amplification controls [22]; and MOTUs observed in only one out of the four PCR replicates [23].

3. Statistical Analysis

We used a canonical correlation analysis (CCA) to assess the relationships between pedofauna,
habitat features, and the services provided by the ecosystems (e.g., carbon storage). CCA is a
multivariate gradient analysis widely used to examine the relationship between environmental
variables and community structure. This method measures the linear relationship between two
multidimensional variables, and it is applied to the study of two groups of variables and their
relations [37]. The output of a CCA is usually represented in figures with two-dimensional maps
with vectors. The angles and axes of the maps represent the power of correlation (e.g., smaller
angles represent a larger power), and the line length represents the strength of an environmental
impact. Finally, the direction of the vectors relative to the axes determines whether the correlations
are positive or negative. CCA assumes a unimodal response model of the variables that makes it
possible to estimate the partial effect of variables and verify different relationships between the biotic
and abiotic components of the environment. The statistical significance of the relationships between
the explanatory and response variables was obtained with Montecarlo permutation procedures [38].
The results of the CCA are represented as biplots, where families of pedofauna and explanatory
variables are projected on a bi-dimensional graph and defined by two canonical axes [39]. The statistical
analyses were performed with the Canoco 4.5 software [39].

4. Results

4.1. Soil Communities Described through eDNA Metabarcoding

Sequencing of the Arth02 and Inse01 libraries yielded a total of 12,545,971 and 25,966,237
raw sequences, which, after the bioinformatic treatment and filtering, consisted of 273 and 121
MOTUs, respectively.

The results of the eDNA analysis are presented according to the eDNA targets. Abundance
was represented in terms of the relative frequency of sequences of a specific family found in an
environmental sample.

Arthropods (Figure S2) detected by the Arth02 primer set were the first target. The most abundant
arthropod family was Isotomidae (Figure 1). The composition of fauna community belonging to similar
habitats, e.g., habitats that share environmental features (such as the mixed coniferous forest and
larch forest), was fairly similar. These forests (Table 2) even contained the same collembolan families:
Isotomidae, Entomobriydae, Hypogastruridae, and Onychiuridae. Spruce forest showed a similar
pedofauna community, but compared to the larch and mixed coniferous forest, it had fewer sequences
of Entomobriydae and Onychiuridae; then, the second most represented family in the spruce forest
was Hypogastruridae. The two grasslands studied show similarities in community composition of
arthropods, even though the second and the third most represented family differed from one other: in
acidic grasslands were Cicadidae, Scarabaeidae, and Curculionidae, while in the calcicolous grasslands
were Scarabaeidae, Hypogastruridae, and Curculionidae.
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Table 2. Sequences of arthropods detected with eDNA metabarcoding with the primer ART02 and INSE02.

PRIMER ARTH02 PRIMER INSE02

Larch
Forest

Mixed
Coniferous

Forest

Mixed
Deciduous

Forest

Spruce
Forest

Acidic
Grassland

Calcicolous
Grassland

Larch
Forest

Mixed
Coniferous

Forest

Mixed
Deciduous

Forest

Spruce
Forest

Acidic
Grassland

Calcicolous
Grassland

Aphididae 0 0 0 0 0 0 0 0 0 0 0 0
Brachyceridae 0 0 0 0 0 0 0 0 0 0 3 0
Campodeidae 0 0 0 0 0 0 0 0 0 0 0 0
Cantharidae 0 0 0 0 0 0 1 0 0 0 0 1

Cicadidae 0 0 3 0 9 0 0 0 0 0 0 0
Coccinellide 0 0 0 0 0 0 0 0 0 0 0 0

Culicide 0 0 2 0 0 0 0 0 0 0 0 0
Curculionide 0 0 0 0 4 2 0 0 0 0 0 0

Entomobryidae 13 10 0 2 0 0 1 1 0 1 0 0
Hypogastruridae 7 5 0 7 0 2 0 0 0 0 0 0

Isotomidae 19 14 4 10 28 9 0 0 0 0 0 0
Neanuridae 0 0 0 0 0 0 4 0 1 0 1 0

Neelidae 0 0 0 0 0 0 1 1 6 1 3 0
Onychiuridae 4 5 0 0 0 0 0 0 0 0 0 0

Others 1 1 1 1 1 0 0 0 0 0 0 0
Pemphigidae 0 0 0 0 0 0 1 5 0 2 0 0
Scarabaeidae 0 0 0 0 9 3 0 0 0 0 7 3

Sciaridae 0 0 0 0 0 0 7 0 0 0 5 0
Scutigerellidae 0 0 0 0 0 0 0 0 0 0 0 0
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families with the same records—Neelidae, Pemphigidae, Entomobryidae, and Cantharidae. 
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represented family for both grasslands was Scarabaeidae, these habitats otherwise had quite different 
communities. The acidic prairie had a more heterogeneous composition and contained Sciaridae, 
Neelidae, Brachyceridae, and Neanuridae, in addition to Scarabaeidae. The Calcicolous prairie only 
had Cantharidae, in addition to Scarabaeidae. 

