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Abstract: Landslides are common in the Northern Apennines (Italy) and their resulting changes in
soil structure affect edaphic fauna biodiversity, whose activity has concurrent impacts on soil
structural stability and water-holding capacity. The aim of this study was to characterise landslide
evolution and assess potential relationships between its hydrogeological features and soil fauna.
The landforms of the study area, located in the River Taro valley, were mapped and the hydraulic
head fluctuations and groundwater electrical conductivity profiles were measured. The soil
arthropod community was studied in seven sites, one subject to earth flow and six to rotational
slide; the last ones were divided into the main scarp of the slide, and five sites characterized by
different land use: three grassland, a wheat cultivated field and an overgrown area. Soil organic
matter (SOM) and pH measurements were performed. Hydrogeological results suggest unexpected
rapid percolation of relatively low-salinity waters through the unsaturated zone. Both lower SOM
content and arthropod biodiversity were found in earth flow area, while higher values were found
in grasslands. Fauna composition appears to be a good indicator of soil degradation processes,
linked to the hydraulic features, and contributes to the evaluation of the soil condition in landslide
areas for further agricultural purposes.
Keywords: microarthropods; soil fauna; low-permeability media; porosity; soil organic matter;
Collembola; hydraulic features; aquifer heterogeneity

1. Introduction
Landslides are complex systems dependent on geological, geomorphological, hydrogeological
and geotechnical factors, and represent worldwide danger for people, buildings and transportation
infrastructures. They are common in the Northern Apennines (Italy), a folded and thrusted belt
developed since the Cretaceous period [1–4], where different types of landslides can be detected and
large earth flows are widespread [5]. In several areas, earth or rock rotational and/or translational
slides evolve into earth flows [6,7]. These landslides can be huge [8], and the affected areas can reach
up to 105 m2 (with displaced volumes up to 108 m3).
A major role is played by tectonics, which caused the development of faults and thrusts
(representing weak zones with associated sets of fractures) controlling the recent uplift that
conditioned most of the slopes’ geomorphological evolution [6,9]. Nevertheless, rainfall is the
triggering factor, especially during those seasons (usually, autumn and spring) that are characterised
by precipitations lasting for several days [10]. The distribution of precipitation is influenced by the
recent climate changes [11], and prolonged dry periods alternated with intense rainfalls are more and
more frequent. The relationship between initial slope conditions and rainfall frequency/intensity, and
the reactivation of large landslides is a major research challenge [12,13], and some authors have
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attempted to find one-to-one correlation between rainfalls thresholds and slope failures [14], or to
integrate methods [15].
Above- and belowground biodiversity is affected by landslides: changes in site condition lead
to changes in soil physical and chemical composition and, consequently, in vegetation cover,
contributing to increased habitat diversity [16]. The most obvious consequences of landslides are on
topography, yet these processes also have a substantial impact on soil properties, by exposing parent
material and removing organic matter and A horizons that lead to textural and chemical changes.
Landslide processes often bear textural sorting; moreover, remoulding and liquefaction of clays and
silts in earth flows reduce structure and porosity, and increase soil density [17]. Changes in soil
density and porosity are consequences of erosion, which leads to changes in soil chemistry too [17].
Soil organic matter is mostly found in the soil surface, therefore decreases significantly through
erosion; formation of soil aggregates is consequently disrupted, and soil porosity decreases. Reduced
soil organic matter leads to overall diminishing of biomass and productivity [18] and sets back the
ecosystem to the initial stages of soil development, with deep un-weathered parent material and rock
exposure. Since soil biota is affected by the amount of organic matter, its reduction affects biodiversity
[19]. Moreover, changes in topography and soil properties and the resultant changes in vegetation,
shape a gap between landslides and the surrounding habitat, with chance of settlement for different
soil communities. Age and position on the landslide also influence habitat and vegetation
communities, as demonstrated by Smith et al. [20] when studying revegetation patterns on debris
