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GRAPHICAL ABSTRACT

ABSTRACT

Root reinforcement, provided by plants in soil, can be exerted by a mechanical effect, increasing soil shear
strength for the presence of roots, or by a hydrological effect, induced by plant transpiration. No comparisons
have been still carried out between mechanical and hydrological reinforcements on shallow slope stability in
typical agroecosystems. This paper aims to compare these effects induced by sowed fields and vineyards and to
assess their effects towards the shallow slope staibility. Root mechanical reinforcement has been assessed
through Root Bundle Model-Weibull. Root hydrological reinforcement has been evaluated using an empirical
relationship with monitored or modelled pore water pressure. Each reinforcement has been inserted in a stability
model to quantify their impacts on susceptibility towards shallow landslides. Considering the same environment,
corresponding to a typical agroecosystem of northern Italian Apennines, land use has significant effects on
saturation degree and pore water pressure, influencing hydrological reinforcement. Root hydrological rein-
forcement effect is higher in summer, although rainfall-induced shallow landslides rarely occur in this period due
to dry soil conditions. Instead, in wet and cold periods, when shallow landslides can develop more frequently, the
stabilizing contribution of mechanical reinforcement is on average higher than the hydrological reinforcement.
In vineyards, the hydrological reinforcement effect could be observed also during autumn, winter and spring
periods, giving a contribution to slope stability also in these conditions. This situation occurs when plants uptake
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enough water from soil to reduce significantly pore water pressure, guaranteeing values of hydrological rein-
forcement of 1-3 kPa at 1 m from ground, in agreement with measured mechanical root reinforcement (up to 1.6
kPa). These results suggest that both hydrological and mechanical effects of vegetation deserve high regard in
susceptibility towards shallow landslides, helping in selection of the best land uses to reduce probability of
occurrence of these failures over large territories.

1. Introduction

Sloping terrains located in hilly and mountainous regions around the
world have undergone extensive modifications to promote the cultiva-
tion of plants and grasses for food production. These modifications
include both maintaining the natural slopes and implementing various
forms of tillage and other alterations to make the land more suitable for
agriculture (Tarolli and Straffelini, 2020; Tarolli et al., 2021). In Europe,
>20 % of sloping terrains are either cultivated or designated for agri-
cultural use (Panagos et al., 2021). In Asia, Africa, and the Americas,
10-47 % of sloping lands are deemed suitable for croplands, and there
has been a consistent expansion of approximately 2-8 million hectares
from 2003 to 2019 (Potapov et al., 2022).

However, the geological-geomorphological features of cultivated
hillslopes, exacerbated by unsuitable local agricultural practices and
land management, contribute to an inherent susceptibility of these ter-
rains to slope instabilities, particularly involving the shallowest soil
layers. These instabilities manifest as rainfall-induced soil erosion and
shallow landslides (Lesschen et al., 2008; Froude and Petley, 2018).
Moreover, the heightened intensity of rainfall events driven by climate
change (IPCC, 2022) is leading to an increased likelihood of shallow
slope instabilities, with direct consequences for local economies, land-
scapes, soil fertility, and biodiversity (Tarolli, 2018).

Slope instabilities affecting cultivated hillslopes can be mitigated
through various structural and non-structural stabilization and reme-
diation measures. These measures aim to either reduce the destabilizing
forces acting along a hillslope or enhance the shear strength properties
of the slope soils (de Jesus Arce-Mojica et al., 2019). Typical structural
interventions such as land levelling, retaining walls, piles, gabions, and
shallow and subsurface drainage systems can yield immediate positive
effects on slope stabilization without requiring an extended establish-
ment period. However, they can be costly and are often applicable only
at a site-specific scale, potentially impacting the landscape and envi-
ronmental continuity (Moos et al., 2018).

Bioengineering techniques, which leverage the mechanical and hy-
drological benefits of vegetation to enhance soil shear strength, can also
be implemented at catchment or larger scales. However, they may be
constrained by the depth to which plant root systems penetrate, and a
transition period of up to several decades may be necessary to observe
positive effects on slope stabilization (Cammeraat et al., 2005).
Furthermore, although plant activity and biomass can contribute to
increased soil organic content and nutrient levels, these techniques have
the potential to compromise the cultural heritage, landscape features,
and biodiversity of a region, with associated impacts on socio-economic
development (Arnaez et al., 2011).

For these reasons, specific cultivated crops and agricultural practices
could serve as effective means to mitigate shallow slope instabilities
without altering the landscapes, environment, and economic charac-
teristics of traditional rural areas (Gariano et al., 2018; Bordoni et al.,
2020). Therefore, it becomes essential to assess the feasibility of tradi-
tionally cultivated plant species as tools for safeguarding or reducing the
susceptibility of sloping terrain to shallow slope failures, comparing
them to different types of cultivated crops.

Like other plants, including shrubs and grasses (Morgan and Rickson,
2003; Wu, 2012; Cohen and Schwarz, 2017), cultivated crops can
contribute to slope stability through various mechanisms, which can
also act in combination (Bordoloi and Ng, 2020; Ng et al., 2022). Veg-
etation's soil reinforcement primarily arises from the mechanical

reinforcement provided by the small and flexible roots within the soil
matrix (Schmidt et al., 2001; Bischetti et al., 2009; Schwarz et al., 2013;
Stokes et al., 2014; Masi et al., 2021; Mao, 2022), as well as a “hydro-
logical reinforcement effect”. The “hydrological reinforcement effect”
involves an increase in soil strength resulting from a reduction in water
content and corresponding pore water pressure due to plant transpira-
tion (Veylon et al., 2015; Gonzalez-Ollauri and Mickovski, 2017; Yildiz
et al., 2019; Ni et al., 2018, 2019; Ng et al., 2020; Boldrin et al., 2018,
2021; Capobianco et al., 2021; Chen et al., 2021; Liu et al., 2021).
Additionally, other processes such as rainfall interception (Gonzalez-
Ollauri and Mickovski, 2017), concentrated stem flow (Levia and
Germer, 2015), subsurface preferential flows through root channels
(Vergani and Graf, 2016; Leung et al., 2018), and modification of soil
hydrological properties by roots (Lu et al., 2020; Zhu et al., 2022) can
further influence soil hydrology and consequently impact the stability of
slopes.

Several studies have been conducted to quantify the mechanical root
reinforcement offered by various cultivated plants and grasses in con-
tinental and Mediterranean climates. These include grapevines, car-
doons, and various types of grasses used for feed production (Bordoni
et al., 2016, 2019, 2020; Rossi et al., 2022). However, a comprehensive
assessment of the hydrological effects induced by specific cultivated
vegetation on shallow slope stability has not yet been undertaken,
especially when compared to the quantified soil reinforcement provided
by the same vegetation types from a mechanical perspective.

This analysis holds particular significance in hilly and mountainous
regions where agriculture plays a pivotal role in the local economy. The
Italian Apennines, an orogenic mountain chain stretching across the
entire [talian Peninsula, serve as a notable example. The land use dis-
tribution in this region reflects the profound human influence on the
environment and the strong agricultural orientation of the territory. In
the highest mountain ranges, woodlands coexist with extensive culti-
vated lands and pastures (Brambilla et al., 2010), while the low-lying
hilly areas are dedicated to viticulture and olive cultivation (Raggi
etal., 2015). The geological and geomorphological characteristics of the
Italian Apennines make the cultivated sloping areas highly susceptible
to rainfall-induced shallow landslides. This susceptibility is evident from
numerous triggering events that have occurred in various sectors or
catchments throughout the Italian Apennines in recent years (Montrasio
and Valentino, 2008; Giannecchini et al., 2012; Cevasco et al., 2014;
Grelle et al., 2014; Ciurleo et al., 2016; Salciarini et al., 2017; Bordoni
et al., 2019).

However, certain aspects require more in-depth investigation to
assess and compare the mechanical and hydrological reinforcement ef-
fects of cultivated plants in regions susceptible to rainfall-induced
shallow slope instabilities. These aspects can be summarized as follows:

e Long-term monitoring under various meteorological conditions was
conducted to assess the hydrological effects induced in soil by
different cultivated vegetation. This will enable quantification of the
extent of the hydrological reinforcement effect induced by different
plants and its variability across different periods.