ARTH02

Isotomidae Entomobryidae Hypogastruridae Onychiuridae
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Figure 1. Representation of the Arthropods community read abundance detected with the
primer ARTH02.

Interestingly, the mixed deciduous forest had a community composition different from the other
habitats tested. It was mostly composed of Isotomidae, Cicadidae, and Culicidae.

Concerning the targets detected with the primer INSE02 (Table 2, Figure 2 and Figure S3), the most
representative family detected depend on the habitat studied. For example, spruce forest and mixed
coniferous forest had communities composed of mostly Pemphigidae, Neelidae, and Entomobryidae.
Meanwhile, the larch forest showed a composition dominated by Sciaridae, Neanuridae, and four
families with the same records: Neelidae, Pemphigidae, Entomobryidae, and Cantharidae.
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Figure 2. Representation of the Arthropods community read abundance detected with the
primer INSE02.

The grasslands also each had a different community composition. Indeed, even though the most
represented family for both grasslands was Scarabaeidae, these habitats otherwise had quite different
communities. The acidic prairie had a more heterogeneous composition and contained Sciaridae,
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Neelidae, Brachyceridae, and Neanuridae, in addition to Scarabaeidae. The Calcicolous prairie only
had Cantharidae, in addition to Scarabaeidae.

Mixed deciduous forest differed from every other habitat and had communities composed of
Neelidae and Neanuridae.

When studying annelids, we detected that Enchytraeidae was the dominant group for each of the
habitats examined (Table 3, Figure 3 and Figure S4). Lumbricidae was the second most common family
in the spruce forest, larch forest, mixed coniferous forest, and calcicolous prairie. However, it was only
the third most common family in the mixed deciduous forest and the acidic prairie, which both had
higher levels of the Megascolecidae family.
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Table 3. Presences of Annelida detected with eDNA metabarcoding.

Family Annelids Larch Forest Mixed Coniferous Forest Mixed Deciduous Forest Spruce Forest Acidic Grassland Calcicolous Grassland Total

Enchytraeidae 104 93 18 35 217 28 495
Lumbricidae 27 14 3 5 17 1 67
Tubificidae 1 0 0 0 1 0 2

Megascolecidae 0 0 8 0 20 0 28
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4.2. Soil Communities and Environmental Features

The most commonly observed soil types were Cambisols, Regosols, Podzols, and Umbrisols. They
were representative of the environments studied. For each soil type, values of pH in water (pHH2O),
soil skeleton levels, and soil organic carbon (SOC) levels were investigated. Soil analysis revealed that
the Regosols had an average pHH2O value of 5.5 (min. 4.2, max 7.6). The rock fragment values for
the Regosols ranged from an average of 35% in the first layer to 50% in the second layer and 60% in
the third layer. The average SOC value for the Regosols was 3.58 kg/m2 (min. 0.82, max 9.39). For
the Cambisols, the research team discovered an average pHH2O value of 5.5 (min. 4.4, max 7.4), rock
fragments values ranged from an average of 20% in the first layer to 40% in the second layer and
50% in the third, and an average SOC level of 6.27 kg/m2 (min. 2.37, max 9.94). The Umbrisols had
an average pHH2O value of 5.4 (min. 4.9 max 6.0), rock fragment values ranged from an average of
30% in the first layer to 55% in the second layer and 80% in the third, and an average SOC level of 5.4
kg/m2 (min. 1.87, max 12.39). The Podzols had an average pHH2O value of 4.9 (min. 4.4, max 6.1), rock
fragment values ranged from an average of 25% in the first layer to 45% in the second layer and 60% in
the third layer, and an average SOC level of 4.12 kg/m2 (min. 2.73, max 5.78).

The statistical analyses were carried out separately for forests and grasslands as these environments
were different enough that different environmental variables had to be considered (Table 4).

Table 4. Environmental features used in canonical correlation analysis (CCA) analysis.