slides and flows. Changes in fauna community also occur because earth flows create ponds that
predispose sites to beaver colonization and floristic explosions on landslide deposits support
deciduous-dependent fauna, while soil cliffs related to rotational landslides provide a habitat for
small mammals [16]. Since a landslide can be considered a disturbance agent that changes soil and
vegetation patterns, changes in edaphic fauna are also expected because soil fauna is closely linked
to soil properties and vegetation.
The aim of this research was: (i) to study the effects of a landslide complex on soil biodiversity,
in terms of soil arthropod community, in different areas involved in the landslide process (agriculture
ecosystems, abandoned farmlands, etc.), and (ii) connect geohydrological information with soil
biodiversity in order to show how soil fauna can be used in landslide studies.
2. Materials and Methods
2.1. Study Area
The study area (Case Pennetta landslide) is located in the Taro River valley (Northern
Apennines). During the past 25 years, the local climate condition has been characterized by annual
mean precipitation ranging from 938 to 1230 mm, and annual mean temperature between 11.0–12.4
°C [10].
In the area, three tectonic units belonging to the Ligurian Domain of the Northern Apennines
[21] outcrop. In detail, the geological sequence can be described as follows (from the top to the bottom
of the slope): (i) Arenarie di Scabiazza (SCB), made up of thin layers of claystone alternating with
sandstone layers, 15 to 20 cm thick, that gradually change from thin to very thin sandstone layers
ending with marls; (ii) Argille a Palombini di Monte Rizzone (AMR), made up of claystones and
intercalated decimetric limestone beds. Locally, AMR disappears and SCB lies directly on the rocks
of the underlying Ottone tectonic unit, which is made of claystones containing clasts and blocks of
limestone (Argille a blocchi, CCVb); (iii) these lie directly (tectonic boundary) on the underlying Flysch
of Monte Caio (CAO), which is made up of thick beds of marly-limestones turbidites and intercalated
thin-to-medium argillite beds. All the rocks are deeply tectonised and the layering is locally
completely destroyed.
Steep surfaces and scarps usually characterize the lower portion of the studied slope, where the
thick beds of marly-limestones turbidites (CAO) crop out. Conversely, milder and smooth landforms
are usually found in the upper portion, due to prevailing rocks containing clay and claystone (AMR,
CCVb), with the exclusion of the areas affected by landslides.
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The main known reactivations of the Case Pennetta landslide occurred in 1916, 1927 and 2000–
2001. During this last event, a state road and the Parma-La Spezia railway were involved in the mass
movement. Moreover, new surficial effects of the slope’s instability have been detected since 2010,
both in the fields (cracks and changes in slope shape and dip), and on structures and houses (tilting
and microcracks). The landslide’s rate of movement was usually in the order of a few mm/year to a
few cm/year (from extremely slow to very slow in the velocity scale by Cruden and Varnes [22]), even
though some acceleration was observed during total reactivation events (e.g., in 1927 and in 2001). In
the past, the landslide underwent a limited number of interventions, essentially in underground and
surficial drainage systems.
2.2. Geological and Geomorphological Survey
The landforms were mapped by merging geomorphological maps and different datasets [23]. A
digital surface model (DSM) of the study site was constructed via photogrammetric mapping using
an unmanned aerial vehicle (UAV). DSM was later converted onto a digital terrain model (DTM)
voiding vegetation with terrain contours from available digital cartography. Differential GPS
measurements provided ground control points for UAV images and also benchmarks for areas
covered by vegetation. Elevation contour lines, available from Regional Technical Cartography at
scale 1:5000 [23] were utilized to fill in data gaps. The different data types were finally interpolated
on a 1 m aperture mesh using a kriging algorithm.
Investigations were performed to acquire the subsurface geological features. Two corings (SI1
and SI2) were drilled within the study site at different depths beneath the field surface (Figure 1a).

(a)
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(b)
Figure 1. (a) Location of the piezometers (blue points), the corings (yellow points) and the soil
sampling sites (red points) (the contour lines show the altitude in meters above sea level); (b)
Sampling sites: RSG1: Rotational Slide-Grassland 1; RSG2: Rotational Slide-Grassland 2; RSG3: Rotational
Slide-Grassland 3; RSO: Rotational Slide-Overgrown; RSC: and Rotational Slide-Cultivated; EF: Earth
Flow; RSMS: Rotational Slide-Main Scarp.