Evaluating and comparing the impact of both mechanical and hy-
drological reinforcement effects provided by the same type of culti-
vated plant on susceptibility to rainfall-induced shallow slope
failures. This analysis aims to determine whether these two processes
offer similar levels of soil reinforcement or if there are significant
differences.
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e Developing models to understand the triggering mechanisms of
shallow landslides and assess whether the mechanical and hydro-
logical effects induced by different cultivated plants can enhance
slope stability, even during highly critical rainfall events.

With these questions in mind, this paper aims to assess and compare
the mechanical and hydrological reinforcement effects induced by
various types of cultivated plants to quantify their impact on shallow
slope stability. Specifically, the primary objectives of this paper are as
follows: i) To compare the mechanical reinforcement of soil provided by
different cultivated plants; ii) To monitor the soil's hydrological re-
sponses on slopes cultivated with various plant types, quantifying the
differing effects of hydrological reinforcement and their variations over
time; iii) To evaluate and compare the influence of mechanical and
hydrological reinforcement effects, both provided by the same type of
cultivated plant, on susceptibility to rainfall-induced shallow landslides;
and iv) To determine whether the mechanical and hydrological rein-
forcement effects offered by different cultivated plants can enhance or
hinder slope stability during events that have the potential to trigger
shallow landslides.

The test sites were situated in a characteristic setting within the
northern Italian Apennines, specifically in the hilly sector of Oltrepo
Pavese (Fig. 1). This region is emblematic of the typical geological,
geomorphological, environmental, and land use characteristics found
throughout the Italian Apennines.

2. Materials and methods
2.1. The test-sites

The hilly area of Oltrepo Pavese in northwestern Italy (Fig. 1a) marks
the northwestern extremity of the Italian Apennines, covering approxi-
mately 1000 km2. The elevation of the slopes in this region varies from
50 to 600 m above sea level (m a.s.l.), and the slope angles range from 5
to 45°. Oltrepo Pavese experiences a temperate/mesothermal climate, as
per Koppen's classification of world climates, characterized by an

Science of the Total Environment 912 (2024) 168999

average annual temperature of 13 °C and an annual rainfall of 694 mm.

Autumn receives the highest rainfall, contributing to 32 % of the
total annual precipitation, with the peak occurring in November when
cumulative rainfall reaches 112 mm. Additionally, both winter and
spring months each account for approximately 25 % of the annual
rainfall. In contrast, summer is the least rainy season, contributing only
18 % of the total annual rainfall, with just 38 mm of rainfall recorded in
July.

The bedrock lithology in this area varies (Fig. 1b). In the northern
part, there is a Mio-Pliocenic succession comprised of arenaceous,
conglomeratic, marly, and evaporitic deposits. The hillslopes in this
region are very steep, typically with slope angles exceeding 20°. They
are covered with superficial soils resulting from the weathering of the
bedrock, and these soils exhibit sandy silts or clayey-sandy silts textures
with thicknesses ranging from a few centimetres to 2.5 m.

Moving to the central part of the area, we find Cretaceous flysch
formations and other Eocenic-Miocenic marls, calcareous marls, sand-
stones, and scaly shales as the primary lithological bedrocks. Slopes here
have typical inclinations of 5-20° and are characterized by silty clays
and clays with silts, with thicknesses ranging from 1.0 to 4.0 m. This
region also experiences deep, slow-moving landslides.

In the southern part, Mesozoic flysch formations and melanges with a
block-in-matrix texture are prevalent. Hillslopes in this area are gener-
ally less steep, with slopes ranging from 5 to 15°. The predominant soils
in this region are characterized by a silty clay texture and have thick-
nesses exceeding 1.0-2.0 m.

The land use in this region is characterized by various agro-
ecosystems interspersed with areas covered by natural vegetation, as
noted by Bordoni et al. in 2020. >39 % of the area is enveloped by
woodlands dominated by broadleaf species such as black locust, Norway
maple, European hackberry, buckthorn, European hophornbeam, and
flowering plants.

Around 15 % of the study area consists of shrubs and grasses, pri-
marily composed of hemicryptophytes and chamaephytes, which are
prevalent on the uncultivated slopes. Approximately 30 % of the study
area comprises active agroecosystems, primarily vineyards (22 %) and

Fig. 1. Test-sites location (a) and their main geological and geomorphological settings (b).
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cultivated fields (8 %), with crops like alfalfa and wheat being the
predominant choices for cultivation.

Oltrepo Pavese is highly susceptible to shallow landslides triggered
by intense rainfall events. According to Bordoni et al. (2020), approxi-
mately 1.7 % of the study area, equivalent to 8.1 km2, has been affected
by >2500 shallow landslides since 2009. Most of these slope instabilities
initially manifest as shallow rotational-translational failures, eventually
evolving into earthflows, as described by Cruden and Varnes (1996).
These landslides typically measure between 10 and 70 m in width and
10 to 500 m in length, with sliding surfaces typically found at depths of
approximately 1 m from the ground level, regardless of the land use
where these slope failures occur.

Of these shallow landslides, 46 % affected cultivated slopes, 25 %
occurred in sowed fields, and 21 % took place in vineyards, as reported
by Bordoni et al. (2020). Furthermore,the majority of triggering events
occurred during the wettest periods of the year, notably in the spring,
autumn, and winter months, with a particular concentration between
March and May and between October and December. The rainfall events
responsible for triggering these landslides typically had durations
ranging from 4 to 105 h and cumulated precipitation amounts spanning
from 30 to 134 mm, as detailed in Bordoni et al’.s findings from 2020.

Three test-sites were carefully chosen and monitored within the
Oltrepo Pavese area to assess the mechanical and hydrological rein-
forcement effects on the occurrence of shallow slope instabilities. These
test-sites shared similar geological and geomorphological characteris-
tics, making them suitable for comparative analysis. However, they each
represented different agroecosystems, allowing us to emphasize the
distinctions among various cultivated plants.

The Costa Cavalieri test-site (CC-SF) was situated in central Oltrepo
Pavese (Fig. 1b) and served as a representative example of a sowed field
where alfalfa and wheat were cultivated alternately. Alfalfa and wheat
have been grown in this test site for over 40 years, including the 7-year
monitoring period analyzed in this study. Agricultural activities pri-
marily affected the top 0.2-0.3 m of soil, involving tillage of the shal-
lowest soil layer before planting the vegetation.

The Cascina Pernice (PER-VG) and Vigna del Fico (VDF-VA) test-sites
were also located in central Oltrepo Pavese, northwest of the Costa
Cavalieri test-site (Fig. 1b). These sites represented sloping vineyards
with different interrow management practices. In PER-VG, a permanent
grass coverwas maintained in the interrows. In contrast, VDF-VA
employed alternating tillage and grass cover management, involving
tillage in every second interrow while leaving the other rows unculti-
vated and covered with natural grass. This alternating practice was
carried out annually in September-October, with tillage performed in
the previously untouched interrows and the previously tilled interrows
maintained under grass cover. Both of these practices were consistently
followed for >10 years in both test-sites (13 years in PER-VG and 12
years in VDF-VA).

In both vineyards, the chosen cultivar is the Pinot Noir grape variety,
with rows spaced approximately 2.4-2.5 m apart and the individual
plants within the same row spaced at around 0.8-0.9 m from each other.

In terms of geomorphology (Fig. 2, Table 1), all the selected test-sites
were situated at medium slope elevations ranging from 250 to 510 m a.s.
l. They were positioned on south-facing hillslopes with moderate
steepness, typically ranging from 7 to 18°. Notably, CC-SF exhibited a
high susceptibility to shallow landslides, as evidenced by incidents
recorded in 2009, 2014, and 2020 (Fig. 2a and Table 1).

Both CC-SF and VDF-VA experienced deep, slow-moving landslides,
characterized as roto-translational landslides that evolved into flows
with sliding surfaces situated at depths exceeding 4 m from ground level.
However, these landslides have remained inactive in recent years. On
the other hand, PER-VG and VDF-VA were not impacted by shallow
slope failures (Fig. 2b and ¢, Table 1).

The physical and hydrological characteristics of the soils in the test-
sites exhibited significant similarities (Fig. 3, Table 2).