Variable Cod. Units Min Max Mean

Altitude Altitude m 744.00 2835.00 1904.24
Exposure Esp No unit

Slope Slope Degree 0.00 48.00 20.68
Organic Carbon stock (0–10 cm) C1 kg/m2 0.48 8.21 3.19

Organic Carbon stock (10–20 cm) C2 kg/m2 0.09 4.57 1.48
pH (0–20 cm) pH No unit 4.05 7.70 5.42

Organic Carbon stock layer OH OH kg/m2 0 1.707819 0
Organic Carbon stock layer OL

and OF OLOF kg/m2 0 2.658436 0.6

Organic Carbon stock of trees Cveg kg 105 15,986.93 77,019.73
Basal Area AB m2/ha 0.53 68.78 37.38

Steam density SD Number of
trees/ha 66.67 2611.11 760.28

Shannon index of trees SHN No unit 0.00 1.79 0.79
Acidic prairie P_a Presence/Absence
Larch forest Larix Presence/Absence

Mixed coniferous forest MixC Presence/Absence
Mixed deciduous forest MixD Presence/Absence

Cambisols Cambi Presence/Absence
Podzols Pdzl Presence/Absence
Regosols Reg Presence/Absence

Umbrisols Umbrisols Presence/Absence
Dysmoder D.moder Presence/Absence
Dysmulls D.mull Presence/Absence

Hemimoders H.moder Presence/Absence
Mesomulls M.mull Presence/Absence

When studying the forests (Figure 4, Table S3), the cumulative variance of the species-environment
relation was 31.4% for the first component, and 47.6% for the second. This explained almost 80%
of the species-environment relation. The CCA studies of forests revealed three clusters. The first
one, representing larch forest, correlated to higher altitudes and lower values of the Shannon index
for vegetation. This was attributable to the fact that the larch forests were mostly composed of
Larix decidua and no other tree species. The families that were related to this habitat were Sciaridae
and Neanuridae, both belonging to the primer Inse02, in addition, the CCA analysis showed a weak
correlation with other generalist families, such as Enchytraeidae and Isotomidae (Arth02). The second
cluster was associated with the mixed deciduous forest, and the correlated families in this type of forest
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were Megascolecidae for Annelida, Cicadidae for Arthropods (Arth02), and Neelidae for Arthropods
(Inse02). The correlated environmental features for the mixed deciduous forest were lower altitude
values and higher values of organic carbon stocked in the soil. Families belonging to this cluster also
correlated with southern exposures, which suggest that there might be a relation with higher periods
of exposure to direct sunlight [40]. This was also correlated with air and soil warming [41]. The third
cluster occurred where mixed coniferous and spruce forests merged. The families here were the most
generalist and had less specific environmental needs. The significantly related environmental features
of these areas were the levels of organic carbon stocked in vegetation and AB values.
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Figure 4. Biplot of forests environmental features and soil communities resulting from CCA analysis
(environmental features are indicated in red, soil communities are indicated in black with a blue triangle,
and blue circles with Roman numeral indicate clusters). The suffixes ART, ANEL, and INS refer to the
targets: arthropods, annelids, and insects.

The CCA analysis of the grasslands explained more than 70% of the relation between species
and environment (Figure 5, Table S4). In particular, the cumulative percentage variance of the
species-environment relation was 26.8% for the first component and 45.7% for the second.
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and blue circles with the Roman numeral indicate clusters). The suffixes ART, ANEL, and INS refer to
the targets: arthropods, annelids, and insects.

For the grasslands, the main identified ecological gradients were that of altitude, soil type,
and those of the other environmental variables. Four clusters were identified.

The first cluster, representing acidic prairie, related to lower altitudes, southern exposures,
and higher values of organic carbon stocked in soils. This cluster also correlated with more acidic pH
values. The correlated families were Cicadidae for Arthropods (Arth02), Sciaridae for Arthropods
(Inse02), and Megascolecidae for Annelida. The second cluster related to the environmental features
present in the calcicolous prairie. This cluster related to the higher values of pH (according to this
definition), and the families belonging to this cluster were the most generalist, had less specific
environmental needs, and included Isotomidae for arthropods and Enchytraeidae for Annelida.
The remaining clusters were related more to the environmental features, such as soil types. The third
cluster was related to Cambisols and higher altitudes, with a heterogeneous composition of pedofauna,
including Lumbricidae, Hypogastruridae, Neanuridae, and Aphidae. While, the fourth cluster was
related to the Umbrisols and families, including Neelidae, Entomobryidae, and Brachyceridae.

5. Discussion

The data obtained using eDNA metabarcoding showed similarities in the community composition
of arthropods and annelids among similar habitats, such as spruce forest and mixed coniferous forest.
Nevertheless, the analysis revealed that habitats that were quite different, such as grasslands and
mixed coniferous forests, had notably different community compositions. With regard to the mixed
deciduous forest, this forest habitat showed a peculiar pedofauna community composition. In some
instances, this could be related to the characteristics of the acidic prairie and its annelids. Further
investigation is needed to determine if there are any environmental features that these habitats share
and their relationship with the current pedofauna.