2.3. Hydrogeological Investigations
Two piezometers were drilled to measure the hydraulic head fluctuations and the groundwater
electrical conductivity (EC) profiles within the investigated groundwater (Figure 1a). Piezometer A
is 25-m deep and screened between 1 and 25 m below ground (623 to 648 m a.s.l.). Piezometer B is
15m deep and screened between 3 and 15 m below ground (576 to 588 m a.s.l.). Both piezometers
were drilled very close to the cores SI1 and SI2 (Figure 1a).
In each of the two piezometers, a pressure transducer with data-logger (STS DL.OCS/N/RS485)
was installed to monitor the hydraulic head on an hourly basis, from May 2017 to May 2018. The
same piezometers were used to measure the hydraulic head through a water level meter, on a
monthly basis from April 2017 onwards.
The EC of groundwater was measured inside the screened interval of each piezometer, in order
to analyse possible haloclines and use the groundwater EC to investigate the hydrogeological
behaviour of the studied system, according to previous studies [24–27]. EC vertical profiles were
measured on a monthly basis with a borehole probe (SOLINST TLC), from April 2017 to May 2018.
Measurements were carried out at 1-m-depth intervals. The effectiveness of EC values was always
verified through laboratory analyses.
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2.4. Soil Samples and Chemical Analysis
Soil samples were collected in seven sites located in the study area: six of those were taken from
the area affected by the rotational slide and one from the earth flow (Table 1; Figure 1a,b). The sites
were selected within the rotational slide to analyse differences (i) among the land use types
(cultivated, overgrown, grassland) observed at the study area, and (ii) between the main scarp and
the flat areas.
Table 1. Sampling sites characteristics.

Site
Code

Movement
Type

Land Use

EF

Earth flow

Eroded zone belonging to the active earth
flow area

RSC

Rotational slide

Wheat cultivated field

RSG1

Rotational slide

Permanent grassland

RSG2

Rotational slide

Permanent grassland

RSG3

Rotational slide

Permanent grassland

RSMS

Rotational slide

Main scarp with scarce vegetation cover

RSO

Rotational slide

Overgrown field

Coordinates
(UTM)
32N 573645
4938131
32N 573634
4938510
32N 573628
4938442
32N 573732
4938321
32N 573764
4938410
32N 573645
4938357
32N 573641
4938486

Soil samples were collected for chemical analysis according to FAO recommendations [28]. Nine
soil subsamples were used to perform pH and soil organic matter (SOM) analyses. pH analysis was
conducted by placing a pH meter in a soil:distilled water liquid mixture in ratio 1:2.5 [29]; SOM was
determined by using LOI-Loss on Ignition according to Ball’s method [30], and igniting 1 g of dried
soil at 450 °C for 4 hours.
2.5. Soil Arthropod Investigation
Three soil samples (10 × 10 × 10 cm3) were collected from each site in November 2018 for soil
microarthropod extraction. Arthropod extraction was performed via the Berlese–Tüllgren funnel (2
mm sieve mesh; extraction time 10 days), and the specimens were placed in a preservative solution
(75% ethyl alcohol and 25% glycerol by volume). Class taxonomic level for Myriapoda, and order
level for Hexapoda, Chelicerata and Crustacea [31] were considered. Collembola and Acari are
generally the two most present groups, in terms of species diversity and abundance, so these two
groups were studied more in-depth. Collembola were classified at family level, and Acari were
divided between Oribatida and other Acari. The number of specimens present for each group was
counted and their abundance (ind/m2) registered. Number of taxa (NT) and Acari-to-Collembola ratio
(A/C) [32] were calculated on the basis of this classification level.
2.6. Statistical Analysis
The Pearson correlation coefficient was used to determine if there was a relation between pH
and SOM. The Kruskal–Wallis test for multiple comparison was performed to establish if the study
sites differed in pH and SOM. Where significance was found (p ≤ 0.05), pairwise multiple
comparisons between sites according to Conover were made as post-hoc.
Total abundance, number of taxa as well as abundance of taxa always present in the study sites
and Acari/Collembola ratio were compared by using the Conover test as done for environmental
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parameters. The Akaike's Information Criterion (AIC) was used to establish the best model to study
soil fauna community data matrix. The R package “vegan” was used for arthropod communities to
observe variance in community composition depending on the study site and its environmental
characteristics. The Bray–Curtis distance was calculated as a measure of the dissimilarity between
sites in the composition of the edaphic community, considering both the presence and the abundance
of the different groups found; true abundances were log-transformed according to Borcard [33], in
order to avoid placing the same importance on absolute differences in abundance without
considering their order of magnitude. The same tests performed to study total community
composition were conducted for Collembola communities. All data were analysed using R version
3.5.2 (R Core Team, Vienna, Austria)[34].
3. Results
3.1. Geological and Geomorphological Features of the Landslide
The Case Pennetta landslide extends from 650 m a.s.l. to the Taro riverbed (265 m a.s.l.). Its
length is about 1600 m, and its maximum width is approximately 130 m. The geomorphological map
(Figure 2) shows the landslide’s main landforms, with emphasis on the portions analysed within this
study (rotational slide and upper part of the earth flow). The well-developed main scarp,
characterised by a concave longitudinal topographic profile, and the head surface (in the counterslope) account for a typical rotational movement.