At CC-SF, the soils were silty clay and originated from the weathering
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of bedrock, specifically melanges with a block-in-matrix texture. From
the ground surface down to approximately 0.9 m, the upper soil (US)
layer exhibited a silty clay texture with high plasticity and a notable
carbonate content in the form of soft concretions. The unit weight of this
layer ranged from 18.6 to 19.0 kN/m3.Below this layer, between depths
of 0.9 to 1.4 m, there was a calcic soil layer (CAL) with a texture and
plasticity similar to the upper layer but with a higher unit weight,
approximately 20.3 kN/m3 and a greater carbonate content of 26.7 %.
In the CAL layer, carbonate concretions were notably compact, varying
in size from centimetres to decimeters. Saturated hydraulic conductivity
decreased with depth, with the US layer having the highest value,
approximately 10> m/s, while the CAL layer exhibited a saturated
hydraulic conductivity lower than that of the US layer, at around 10~°
m/s.

At PER-VG and VDF-VA, the soils resulted from the weathering of
marls and arenaceous marls. Similar to CC-SF, the US (US) layer in both
of these vineyards exhibited silty clay or clayey silt textures, high
plasticity, and a notable carbonate content in the form of soft concre-
tions. The unit weight of this layer ranged from 18.1 to 20.1 kN/m®. The
thickness of this layer was similar in both vineyards, measuring 0.5 m in
PER-VG and 0.6 m in VDF-VA, slightly less than that of CC-SF. Beneath
the US layer, a CAL layer was still present in both PER-VG and VDF-VA,
extending to depths of 1.2 and 1.3 m from ground level, respectively.
The CAL layer in these vineyards featured a clayey silt texture in PER-VG
and a silty clay texture in VDF-VA, with medium-high plasticity, high
unit weight (ranging from 20.3 to 21.0 kN/m%), and a significant
abundance of compact millimetric to centimetric carbonate concretions,
accounting for 21.0 % in PER-VG and 36.0 % in VDF-VA. Similar to CC-
SF, a decrease in saturated hydraulic conductivity was observed. US
layers had values ranging from 8.8-107° to 2.3-107® m/s, which were
approximately two times higher than the values measured in the CAL
layers, ranging from 3.2:107° to 1.0-107% m/s.

As previously demonstrated by Bordoni et al. (2019), different
vegetation types and soil management practices have a significant
impact on the saturated hydraulic conductivity values in test-sites with
similar textural and physical properties. Specifically, the VDF-VA site,
characterized by alternating management of vineyard interrows,
exhibited higher values for this parameter compared to the other sites,
consistent with similar experimental measurements conducted in
various land management scenarios in the Oltrepo Pavese area (Bordoni
et al., 2019).

2.2. Root mechanical reinforcement

Root Bundle Model - Weibull (RBMw; Schwarz et al., 2013) was
employed to calculate the mechanical reinforcement of roots (denoted
as ¢;) at each testsite. In addition to considering various stages of
increasing load and root failure occurring at forces smaller than the
applied load, this model incorporated a strain step-loading fibre bundle
model. This model was capable of accounting for both the mechanical
and geometrical properties of the roots, as well as the complete distri-
bution of roots along the depth and their maximum resisting force
(Schwarz et al., 2013).

As per the RBMw model, the required root mechanical properties
included the parameters describing the power-law relationships be-
tween root diameters and tensile force at rupture, specifically Young's
modulus and root length, respectively. These parameters were measured
for the analyzed land uses and are documented in Table 3 of Bordoni
et al. (2019, 2020). The mechanical properties of the root system were
then integrated with the root system architecture throughout the soil
depth, which was estimated based on the number of roots found along a
soil profile. The quantification of roots was accomplished using the root-
wall technique (Bohm, 1979). In the CC-SF area, all identified roots
belonged to the planted crops, which characterized this specific test-site.
However, in the PER-VG and VDF-VA areas, grapevine roots were
measured and distinguished from any spontaneous grass roots that
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Fig. 2. Detailed geomorphological and landslides distribution settings of the hillslopes where test-sites are located: a) Costa Cavalieri (CC-SF); b) Cascina Pernice
(PER-VG); ¢) Vigna del Fico (VDF-VA).
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Table 1
Main geological and geomorphological settings of each test-site.

Science of the Total Environment 912 (2024) 168999

Test- Slope Slope Slope Bedrock lithology Land use Deep slow- Shallow landslides
site elevation angle aspect moving landslides
(mas.l) ©)
CC-SF 450-510 8-18 SW Clayey melange with Sowed field (alternance between Yes Yes (6-8 February 2009, 18-20
block-in-matrix texture alfalfa and wheat) January 2014, 8-10 December
2020)

PER- 250-300 8-15 SE Marls and arenaceous Vineyard with permanent grass cover No No

VG marls in the interrows
VDF- 330-400 7-15 SE Marls and arenaceous Vineyard with alternation between Yes No

VA marls tillage and grass cover in the interrows

Fig. 3. Soil profiles of the test-sites with indication of the position of water
content and pore water pressure probes.

might be present down to depths of 0.3-0.4 m from ground level.

Each root's characteristics were determined through manual digiti-
zation within a square frame measuring 0.3 x 0.3 m, following the
methodology described by Bischetti et al. (2009). This frame was sys-
tematically moved across a 1 m? along the entire soil vertical profile
along a trench wall (Fig. 4). To digitize the roots' geometry, a
Geographical Information System (GIS) software, specifically QGIS, was
utilized. The application of GIS facilitated the determination of each
root's position in terms of depth and lateral distance from the plant
trunk, as well as the calculation of its diameter based on the assumption
that a root can be approximated as a cylinder with a circular cross-
section (Bischetti et al., 2009).

Root distribution measurements were conducted at 9 different lo-
cations in the CC-SF area, while the same parameter was assessed at 6
and 18 points in the PER-VG and VDF-VA areas, respectively. These
measurements were taken at varying distances ranging from 0.3 to 1.5m
from the plant trunk. The calculation of root mechanical reinforcement
(cy) was then performed at specific soil depths by integrating the con-
tributions of all the observed roots down to the chosen levels. These

Table 2

levels were selected at distances of 0.5, 1, and 1.5 m from ground level,
as they were deemed representative of various factors: 0.5 m repre-
sented the highest density of roots in the soil, 1 m corresponded to the
typical sliding surface depths of shallow landslides in the study area, and

Table 3

Parameters required for the application of RBMw: Fy and & are the fitting pa-
rameters of tensile force at rupture-diameter function; Eo and p are the fitting
parameters of Young's modulus-diameter function; Lo and « are the fitting pa-
rameters of root length-diameter function; A is the scale Weibull parameter; y is
the shape Weibull parameter.

Parameters of RBMw CC-SF (sowed fields) PER-VG and VDF-VA (vineyards)

Fo (N) 14.02 9.25
£(-) 1.92 1.93
Eo (MPa) 80.20 126.46
B (=) ~0.57 ~0.62
Lo (mm) 101.03 102.04
o (=) 0.79 0.81
r(-) 0.50 0.50
A=) 1.02 1.06
¥ (=) 1.51 1.64

Fig. 4. Adpoted frame for root-wall technique.

Main soil properties of the different layers of each test-site: Gravel) gravel content; Sand) sand content; Silt) silt content; Clay) clay content; LL) liquid limit; PI)
plasticity index; y) unit weight; CaCO3) carbonate content; K) saturated hydraulic conductivity; US) upper soil layers; CAL) calcic soil layer.

Test-site Soil level Depth Gravel Sand Silt Clay LL PI Y CaCOs3 Ky
(m) (%) (%) (%) (%) (%) (%) (kN/m®) (%) (m/s)
CC-SF us 0.0-0.9 0.5-1.0 2.2-2.3 39.7-45.7 51.5-57.5 69.2-73.9 49.3-53.6 18.6-19.0 9.8-13.7 1.0-107°
CAL 0.9-1.4 2.5 3.2 46.8 47.5 65.5 45.6 20.3 26.7 1.0-107°°
PER-VG Us 0.0-0.5 12.6-13.5 4.6-4.7 42.6-43.4 39.2 62.4 38.9 19.0-19.3 13.0-15.0 2.3107°
CAL 0.5-1.2 8.6 2.0 50.3 39.2 58.5 38.3 20.3 21.0 1.0.10°°
VDF-VA us 0.0-0.6 0.8-4.5 3.2-4.2 32.0-56.6 39.2-59.4 56.9-69.0 36.8-43.2 18.1-20.1 24.0-28.0 8.8.107°
CAL 0.6-1.3 4.0 4.3 41.6 50.1 47.5 29.1 21.0 36.0 3.2.107°
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1.5 m denoted the lowest rooting depth in the soil profiles (Bordoni
et al., 2019). Furthermore, ¢, was quantified at each root density
measuring point to assess potential heterogeneities within each test site.