Arthropods are related to higher values of heterogeneity in family composition in habitats with
coniferous vegetation, and annelids are more heterogeneous in the acidic prairie and the mixed
deciduous forest.
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Some families are quite common among all habitats and are easily found during investigations,
thus, they could be described as generalists without specific environmental needs. They might also
be considered to be families composed of a numerous genus, such as Enchytraeidae [42] for annelids
or Isotomidae for arthropods. For this reason, they can be found almost everywhere. Other families,
such as Cicadidae for Arthropods (Inse02) or Megascolecidae for annelids, are more selective of their
habitats and one can theorize that they probably have more specific needs than the generalist families.
Populations of generalist species are more likely to adapt to new habitats [43,44], and generalist species
are less likely to be endangered. On the other hand, species with specialized niche and environmental
needs might struggle to thrive in a new habitat [45] or to cope with changes driven by climate change
or habitat management. Further research must be done in order to understand if these families should
be subject to environmental protection. Indeed, even families recorded in many habitats might still
contain endangered species. In general, the arthropod taxon requires much additional research.

The canonical correlation analysis showed that there were differences between grasslands and
forests regarding pedofauna composition. This was an expected result that confirmed the results of the
eDNA analysis. However, the distinctions between the compositions of these environments were not
very clear, due to the fact that the taxonomic resolution—at least of this study—Only resolved to the
family level. Environmental DNA metabarcoding is a relatively new research technique. Sometimes a
better taxonomic resolution, such as species resolution, is not achievable due to incomplete reference
databases, and many sequences are yet to be filed. This is true above all for the sequences of endemic
species varieties, such as alpine fauna.

Not being able to do research at the species level might have led to the loss of important information
regarding ecological needs and their relations to environmental features. Therefore, the ecological
descriptions yielded by this study are generalized.

Despite the limitation of taxonomic resolution through eDNA metabarcoding, we described
the edaphic soil communities over wide study areas, covering the most representative habitat in an
alpine area. Additionally, traditional studies about pedofauna were carried out in the same study area
by the National Park [46], detecting four families and reaching the taxonomic resolution of species,
but covering only few plots. Thus, these two techniques were not compared, rather they could be
integrated in order to yield an in-depth description of soil biodiversity in specific areas, integrating
data from the pitfall traps that mostly describe surface pedofauna and data from eDNA metabarcoding
that describe pedofauna at multiple levels of depth in the soil.

It is important to study the biodiversity of pedofauna because biodiversity data in terms of
taxonomic descriptions, ecological roles, and sensitivity to changes are still poor [6]. The taxa studied
here play important roles in soil functioning. They influence the detritus food chain, organic matter
degradation, pollination, pest control, soil aeration, and soil turnover [47–49].

For this reason, it would be interesting to improve studies of these taxa and to develop different
approaches that could complement or improve upon the traditional taxonomy. For example, studies
on the ecological role of families or communities would make it possible to understand in a functional
way the role that these families play in soil and the functions of the ecosystem to which they belong.
Some studies have already classified invertebrates using functional classifications, such as trophic
classifications, based on their role in the food webs of organisms [50,51] or classifications based on the
relation between invertebrate attributes and environmental features [52]. If a better understanding of
ecosystem functions can be developed, there will be a corresponding simplification when it comes to
evaluating the associated ecosystem services. This study attempted to take a first step in this direction
by studying the community composition of soil and the related features between communities and
their environments. Still, our understanding of the correlation of cause-effect between families and
environmental features is lacking, and further research must be done.
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6. Conclusions

The results of this study demonstrated the complexity of soil fauna communities by characterizing
them habitat-to-habitat in the study area. This study, by making a comparison between habitats,
also revealed that changes across habitats are due to various environmental needs. This study was a
first step in a broader effort aimed at increasing our comprehension of the complex interaction of the
ecological roles and ecosystem functions being performed every day in the soils of the Gran Paradiso
National Park. Once these interactions are understood, ecosystem services related to biodiversity can
be properly evaluated, and adequate and appropriate conservation actions can be taken.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/7/738/s1,
Figure S1: Soil sampling scheme, Figure S2: Community composition of Arthropods (primer ARTH02) for each
habitat investigated with eDNA metabarcoding, Figure S3: Community composition of Arthropods (primer
INSE02) for each habitat investigated with eDNA metabarcoding, Figure S4: Community composition of Anellida
for each habitat investigated with eDNA metabarcoding, Table S1: Distribution of plots per habitat type, Table
S2: Distribution of eDNA samples per layer, Table S3: Effects of environmental features of forests in the CCA
analysis (** = p < 0.05), Table S4: Effects of environmental features of grasslands in the CCA analysis (** = p < 0.05;
* = p < 0.1).
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