Figure 2. Geomorphological map. The contour lines show the altitude in meters above sea level.

This kinematic type pertains to the depleted mass of the landslide that extends down to 510 m
a.s.l., where the toe of the failure surface is masked by the materials accumulated. Earth flows start
from the front of this depleted mass and reach the Taro River, representing the foot of the landslide.
The rotational part of the landslide affects SCB and marginally AMR. Core SI1 (Figure 1a) shows,
down to 30–31 m below ground (b.g.; 616–615 m a.s.l.), a matrix supported deposit characterized by
a clay-silty matrix, clasts of different size (0.5 to 12 cm). From 31 m to 34 m b.g. the deposit is clastsupported and poorer in matrix compared to the upper portion. The top of the bedrock was detected
at 35 m b.g. (612 m a.s.l.). Between 6–9 m and 11–14 m b.g., there is an alternation of compact and
loose levels with a certain degree of disaggregation. Between 21 m and 23 m b.g., the rocks are more
disaggregated. Core SI2 (Figure 1a) shows clasts and blocks of different size (from grains to 12 cm)
with abundant silty-clay matrix, from the ground surface to 20 m b.g. A level richer in clay was
observed at 14–15 m b.g. Dispersed organic material has also been found in the first 20 m of coring.
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Between 20 and 23 m b.g., the deposit is clast-supported, with clasts up to 10 cm in size. Between 21
and 21.50 m b.g. the matrix is more abundant than in the other portion of this depth interval. At 23
m b.g. (561 m a.s.l.), the rock is made of thin layers of claystone and sandstones (SCB).
3.2. Hydrogeological Behaviour
Hydraulic head measurements show several peaks during infiltration events (Figure 3),
therefore suggesting rapid percolation of water from the ground surface towards the saturated zone.
The groundwater EC varies significantly with depth, and the haloclines show variations over time,
strictly related to local precipitations (see examples in Figure 3). Therefore, according to the results
obtained in other sites [26,35], these EC variations depend on the effective infiltration of local
rainwater that determines the mixing between lower-salinity fresh infiltration waters and highersalinity pre-event groundwater. In both piezometers A and B, the EC in groundwater varies
significantly with depth (Figure 3), with a great difference between the bottom (e.g., >4000 μS/cm in
piezometer A) and the top value (e.g., around 1000 μS/cm in piezometer A). A step-like shape is
observed in both wells. In each of the wells, the EC steps were always detected at the same depth.
On the whole, the hydrogeological investigations depict (i) a near-surface medium that is
characterised by both porosity and permeability higher than those expected in clay-rich sediments
(see rapid effective infiltration and arrival of fresh-infiltration waters at the groundwater table), and
(ii) relatively low salinity of waters percolating through the unsaturated zone.

Figure 3. Hydraulic head fluctuations measured in piezometers A and B, and daily precipitation
recorded at Mormorola station and the vertical profile of electrical conductivity (EC) in piezometers
A and B.

3.3. Soil Characterization
Results of pH and SOM are shown in Figure 4. The different pH values, from neutral to
moderately alkaline, were not significantly distinct from each other, while percentages of SOM
depended on the sampling sites (p < 0.05). In the RSG1, SOM appeared to be higher than in the RSC,
RSMS (p < 0.05) and EF areas (p < 0.01), in which it was significantly lower than in RSG2 and RSG3 (p ≤
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0.05; p < 0.01). According to the Pearson correlation, there was no relation between SOM and pH
found in this study area.

Figure 4. Average and standard error of the pH and SOM found in each site.