The statistical significance of differences in c, between different land
uses was assessed using a two-way analysis of variance (two-way
ANOVA), employing a mixed-effects model. This model considered land
use and position along the hillslope as fixed effects, while a root prop-
erty's values were specified as the random effect. The analysis also
included an examination of the significance of the interaction between
land use and position along the hillslope within the resulting random
effect.

To ensure the validity of the two-way ANOVA, the normality and
variance homogeneity of the residualswere assessed using Shapiro-
Wilk's and Levene's tests, respectively. The results of these tests, with
significance levels (p-values) ranging from 0.05 to 0.11, confirmed that
the assumptions for applying the two-way ANOVA were met.

All two-way ANOVA analyses were then conducted with a signifi-
cance level (p-value) of 0.01. In cases where the results of the two-way
ANOVA were statistically significant, Tukey's honestly significant dif-
ference test was employed to compare the means. This test grouped land
uses that did not exhibit statistically significant differences, and again, a
significance level (p-value) of 0.01 was utilized for these comparisons.

2.3. Root hydrological reinforcement effect

2.3.1. Field soil hydrological monitoring

Continuous soil hydrological monitoring was conducted across all
the test-sites to assess potential variations in hydrological patterns
attributable to differing land uses. Detailed information regarding the
field equipment used can be found in Table 4.

Meteorological sensors at each test site recorded data on various
meteorological parameters, including rainfall, air temperature, air hu-
midity, atmospheric pressure, wind speed and direction, and solar ra-
diation. In the case of PER-VG and VDF-VA, the meteorological station
was situated within the vineyards under examination. In contrast,
meteorological data for the CC-SF site were obtained from the meteo-
rological station operated by ARPA Lombardia in Fortunago, located
501 m a.s.l. and approximately 2 km away from the test site.

Volumetric soil water content was measured using Frequency-
Domain Reflectometer (FDR) probes, which were strategically posi-
tioned at three representative soil layers. These layers included the su-
perficial US layer, the middle portion of the soil profile, and the depth
typical of shallow landslides' sliding surfaces (Fig. 3). Consequently,
FDR probes were installed at depths of 0.4 m, 0.6 m(CC-SF test-site), or
0.7 m (PER-VG and VDF-VA), and 0.9 m (CC-SF test-site) or 1.0 m (PER-
VG and VDF-VA) below ground level, respectively.

The analysis and comparison of saturation degree values, derived
from the monitored soil water content, provided a more direct means of
understanding the differences and similarities in trends observed across
different land uses. To achieve this, the trends in soil water content
recorded by these probes were transformed into saturation degree
trends. This transformation was achieved by calculating the ratio be-
tween the measured soil moisture (0) and the saturated moisture ().
The estimation of saturated moisture was based on laboratory-
reconstructed Soil Water Characteristic Curves (SWCCs) for the moni-
tored soil layers (Table 5), employing the Wind Schindler Method
technique (Peters and Durner, 2008) using the Hyprop system
(UMSGmbH, Munich, Germany). The SWCCs exhibited similar retention
properties, as evidenced by the similar values of the a and n fitting pa-
rameters of Van Genuchten's (1980) model for the various land uses
tested. Additionally, despite sharing similar textural features, 65 values
in the vineyards of the testsites were lower than those observed in the
sowed field across different soil horizons.

At corresponding depths, pairs of MPS-6 dielectric sensors and T4e-
UMS tensiometers were strategically installed to encompass the entire
spectrum of pore water pressure variation (Fig. 3). The MPS-6 sensors
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Table 4
Hydrological field sensors at the test sites.
Parameter Device Model Depth Accuracy  Range of
(m) measure

CC-SF test-site

Soil water FDR probe GS3, 0.4, 1% 0-100 %
content Decagon 0.6,

Devices Inc., 0.9
Pullman, WA

Soil pore Tensiometer T4e, UMS, 0.6, 0.5 kPa —80/15
water Munich, 0.9 kPa
pressure Germany
(higher
than
—10 kPa)

Soil pore Dielectric MPS-6, 0.4, 3.0 kPa —10,000/
water sensor Decagon 0.6, —9 kPa
pressure Devices Inc., 0.9
(higher Pullman, WA
than
—10 kPa)

PER-VG test-site

Soil water FDR probe TerraSense, 0.4, 2% 0-100 %
content Netsens, 0.7,

Sesto 1.0
Fiorentino,
Italy

Soil pore - - - - -
water
pressure
(higher
than
—10 kPa)

Soil pore - - - - -
water
pressure
(higher
than
—10 kPa)

VDF-VA test-site

Soil water FDR probe TerraSense, 0.4, 2% 0-100 %
content Netsens, 0.7,

Sesto 1.0
Fiorentino,
Italy

Soil pore Tensiometer TEROS 32, 0.4, 0.5 kPa —85/50
water Meter, 0.7, kPa
pressure Pullman, WA 1.0
(higher
than
—10 kPa)

Soil pore Dielectric TEROS 21, 0.4, 1.0 kPa —100,000/
water sensor Meter, 0.7, —9 kPa
pressure Pullman, WA 1.0
(higher
than
—10 kPa)

were responsible for measuring soil pore water pressure when it fell
below —10 kPa, while the T4e-UMS tensiometers handled measure-
ments of pore water pressure exceeding —10 kPa. It is important to note
that pore water pressure probes were not deployed in the PER-VG test-
site. Additionally, in the CC-SF site, the MPS-6 dielectric sensor was not
available at a depth of 0.4 m from the ground.

PER-VG and VDF-VA hydrological sensors acquired data every
minute, while CC-SF hydrological probes measured data every 10 min.
Average hourly values of measurements were considered to analyse and
compare the soil hydrological trends. The analyzed monitoring period of
soil water content ranged between 1 August 2020 and 1 September
2022, for a total of 25 months. Since pore water pressure probes were
installed at VDF-VA only on 18 May 2021, the analyzed monitoring
period of this parameter is referred to the time span between 18 May
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Table 5

Parameters of Van Genuchten (1980)’s model for SWCCs reconstructed at the
different monitored depths: 05 and 6, are the saturated and residual water con-
tents, respectively; 6 and n are the fitting parameters of Van Genuchten (1980)’s
model.

Depth of measure 05 0, [ n
(m) (m®/m% (m®/m% (kPa™h) -
CC-SF test-site
0.4 0.49 0.01 0.007 1.30
0.6 0.51 0.01 0.017 1.30
0.9 0.51 0.01 0.017 1.30
PER-VG and VDF-VA test-sites
0.4 0.42 0.03 0.002 1.30
0.7 0.42 0.02 0.006 1.42
1.0 0.41 0.01 0.015 1.27

2021 and 1 September 2022, for a total of about 16 months.

To obtain a reliable comparison between the trends of a hydrological
parameter at different land uses, the statistical differences between the
trends of the main climatic driving variables (rainfall, air temperature)
were evaluated with the Spearman's correlation coefficient (r) and the
Nash and Sutcliffe (1970) (NS) statistical indexes and Kruskal-Wallis test
for p-value of 0.01. The same statistics and test with similar significance
level was applied to assess statistical differences or similarities between
the trends of a monitored hydrological variable at the different land
uses. If the differences were statistically significant, the Dunn test was
applied within the groups at p-value of 0.01.

2.3.2. Modelling soil hydrological trends

The HYDRUS-1D code, Version 4.16 (Simunek et al., 2012), was
employed to simulate trends in soil pore water pressure at a daily res-
olution corresponding to various test-sites. The simulations of hydro-
logical trends at a one-dimensional scale were found to be in alignment
with the actual field test site configurations. This alignment stemmed
from the fact that field measurement devices were strategically posi-
tioned along a vertical (one-dimensional) profile. Additionally, the one-
dimensional scale was consistent with both the uniform distribution of
soil horizons, along with their respective physical and hydrological
properties across each hillslope, and the restricted soil thicknesses
(ranging from 1.2 to 1.4 m), which primarily facilitated vertical water
flow (Bordoni et al., 2021).