3.4. Soil Microarthropod Community
Table 2 shows the results of soil microarthropod community. Overall, 17 taxa were found in the
study area, five of which found in all sites: Acari, Coleoptera, Collembola, Diptera and Hemiptera.
The greatest total abundance per m² was found in RSG2, statistically higher than RSC, RSMS, RSG3 (p ≤
0.05) and EF (p < 0.01); EF showed the lowest abundance, less than in RSO and RSG1 (p < 0.05). RSC and
EF areas revealed a significantly lower number of groups than the other sites (p ≤ 0.05), except for the
comparison between RSC and RSG1, and between both RSC and EF, and RSMS. The best model to study
soil fauna community data matrix was considering site and SOM as independent variables, with the
result that each one contributed significantly to edaphic community composition (p < 0.01 and p ≤
0.05 respectively). The Bray–Curtis distance denoted the greatest dissimilarity (from 38% to 50%)
between EF and the other sites, particularly RSG2, while fauna composition appeared to be similar for
over 80% between RSG2, RSG3 and RSO (Figure 5).
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Table 2. Average ± standard error of the number of individuals (ind./m²) for each faunal group, the
number of groups, the total abundance (ind./m²) and the ratio Acari/Collembola found in the seven
sites studied.
Faunal group

EF

RSc

RSG1

RSG2

RSG3

RSMS

RSO

Acari

311 ± 79

7268 ± 5867

7844 ± 447

27588 ± 2654

4681 ± 313

6008 ± 3273

4897 ± 1345

Araneidae

14 ± 7

21 ± 0

42 ± 12

42 ± 12

64 ± 37

-

Chilopoda

-

14 ± 7

11 ± 6

42 ± 25

11 ± 6

-

7±7

Coleoptera

14 ± 7

255 ± 131

573 ± 123

499 ± 67

796 ± 190

594 ± 294

566 ± 209

Larvae

-

255 ± 161

541 ± 244

403 ± 74

786 ± 196

531 ± 305

559 ± 203

Collembola

870 ± 492

1755 ± 494

1040 ± 123

10870 ± 650

3917 ± 1122

2420 ± 735

3276 ± 1769

Diplopoda

28 ± 19

-

-

-

-

-

-

Diplura

-

7±7

53 ± 18

202 ± 80

21 ± 12

74 ± 18

64 ± 25

Diptera

50 ± 7

78 ± 58

159 ± 43

74 ± 18

74 ± 6

21 ± 7

120 ± 57

Larvae

14 ± 7

64 ± 44

42 ± 21

64 ± 25

11 ± 6

11 ± 7

64 ± 12

Hemiptera

142 ± 131

28 ± 14

276 ± 86

393 ± 153

902 ± 337

21 ± 12

248 ± 146

Hymenoptera

7±7

-

85 ± 37

510 ± 270

510 ± 221

42 ± 25

1720 ± 1481

Isopoda

-

-

-

21 ± 12

11 ± 6

-

-

Lepidoptera

-

-

-

-

11 ± 6

-

-

Larvae

-

-

-

-

11 ± 6

-

-

Pauropoda

-

28 ± 19

-

21 ± 12

11 ± 6

-

28 ± 14

Protura

-

14 ± 14

-

-

-

-

-

Psocoptera

-

-

-

-

11 ± 6

11 ± 6

-

Symphyla

-

-

6496 ± 2415

-

42 ± 12

11 ± 6

21 ± 12

Thysanoptera

-

7±7

-

117 ± 6

106 ± 61

53 ± 31

14 ± 7

Number of groups

8±1

10 ± 0

10 ± 0

11 ± 1

13 ± 1

10 ± 1

10 ± 0

Total abundance

1437 ± 709

9469 ± 5699

16559 ± 2674

40379 ± 3711

11146 ± 1243

9320 ± 4380

10962 ± 3910

Acari/Collembola

2±1

6±5

8±1

3±0

1±0

2±1

2±1
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Figure 5. Heat map of the community composition, with colour intensities proportional to taxa
abundance, and UPGMA (unweighted pair-group method using arithmetic averages) clustering of a
matrix of Bray–Curtis distance among sites (on the left side) and of the taxa that occur more often
together (on the top side); on the right side, the SOM values are displayed.

Greater Acari abundance was found in RSG2, significantly higher than in RSC (p < 0.05) and EF
sites (p < 0.01); in EF their presence was lower than RSO and RSG1 (p < 0.05). Among them, a distinction
was made between those belonging to Oribatida and to other Acari (Figure 6). The Acari community
strongly depends on the site (p ≤ 0.01); with EF abundance of Oribatida significantly lower than that
of the other sites (p < 0.05) except for RSC (lower than RSG2, p < 0.05) and RSMS. The abundance of
Oribatida was greater than other Acari in RSG3 and RSO only.

Figure 6. Average and standard error of the number of Oribatida and others Acari (ind./m²) found in
each site.

Like Acari, less abundant Coleoptera and Collembola were found in EF. The number of
Coleoptera in EF was lower than in RSG3 and in RSO (p < 0.05). The abundance of Collembola observed
in RSG2 was statistically greater than in RSG1 and in EF (p < 0.05, p < 0.01). Ten Collembola families
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were identified (Table 3), with four present in all sites: Entomobryidae, Hypogastruridae, Isotomidae
and Onychiuridae/Tullbergiidae.
Table 3. Average ± standard error of the number of Collembola per m².
Collembola family
Arrhopalitidae
Entomobryidae
Hypogastruridae
Isotomidae
Neanuridae
Onychiuridae/
Tullbergiidae
Odontellidae
Katiannidae
Sminthuridae
Sminthurididae

EF
RSC
7±7
623 ± 429 934 ± 532
71 ± 51
14 ± 7
85 ± 65 425 ± 170
21 ± 12
7±7

RSG1
563 ± 67
21 ± 12
96 ± 31
-

RSG2
11 ± 6
393 ± 80
138 ± 18
10243 ± 766
-

RSG3
955 ± 110
1337 ± 735
329 ± 116
-

RSMS
1306 ± 215
106 ± 61
616 ± 282
-

RSO
205 ± 51
1076 ± 416
1592 ± 1392
-

64 ± 64

361 ± 165

350 ± 67

42 ± 12

1136 ± 313

265 ± 104

255 ± 44

7±7

7±7
-

11 ± 6
-

11 ± 6
32 ± 6
-

117 ± 55
42 ± 25

127 ± 74
-

42 ± 21
21 ± 12
85 ± 56

The whole Collembola community composition depended on the site (p < 0.01), with EF and RSO
showing the highest dissimilarity, RSG1 and RSC resulting more similar to each other than the other
sites, and Entomobryidae and Onychiuridae/Tullbergiidae as families that occurred together more
often (Figure 7). Through multiple comparison between the families always present RSO proved to
be the site with significantly fewer Entomobryidae than RSMS and RSG3 (p < 0.01; p < 0.05), and more
Hypogastruridae than RSC, RSG1 and EF (p < 0.01, p < 0.01, and p < 0.05 respectively). The
Hypogastruridae found in RSC were lower than those in RSG3, too (p < 0.05). Most Isotomidae were
in RSG2, more than in RSC and EF (p < 0.01). The greater presence of Onychiuridae/Tullbergiidae was
in RSG3, more than RSG2 and EF (p < 0.01), whose number was lower than in RSC and RSG1, too (p <
0.05).

Figure 7. Heat map of the Collembola community composition, with colour intensities proportional
to family abundance, and UPGMA (unweighted pair-group method using arithmetic averages)
clustering of a matrix of Bray–Curtis distance among sites (on the left side) and of the families that
occur more often together (on the top side).