The simulated time frame covered the period between 1 June 2021
and 1 September 2022, to enable a comparison between the modelled
and field-measured trends of pore water pressure at various depths.
These modelled trends were subsequently compared to the actual field
trends of the same parameters at CC-SF and VDF-VA. Meteorological
variables, including rainfall and air temperature, were utilized as input
data for each test-site. Specific SWCCs and values for saturated hydraulic
conductivity at each test-site were considered (Tables 2 and 5). Addi-
tionally, the impact of plant transpiration was accounted for through
Root Water Uptake (RWU), which was influenced by the specific land
use present at each test-site. The RWU was modelled following the
approach outlined in Feddes et al. (1978), with parameters for each
analyzed land use detailed in Table 6. As this model assumed uniform
water uptake across depth due to an even distribution of root density,
the original input parameters were fine-tuned using data from Taylor
and Ashcroft (1972) and Wesseling et al. (1991). This calibration process
aimed to derive the most accurate values, considering the nonlinear
trends in root density associated with the tested land uses (Bordoni et al.,
2020) and to generate modelled trends for soil hydrological parameters
that closely resembled the actual monitored data.

The reliability of the modelled trends was evaluated using the r and
NS indices. When the modelled trends exhibited a strong correspon-
dence with the actual measurements across various depths, the same
modelling approach was applied to recreate pore water pressure trends
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Table 6
Parameters of Feddes et al.'s (1978) model adopted for the simulation of satu-
ration degree and pore water pressure at the different test-sites.

Sowed fields Alternated Vineyards with permanent
(CC-SF) vineyards (VDF-VA) grass cover (PER-VG)
PO (kPa) 0.0 0.0 0.0
POpt 0.1 0.1 0.1
(kPa)
P2H —5000.0 —10,000.0 —5000.0
(kPa)
P2L —9000.0 —10,000.0 —10,000.0
(kPa)
P3 —16,000.0 —160,000.0 —160,000.0
r2H (cm/ 0.5 0.5 0.5
day)
r2L (cm/ 0.1 0.1 0.1
day)

at depths of 0.4, 0.7, and 1.0 m from the ground level at PER-VG for the
same period. Furthermore, pore water pressure trends for the same
modelling period were also reconstructed under bare soil conditions,
assuming the presence of soil with physical and hydrological charac-
teristics similar to those of the test sites (Tables 2 and 5) and excluding
the influence of RWU. Subsequently, all these modelled trends were
subjected to statistical comparisons with the measured trends of the
same variable. The statistical analysis was performed using Kruskal-
Wallis and Dunn tests, with a significance level set at 0.01.

2.3.3. Quantification of the root hydrological reinforcement effect

The root hydrological reinforcement effect (ch;), induced by RWU of
the plants present in a particular land use, is related to the withdrawal of
water from the soil to satisfy plant physiological needs and transpiration
into the atmosphere (Rodriguez-Iturbe and Porporato, 2004). These
induce the reduction of the soil saturation as well as the pore water
pressure, potentially increasing the soil shear strength (Gonzalez-Ollauri
and Mickovski, 2017; Ng et al.,, 2020). In these terms, ch, can be
quantified as a pore water pressure difference between a vegetated and a
reference bare soil at a certain depth (Person, 1995; Gonzalez-Ollauri
and Mickovski, 2017).

For each test-site, daily trends of ch, were reconstructed for each
monitored or modelled soil depths of a particular land use, using an
empirical relationship between ch; and the pore water pressure (y;)
(Fredlund et al., 1978; Simon and Collison, 2002) (Eq. (1)):

_ Jwitanoy, <0
chyi = { A &

where & was the conversion rate between measured pore water pressure
and the hydrological reinforcement effect and was set equal to 20° for
soil where saturated conditions could occur just in particular seasons of
a year (Simon and Collison, 2002), like the ones present in Oltrepo
Pavese area (Bordoni et al., 2021). These trends allowed evaluating the
plant hydrological reinforcement effect throughout different seasons
and different dry and wet periods, highlighting also differences in this
contribution between different land uses. ch, trends were also compared
to each other statistically by Kruskal-Wallis and Dunn tests at p-value of
0.01, as for the other comparisons between hydrological trends.

2.4. Effect of root reinforcement on shallow slope stability

Slope stability analyses towards rainfall-induced shallow landslides
were carried out to assess the effect of different types of root re-
inforcements on the proneness of failure for a particular vegetated slope,
according to the analyzed land uses.

A simplified slope stability model based on the infinite slope theory
(Baum et al., 2008) was used to calculate the slope safety factor (Fs)
trends at the typical depth of development of shallow sliding surfaces (1
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m) during the period between 1 June 2021 and 1 September 2022,
through Eq. (2):

tan(py " C - l//ywmn(py
s = —_—
tanw YZSInwcosw

(2)

where ¢’ is the soil friction angle, C is the soil cohesion, v is the soil pore
water pressure, v, is the unit weight of the water, o is the slope angle, y
is the unit weight of the soil and z is the depth below the ground level at
which a potential sliding surface could develop. In this formulation, the
term C is the result of the sum between the soil effective cohesion ¢’ and a
root reinforcement term, which could be alternatively a mechanical
reinforcement (c;; Eq. (3)), or a hydrological reinforcement effect (chy;
Eq. (4)

C=c+ c, 3)

C=c+ch, (4

In the case of Fs of a bare soil, ch, was equal to 0 kPa, reducing C
equal to .

The method to evaluate the role that a particular analyzed vegetation
plays in improving the slope stability through c; or ch, consisted in
calculating the percentage of Fs increment (Fsy,) compared to the bare
soil condition for each scenario (Capobianco et al., 2021) (Eq. (5)):

v — Fsp

Fs
Fsp, = 100———— 5
S Fsg %)

where Fsg is Fs calculated for the condition of bare soil and Fsy is Fs
calculated for each analyzed land use setting. Fsp, was calculated for
each land use considering only the mechanical contribution of the roots
(cp) or only their hydrological contribution (ch;), or considering both the
effects at the same time.

The slope stability calculations were implemented considering
representative values of steepness and typical soil geotechnical param-
eters of the hillslopes where the analyzed agro-ecosystems are present in
the study area. In these scenarios, only c; or ch; changed, allowing a
more clear representation of the effects induced by the presence of
vegetation on slope stability.

3. Results
3.1. Root mechanical reinforcement

Fig. 5 illustrates the trends of calculated c, values for the soil layers
under consideration. The statistical analysis revealed that there were no
significant differences in ¢, values among the various sampling locations
within the same land use category while treating the type of land use as a
fixed factor (Table 7). Instead, c, exhibited statistically significant dif-
ferences among test sites with varying land use types, as indicated by the
data presented in Fig. 5 and Table 7. These differences were further
confirmed by the results of a two-way ANOVA analysis (F3 21 = 13.36, p-
value <0.01 for c; at a depth of 0.5 m; F3 2; = 13.56, p-value <0.01 for ¢,
at a depth of 1.0 m; Fy 51 = 16.16, p-value <0.01 for c; at a depth of 1.5
m). Furthermore, Tukey's test results (Table 8) indicated that all pairs of
land use categories exhibited statistically significant differences for each
soil layer.

VDF-VA exhibited the highest mechanical root reinforcement across
all three analyzed soil depths (4.4 £+ 1.0 kPa at 0.5 m from the ground,
3.1 £ 0.6 kPa at 1.0 m from the ground, 1.6 + 0.3 kPa at 1.5 m from the
ground). In contrast, PER-VG generally showed c; values 17-31 % lower
than those of VDF-VA, while CC-SF displayed a significant decrease in
c;values, averaging 65-71 % lower. Furthermore, c, values exhibited a
downward trend with increasing depth for each analyzed land use,
experiencing a reduction of 30-45 % from 0.5 m to 1 m in depth and a
decrease of 41-49 % from 1 m to 1.5 m in depth.
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Fig. 5. Mean and standard errors of root mechanical reinforcement (c,) in the
different land uses. Bold letters next to each bar of the different land uses
indicate that they were statistically similar by Tukey's test (p-value equal to
0.01) considering that particular soil level.