The lowest abundance of Diptera was in the RSMS, significantly different from RSG1 and RSO (p <
0.05). The only other group found in all sites was Hemiptera, which showed a higher number in RSG3
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than in RSC, EF and RSMS (p < 0.05). Acari/Collembola ratio, being higher in RSG1, did not differ
significantly between sites.
4. Discussion
In this research, the hydrodynamic characterization of a complex landslide was carried out to
evaluate the effects of this system type on soil biodiversity, in terms of soil arthropod community,
with the aim to highlight if soil fauna can be a useful tool in landslide studies.
No difference was found in soil pH, similarly to other results obtained from landslide areas by
Wilcke [36]. Instead, organic matter content (SOM) varied significantly between sites. As known, soil
pH and SOM alteration can highlight a soil disturbance condition and contribute to altering
ecosystem biodiversity.
Not only does SOM influence nutrient availability, it also promotes soil aggregation and
improves water infiltration, and its content is known to decline from grassland to cultivated areas
[37].
In this study, the lowest amount of SOM was detected in the earth flow area (EF), followed by
the main scarp of the rotational slide (RSMS), and both sites were similar to the cultivated site within
the rotational slide (RSC). The differences observed between earth flow (EF) and grasslands (RSG1,
RSG2, RSG3) show the surface heterogeneity created after slope failure.
It is known that the slip face at the upper edge of a landslide is more unstable, subject to erosion
and not readily colonized [38]. Moreover, as suggested by some authors [36], fertility reduction
caused by landslides, can involve the whole area. Usually, SOM content is an important feature in
driving soil faunal community, and to confirm this, our study shows an evident relationship between
SOM content and soil microarthropods. On the other hand, since arthropod faeces are involved in
humus production and soil aggregation, soil arthropod abundance and diversity contribute to
incrementing soil structure and, consequently, soil stability. In this study, earth flow (EF) showed the
poorest soil faunal community, in terms of both number of groups and abundance. Moreover, as for
SOM content, soil arthropod abundance in the earth flow (EF) proved to be similar to the main scarp
of the rotational slide (RSMS) and cultivated area sampled within the rotational slide (RSC). This result
confirms that the whole landslide area (EF + RS) is involved in a soil degradation process. Indeed, the
soil arthropod abundance detected in RSG1, being similar to RSC and lower than a typical grassland
condition [39], suggests that a stressful action is affecting the area dramatically. The Collembola
community supports this observation since, despite its abundance in the EF being lower than the
other sites, the community structure in this site was similar to RSG1, RSC and RSMS (79%, 72% and 69%,
respectively). Entomobryidae was the most abundant family found in these sites and the specimens
found for this family are almost all epigeic. This result suggests that these specimens were less
affected by belowground disturbance as reported in previous studies [40,41]. As known, Collembola
have a leading role in the soil structure making; indeed, their faeces contribute to the water-holding
capacity and soil aggregation [42]. In this study, the greatest abundance of this group was found in
RSG2, whose community structure was richer than the other sites, overall for the greatest presence of
Isotomidae. RSG3 showed a high number of Onychiuridae/Tullbergiidae. As reported by Rusek [43],
Onychiuridae, rare in clay soils, are known for their ability to make “microtunnels” in the soil matrix,
ability shared with Oribatida Acari, thus increasing aeration and drainage.
As for the Collembola, even for Acari the abundance of this taxon was very low in EF, confirming
the degradation condition of this site. Moreover, no difference was detected between Oribatida and
others Acari in terms of abundance in this site. On the other hand, RSG3, showing the greatest
abundance of Oribatida, confirms the importance of a grass cover in soil biodiversity maintenance.
Indeed, Oribatida are typical of stable and humid soils, rich in organic matter, since they can survive
in submerged condition even over long periods of time, while they are susceptible to drought and
their densities decline in man-modified areas subjected to agricultural treatments [44–46]. Centipedes
(Chilopoda), which have a thinner cuticle and are sensitive to water stresses [47], were also found in
all sites except EF, confirming the degradation condition of this site.
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Contributing to SOM contents and consequently to soil resistance to erosion, organisms
involved in litter breakdown can play a key role in soil structure maintenance. Coleoptera and
Diptera larvae, Symphyla, Diplopoda, Isopoda and Thysanoptera were observed among the main
arthropod groups found in this study that take part in this process. Abundance of Coleoptera such
as Oribatida was greater in RSO and in RSG3 than in the other sites; both groups can affect soil structure
while moving into the pores and pushing particles aside, contributing to soil porosity. Coleoptera
larvae, rarely observed in EF, are good indicators of soil water content, as their permeable cuticle
makes them susceptible to desiccation [48].
Considering that ants build complicated burrows deep into the ground, forming a network of
macropores [49], the greater abundance of this group in RSG2, RSG3, and RSO when compared to the
four other sites, suggests a greater infiltration capacity of these soils. Differently from ants, abundance
of Diptera was greater in RSG1. Their presence could be related to the occasional presence of goats,
factor that produces a high manure content, increasing the abundance of soil dwelling Diptera [50].