Table 7

Results of Two-way ANOVA tests for mechanical root reinforcement (c,) tested
at different soil depths, considering land use and sample location as fixed effects
and, also, the mixed effects of both these features. Significant differences were
considered at p-value equal to 0.01 and are identified by bold characters.

Variable Land use (PER- Sample location  Land use x
VG, VDF-VA, CC- sample location
SF)
F p- F p- F p-
Value Value Value
cyat 0.5 m from ground 13.36 <0.001 0.61 0.44 0.26 0.77
¢, at 1.0 m from ground 13.56 <0.001 0.42 0.52 0.44 0.65
c;at1.5mfrom ground  16.16  <0.001 0.47  0.50 0.24  0.79

3.2. Monitored soil hydrological trends

To assess the confidence level of field soil hydrological measure-
ments, laboratory tests were conducted to determine the saturation
degree of samples collected at varying depths and during different sea-
sons throughout the monitoring period at all test-sites (Fig. 6). The field
saturation degree exhibited a high degree of confidence, as evidenced by
differences between field measurements and their corresponding labo-
ratory counterparts, which were consistently below 6 % across all test-
sites. Additionally, the correlation coefficient (r) and Mean Absolute
Error values ranged from 0.91 to 0.94 and 2.78 % to 2.91 %, respec-
tively. Regarding field measurements of soil pore water pressure, Bor-
doni et al. (2021) demonstrated a high level of confidence in the
measurements conducted using the sensors employed at the chosen test-
sites. For tensiometers and conditions close to saturation, the differences
were <1-2 kPa, while for the dielectric sensors and conditions far from
saturation, differences remained below 10-20 kPa. Consequently, the
field data can be considered reliable for identifying the key hydrological
characteristics of the analyzed sites.

Rainfall amounts and air temperature trends exhibited similarities
across the various test-sites (Table 9). This similarity is supported by
correlation coefficients (r) and Nash-Sutcliffe efficiency (NS) values
exceeding 0.8, following the criteria established by Krause et al. (2005),
as well as the results of the Kruskal-Wallis test (;(2 =4.15, p-value = 0.21
for air temperature; y2 = 3.25, p-value = 0.20 for rainfall). Notably, the
monitoring period was marked by two anomalous periods. The period
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Table 8
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Comparisons between the pairs of the land uses through the application of Tukey's test for mechanical root reinforcement (c,). Pairs that are statistically similar

according to Tukey's test results (p-value equal to 0.01) are in bold characters.

Pair 0.5 m from ground 1.0 m from ground 1.5 m from ground
Difference between the means (mean + p- Difference between the means (mean + p- Difference between the means (mean + p-
standard error) kPa Value standard error) kPa Value standard error) kPa Value
PER-VG/ —0.7 £ 0.6 <0.001 -0.9+0.1 <0.001 -0.3+0.1 <0.001
VDEF-VA
PER-VG/ 21+13 <0.001 1.3+04 <0.001 0.8 +0.3 <0.001
CC-SF
VDF-VA/ 2.8+1.3 <0.001 22+0.3 <0.001 1.1+0.2 <0.001
CC-SF

Fig. 6. Comparison between laboratory and corresponding field measurements
of saturation degree at different test-sites.

between December 2020 and January 2021 was exceptionally rainy,
with a cumulative rainfall ranging from 363 to 428.4 mm. This amount
was 412 % to 487 % higher than the average of 87.9 mm recorded for the
same period from 1999 to 2021, as reported by the Fortunago station
within the ARPA Lombardia monitoring network. In contrast, the period
spanning from December 2021 to August 2022 experienced notably
hotter and drier conditions than the average conditions until June 2022.
From December 2021 to February 2022, the average temperature
ranged from 5.2 to 5.5 °C, accompanied by cumulative rainfall amounts
of 54.6 to 70.4 mm. Subsequently, from March 2022 to June 2022, the
average temperature was 15.2 to 15.8 °C, with cumulative rainfall
measuring between 95.8 and 107.7 mm. These periods were 1.5 °C to
1.8 °C warmer and saw rainfall levels reduced by 46 % to 60 %
compared to the average conditions observed from 1999 to 2021 at the
Fortunago station. Additionally, the period of July to August 2022 also
stood out as significantly warmer than the average conditions, with
temperatures ranging from 25.2 °C to 25.8 °C, representing an increase
of 2.4 °C to 3.0 °C.

Figs. 7 and 8 depict the trends in saturation degree and pore water
pressure at various test sites, corresponding to different depths. These
parameters exhibited distinct dynamics across different layers and land
uses, as evidenced by the low values of the correlation coefficients (r,
lower than 0.7) and Nash-Sutcliffe (NS) indexes (lower than 0.1),
following the criteria outlined by Krause et al. (2005). The statistical
significance of these differences was confirmed by the results of the
Kruskal-Wallis test (X2 = 12,228-16,493, p-value<0.001 for saturation
degree; Xz = 70.18-729.65, p-value<0.001 for pore water pressure;
Fig. 6-7) and the Dunn test (Z scores for all pairs ranging from 11.47 to
80.47, p-value<0.001). It is worth noting that all sensors required
approximately one month to re-equilibrate with the soil, as reported by
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Table 9

Values of the indexes (Spearman's correlation coefficient r and Nash and Sut-
cliffe index NS) used for estimating the similarity between the trends of different
meteorological and soil hydrological parameters.

PER-VG VDF-VA CC-SF
Air temperature
r(-)
PER-VG 0.88 0.83
VDF-VA 0.86
NS (=)
PER-VG 0.88 0.81
VDF-VA 0.83
Cumulated rainfall
r(-)
PER-VG 0.90 0.81
VDF-VA 0.84
NS (=)
PER-VG 0.87 0.80
VDF-VA 0.82
Water content-0.4 m
r(-)
PER-VG 0.62 0.55
VDF-VA 0.39
NS (=)
PER-VG 0.08 0.13
VDF-VA 0.10
Water content-0.7 m
r(-)
PER-VG 0.67 0.60
VDF-VA 0.60
NS (=)
PER-VG 0.07 0.03
VDF-VA 0.05
Water content-1.0 m
r(-)
PER-VG 0.29 0.66
VDF-VA 0.33
NS (=)
PER-VG 0.01 0.04
VDF-VA 0.03
Pore water pressure — 0.7 m
r(-)
PER-VG - -
VDF-VA 0.30
NS (=)
PER-VG - -
VDF-VA 0.04
Pore water pressure — 1.0 m
r(-)
PER-VG - -
VDF-VA 0.24
NS (=)
PER-VG - -
VDF-VA 0.03

Bordoni et al. (2021). Therefore, the initial months of the monitoring
period (August 2020 for saturation degree and May 2021 for pore water
pressure) were not considered representative of the actual soil condi-
tions during those time spans.

In the uppermost soil layers (0.4 m from ground level), the saturation



M. Bordoni et al.

Science of the Total Environment 912 (2024) 168999

Fig. 7. Trends of saturation degree monitored in different test-sites at 0.4 (a), 0.7 (b) and 1.0 m (c) from ground.

degree and pore water pressure dynamics exhibited a close relationship
with short-term rainy and dry periods. These changes in hydrological
parameters occurred much more rapidly than those observed in the
deeper monitoring levels. During hot and dry periods, which typically
span from May to September, the saturation degree at 0.4 m was, on
average, 24-33 % higher in vineyards than in cultivated fields. This
difference was less pronounced for pore water pressure, with both CC-SF
and VDF-VA sites showing similar values, reaching approximately
—1500 kPa during the May-September period. Rainfall events during
the first week of October 2021 led to a rapid increase in soil water
content across all monitored test-sites. This increase was evident
through the rise in saturation degree, reaching close to 100 %, and a
decrease in pore water pressure to below —10 kPa. However, in the
subsequent days of October, when there was no rainfall, soil water
content in sowed fields further decreased. The saturation degree drop-
ped to around 60 %, and pore water pressure decreased to as low as
—110 kPa. In contrast, the vineyard test-sites did not experience the
same phenomenon. They maintained conditions close to complete
saturation, with saturation degree and pore water pressure remaining
near 100 % and O kPa, respectively.

These distinct behaviours were also observed throughout the
remainder of the autumn (November) and the winter months

11

(December—February). Although pore water pressure under —9 kPa
could not be measured at CC-SF due to the absence of a tensiometer, the
monitored sowed fields exhibited more pronounced fluctuations in
saturation degree and pore water pressure during this period. This was
evident in the alternation between conditions close to complete satu-
ration and extended periods of unsaturated conditions during intervals
without significant rainfall. Specifically, the saturation degree ranged
between 72 % and 85 %, and pore water pressure fluctuated between
—60 and —20 kPa. In contrast, the soil in both of the tested vineyards
maintained consistently saturated conditions during these same periods,
with pore water pressure staying within the narrow range of —5 to 0 kPa.
This pressure occasionally increased into the positive range (up to 0.9
kPa) during the most significant rainfall events, which typically excee-
ded 20 mm/day. On average, the saturation degree at a depth of 0.4 m in
the November-February period was 7-11 % higher in the vineyards
compared to the sowed fields.

During the spring months of March and April, distinct hydrological
dynamics were observed at a depth of 0.4 m in the three tested land uses.
Sowed fields (CC-SF) exhibited a similar hydrological pattern to that
observed from November to February until the early part of March. It
was during this period that both soil saturation degree and pore water
pressure began a continuous decline, ultimately reaching their lowest
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Fig. 8. Trends of pore water pressure monitored in different test-sites at 0.4 (a), 0.7 (b) and 1.0 m (c) from ground.

values during the summer months. This transition point corresponded to
7 March 2021 and 2 March 2022 in the two monitored years.

Conversely, the hydrological patterns observed from November to
February remained relatively stable for a more extended duration in the
monitored vineyards. This constancy persisted until the latter half of
April for the vineyard with permanent grass cover (starting points in 26
April 2021-17 April 2022 at PER-VG) and until the first half of May for
the vineyard with alternating interrow management of the inter-row
(starting points in 16 May 2021-19 May 2022 at VDF-VA). Further-
more, it is worth noting that the driest soil conditions were reached
earlier in the vineyard with permanent grass cover (by the end of May)
than in the vineyards with alternating management (beginning of July).
Based on these observed behaviours, vineyards with alternating man-
agement maintained a saturation degree that was, on average, 12 % and
28 % higher compared to vineyards with permanent grass cover and
sowed fields, respectively.

The hydrological dynamics at soil depths of 0.7 and 1 m exhibited
distinct patterns. The re-wetting of these soil horizons commenced in
autumn (October-November) and was as rapid as observed in the
shallower layers, albeit occurring earlier in vineyards compared to
sowed fields. Notably, the re-wetting process until conditions

12

approximating saturation at a depth of 0.7 m occurred at PER-VG and
VDF-VA following intense rainfall events, typically characterized by at
least 70 mm of rain within50 hours. In these locations, a similar re-
wetting at a 1-m depth from the ground surface occurred after two
weeks of cumulative rainfall exceeding 100 mm. Following re-wetting,
these layers approached conditions very close to saturation, with a
saturation degree exceeding 97 % and pore water pressure ranging be-
tween —10 and 0 kPa. At VDF-VA, positive pressures developed at both
0.7 and 1-m depths in response to rainfall events with at least 30 mm/
day of cumulative rainfall.

In the monitored sowed field (CC-SF), a comparable re-wetting
process occurred at depths of 0.6-0.7 m and 0.9-1 m from the ground
surface, happening nearly simultaneously during rainy periods with 100
mm of cumulative rainfall over 10-15 days. Subsequently, these layers
reached conditions close to complete saturation, with a saturation de-
gree exceeding 95 % and pore water pressure higher than —5 kPa,
throughout the remainder of autumn and winter. Positive pressures
increased, reaching up to 5 kPa at 0.7 m and 8.6 kPa at 0.9 m, coinciding
with rainfall events of at least 20 mm/day. Due to these divergent be-
haviours, vineyards with permanent grass cover exhibited saturation
degrees at depths of 0.7 and 1 m from the ground surface during the
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November-February period that were, on average, higher by 3-4 % and
26-32 % compared to vineyards with alternating management cover
and sowed fields, respectively.

The behaviour during the coldest and rainiest months persisted for
varying durations across different land uses. In sowed fields, the decline
in saturation degree and pore water pressure commenced in the middle
of March to the early days of April (starting points in 1 April-6 April
2021, 15-21 March 2022). In contrast, in vineyards, this decline started
later, occurring between the latter half of May and the beginning of June
for the vineyard with permanent grass cover (10 June 2021-20 May
2022) and between the latter half of June and the latter half of July for
the vineyard with alternating management (1-18 July 2021, 11-21 June
2022). As a result of these disparities in behaviour, vineyards with
alternating management maintained saturation degrees at 0.7 and 1 m
from the ground during the March-October period that were, on
average, 5-12 % and 33-40 % higher than those in vineyards with
permanent grass cover and sowed fields, respectively.

3.3. Modelled soil pore water pressure trends

The trends of the pore water pressure modelled with HYDRUS-1D at
CC-SF and VDF-VA (Fig. 9) exhibited strong agreement with the
observed trends across all analyzed soil depths. The values of the r and
NS indexes were relatively high, ranging from 0.81 to 0.91 for r and 0.79
to 0.88 for NS, which confirms the effectiveness of the modelling scheme
(Krause et al., 2005). The modelled trends accurately simulated the
hydrological dynamics observed at various depths during both dry and
rainy periods in CC-SF and VDF-VA.
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However, it is worth noting that the model's trend at a depth of 0.9 m
in CC-SF indicated conditions close to complete saturation (lower than
—10 kPa) during the period from December 2021 to March 2022. These
conditions were not reflected in the actual measurements, which
consistently remained below —100 kPa throughout this period.
Furthermore, during August-September 2021, extreme negative values
of pore water pressure were recorded in all monitored layers at VDF-VA.
These values were significantly higher (ranging from 230 to 680 kPa)
than the measurements obtained by the model for the same months.

Given the reliability of the modelled pore water pressures at the CC-
SF and VDF-VA test sites, it was decided to also utilize the modelled
trends of pore water pressure at depths of 0.4, 0.7, and 1 m from the
ground level for both bare soil conditions and PER-VG (Fig. 10) during
the same period. Similar to the trends observed in other land uses, the
dynamics of pore water pressure in bare soil indicated a significant
decrease in soil saturation and corresponding pore water pressure dur-
ing the hot and dry season, especially between April and September.
Conversely, there was a re-wetting trend, leading to conditions close to
complete saturation during the wet season, primarily occurring between
November and March.

Despite exhibiting similar dynamics, the pore water pressure in the
bare soil did not reach the lowest values observed in the cultivated fields
and vineyards. In fact, during July-August 2022, the pore water pres-
sure in the bare soil did not drop below —1040/—770 kPa. In contrast,
values below —2000 kPa were recorded in the other land uses.
Regarding the vineyard with permanent grass cover represented by PER-
VG, the pore water pressure dynamics at various depths exhibited trends
similar to those observed at the same depths in VDF-VA (vineyard with

Fig. 9. Comparison between modelled and monitored trends at 0.4 m from ground in CC-SF (a) and VDF-VA (b), 0.7 m from ground in CC-SF (c) and VDF-VA (d), 1.0

m from ground in CC-SF (e) and VDF-VA (f).
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Fig. 10. Modelled trends of pore water pressure for a bare soil and PER-VG site at 0.4 (a), 0.7 (b) and 1.0 (c) m from the ground level.

alternating management). Similar values of pore water pressure, close to
0 kPa, were observed during the November-March period, while the
lowest values were simulated during the hot season, particularly in
August and September.

The differences in pore water pressure trends observed among the
analyzed land uses were further confirmed through statistical analysis
using the Kruskal-Wallis test (2 = 62.53 for 0.4 m, y? = 92.05 for 0.7 m,
and p-value = 187.99 for 1.0 m, with a p-value <0.001). Subsequent
Dunn tests also indicated significant distinctions between all pairs, with
Z-values ranging from —13.04 to 10.08 and p-values falling between
<0.001 and 0.002.