This idea is supported by the high number of Symphyla present in this site, whose abundance
strongly depends on SOM content [51]. Moreover, Symphyla can give information about soil
structure, since they cannot dig tunnels actively in soil and they use existing pores to move in the
soil.
Isopoda is a group susceptible to water loss by evapotranspiration and live in moist habitats
where they feed mainly on dead and decaying plant material. These considerations highlight that
these properties are typical of RSG2 and RSG3, where this group was observed. Thysanoptera showed
similar behaviour, having the greatest abundance in the two sites.
These results point out that soil arthropod community can influence and/or can be influenced
by the hydraulic features of a low-permeability system in a landslide area. Firstly, arthropods such
as Onychiuridae, Oribatida, Coleoptera, and ants are able to increase both the effective porosity and
the permeability of the upper “aquifer” medium, therefore enhancing the effective infiltration of
rainwater in a porous low-permeability system. Since these arthropods can increase porosity and
permeability in several tens of centimetres below ground, their ability to create macropore (mm in
dimension) networks causes the vertical permeability to decrease significantly with depth. Due to
this vertical heterogeneity, further emphasised by plausible rock weathering, a significant contrast in
permeability is expected within the shallow aquifer medium, and temporary perched groundwater
could be found within the landslide area during the main rainwater events. Taking into consideration
the heterogeneous distributions of the arthropods mentioned above, as well as the geological
heterogeneity of the medium studied, temporary perched groundwater could be also discontinuous
within the study site. This hypothesis is in agreement with the existence of several temporary springs
observed at different altitudes during wintertime (data not shown).
In a wider context, the higher permeability of the shallow “aquifer” system enhances the rapid
recharge of the groundwater intercepted and monitored through piezometers A and B, in agreement
with the “nervous” hydraulic head fluctuation observed by means of the pressure transducers. The
slight difference in time lag between rain event and hydraulic head rise observed between
piezometers A and B is also in agreement with the system’s heterogeneity.
As for the bioindicator role of some arthropods, Isopoda seem to be a good indicator to detect
the areas where the groundwater head comes frequently close to the ground (see examples at RSG2
and RSG3), due to their ability to live in moist habitat. They were actually identified in RSG2 and RSG3
only, where the groundwater often flows out diffusely, during the main rainwater events. On the
whole, these results further emphasize the effectiveness of coupled hydrogeological–biological
approaches [52].
5. Conclusions
The study suggests that the earth flow, differing from the other sites analysed within the
rotational slide for its lower arthropod biodiversity and abundance, appears to be the most stressed
area, exposed to erosion, and susceptible to extreme conditions, such as drought. The cultivated area
sampled within the rotational slide fits with the many conventional agricultural systems, as reported
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in other studies, showing low arthropod biodiversity and abundance. The overgrown site instead
showed a community composition more similar to RSG3, and only partially different from RSG2,
mainly in total abundance, determined above all by Acari and Collembola densities. These three sites
are characterized by good conditions in terms of grass presence and consequently rhizosphere, SOM
content, water retention and porosity—all of which are important factors in supporting a complex
and structured soil arthropod community. RSG1 appears to have an intermediate situation, showing
great arthropod abundance, mainly due to the high arthropod density strongly related to high SOM
contents, yet, on the other hand, showing characteristics observed in disturbed and degraded soils,
as the Collembola community suggested, being very similar to those observed in stressed sites.
From the methodological point of view, this study suggests the possibility to effectively merge
soil fauna and hydrogeological investigations to better understand the hydraulic features and
behaviour of low-permeability systems. At the same time, the approach applied is efficient to
distinguish degraded soils, often associated with types of landslides, such as earth flows, that cause
partial or complete soil removal, from more preserved soils. The latter are often associated with types
of landslide, such as rotational or translational slides, that are characterized by movement in depth,
along the sliding surface, while the upper portion of the depleted mass can remain untouched.
The use of the soil fauna as indicator of the health state of the soil in landslide areas may
contribute to the evaluation of the potentiality of these surfaces for agricultural purposes. For
instance, plants (like maize) or trees (like apple orchards) that need a consistent rate of water would
represent kind of cultivation that could be irrigated by extracting the waters from the landslides
themselves once the paths of these have been identified within the body of the landslide.
The surfaces of landslides, which are obviously not active or characterized by very slow rate of
movement like in the case studied, may represent for some portions within mountain chains, such as
the Italian Apennines, the only areas suitable for cultivation. In the Apennines, this fact occurred in
the past when many large landslides were exploited with these purposes, and for settlements, but
even today they could represent the way to restoration and re-use of these surfaces, contributing to
the maintenance and care of the territory and the prevention of landslide movement.
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