3.4. Root hydrological reinforcement effect

The daily trends of ch;at the three test sites, each with different land
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uses, were reconstructed using Eq. (1) for the period between 1 June
2021 and 31 August 2022, corresponding to the three monitored depths
along the soil profile (Fig. 11). The trends of ch, exhibited statistically
significant differences among the various land uses within each analyzed
soil layer (Kruskal-Wallis test results: 2 = 60.74 for 0.4 m, y? = 27.33
for 0.7 m, p-value = 56.29 for 1.0 m, p-value <0.001; Dunn test results:
Z scores for all pairs ranged between 1.25 and 7.80, with p-values
<0.01).

The ch, values for all the considered land uses reached their highest
levels between June and October. While rainfall-induced shallow land-
slides rarely occurred during this period due to dry soil conditions, ch,
values exceeded 10% kPa during these months. The most significant
variations in ch, were observed in the shallowest layer (0.4 m from the
ground), where shallow landslide surfaces typically do not develop.
These variations were associated with periodic decreases immediately
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Fig. 11. Calculated daily root hydrological reinforcement (ch,) trends at
different depths in soil profiles: a) rainfall amounts; b) ch, at 0.4 m from
ground; c) ch, at 0.7 m from ground; d) ch, at 1.0 m from ground.

following intense thunderstorms, which led to rainwater infiltration at
this level (at least 20 mm/day). The highest ch, values were recorded in
vineyards at depths of 0.7 and 1.0 m, where values higher than 10° kPa
(reaching up to 1323.7-1982.6 at PER-VG and 1561.6-2897.6 kPa at
VDF-VA) were observed in August and September. In sowed fields, the
highest ch; values occurred in June at depths of 0.7-1.0 m but did not
exceed 1977.7 kPa. The increase in ch, during the hot season was rapid
across all the analyzed land uses, with changes ranging from values close
to 1 kPa to over 10% kPa occurring within 15-23 days. However, these
changes occurred at different times, starting in April-May in sowed
fields, the second half of May in vineyards with permanent grass cover,
and the first half of June in vineyards with alternating management.
The decline in ch; began in October-November, coinciding with
rainy periods, and initially affected the shallowest layer before
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impacting deeper layers. Following a cumulative rainfall of 108.3 mm
over 4 days between 3 and 6 October 2021, ch, values for all land uses
decreased to levels between 1 and 6 kPa at a depth of 0.4 m. During the
most substantial rainy periods in autumn and winter (at least 20 mm of
rain in one day), ch, dropped further below 1 kPa. In December and
January, ch; levels in sowed fields remained negligible for all monitored
soil depths, while in vineyards, they ranged between 1.5 and 0.2 kPa
during the same period, reaching negligible conditions only at the end of
January and the first half of February. In the deeper layers (0.7 and 1.0
m from the ground), ch; fell below 1 kPa only in the first half of
November, following cumulative rainfall of at least 130 mm over 15
days. After this event, ch; dynamics in different land uses mirrored those
observed at a depth of 0.4 m, with values reaching 0 kPa in sowed fields
in December and in the first half of January in vineyards.

The ch, values for sowed fields began to rise throughout the entire
soil profile in early March, transitioning from values of 10! kPa to levels
exceeding 10° kPa within 28-30 days. These elevated values persisted
for the remainder of the spring months, except for occasional drops
below 10 kPa during intense rainfall events (e.g., 33.5 mm of rain be-
tween 5 and 6 May 2022). In contrast, ch, remained below 10 kPa until
the first half of May in vineyards with permanent grass cover and until
the beginning of June (a difference of 16-18 days) in vineyards with
alternating management. Nil values were recorded during intense
rainfall events (e.g., 39.4 mm of rain between 5 and 8 May 2022). After
these time intervals, ch; increased to levels exceeding 103 kPa within
22-25 days.

Assuming that root mechanical reinforcement remained consistent
throughout different seasons in this context, as demonstrated in Bordoni
et al. (2016) for grapevine plants, the average c,values for each land use
at different depths are presented in Fig. 11. This allows for a comparison
between the mechanical and hydrological reinforcement effects. Across
all analyzed land uses, hydrological reinforcement was, on average,
10-100 times higher than mechanical reinforcement during the period
from June to September. It is worth noting that the likelihood of shallow
landslides during these months is very low due to the dry soil conditions.

As the soil re-wetted between October and November, ch, initially
exhibited similar or only 2-3 times higher values than the corresponding
¢, values in all tested land uses. However, ch, values became lower than
¢, when the soil approached or reached complete saturation during the
rainiest periods between November and February. During the period
from March to May, ch, surpassed c; at the beginning of March in sowed
fields and in the first half of May to the beginning of June in vineyards.
Nevertheless, ch, in all tested land uses could drop below the average c,
during intense rainfall events occurring in these months (e.g., 39.4 mm
of rain between 5 and 8 May 2022).

3.5. Slope safety factor trends

The effects of root reinforcement on the safety factor of slopes (Fs)
were investigated by reconstructing daily trends during the same period
in which pore water pressure was modelled and quantifying root hy-
drological reinforcement. Fs was calculated using Eq. (2) for the
analyzed land uses, taking into account the trends in pore water pres-
sure. As previously explained, pore water pressure was measured for
sowed fields and alternating vineyards, while it was modelled with
HYDRUS-1D for bare soils and vineyards with grass cover. Fs scenarios
were estimated, considering root mechanical reinforcement, root hy-
drological reinforcement, or the absence of both. The latter condition
represents bare soil. To facilitate a better comparison of the impacts of
these reinforcements on different land uses, we considered the same set
of geological and geomorphological parameters required for solving Fs,
as listed in Table 10.

Daily trends of Fs (Fig. 12) highlighted the significant role of root
reinforcement in enhancing shallow slope stability. In unsaturated soil
conditions with pore water pressure below —10 kPa, Fs consistently
exceeded 1 (indicating stability) and even exceeded 100 during dry
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Table 10

Parameters used on slope safety factor calculations: ¢’ and ¢’ are
the soil friction angle and the soil effective cohesion, respectively,
estimated through direct shear tests; c, is the mechanical root
reinforcement for sowed fields, alternating vineyards and grass
covered vineyards; vy is the unit weight of the water; y is the unit
weight of the soil; z is the depth below the ground level at which a
potential sliding surface could develop;w is the slope angle.

Parameter Value
9 ) 36

¢ (kPa) 2.5
¢, (kPa)-Sowed fields 0.9
¢, (kPa)-Alternating vineyards 3.1
¢, (kPa)-Grass covered vineyards 2.2
Yw (kN/m?) 9.8
¥ (kN/m?) 20.3
z (m) 1.0
o () 18

periods until early October (Fig. 12 c, e). These conditions were
observed in all analyzed land uses, whether considering c, or ch,. When
ch; was incorporated into the model, Fsy, exhibited greater significance
compared to the bare soil condition (ranging from 5.4 % to 179.3 %
considering chy; 2.2 % to 9.6 % considering c,). Among the analyzed
agroecosystems, vineyards showed a more substantial increase in FsIn
compared to sowed fields (on average, 2.2 % in sowed fields and 5.5 %
to 6.8 % in vineyards for c;; on average, 63.7 % in sowed fields and 78.2
% to 98.3 % in vineyards for ch,).

The significance of root reinforcement in enhancing slope stability
became more pronounced when the soil approached or reached

Science of the Total Environment 912 (2024) 168999

complete saturation (pore water pressure higher than —10 kPa) during
rainy periods between November and March. In comparison to the
corresponding value for bare soil, Fsy, was higher for vineyards than for
sowed fields when considering c; in the Fs calculation (averaging 2.8 %,
7.3 %, and 5.6 % in sowed fields, vineyards with alternating manage-
ment, and vineyards with grass cover, respectively).

However, when considering ch;, the increase in Fs values compared
to bare soil was significantly more pronounced in vineyards than in
sowed fields. On average, daily Fs was only 5.0 % higher in sowed fields
than in bare soil conditions, while it increased approximately 3.5 times
(350 %) in vineyards with alternating management and around two
times (226 %) in vineyards with permanent grass cover compared to
bare soil conditions. These differences were particularly notable on days
when rainfall events had the potential to elevate pore water pressure to
positive values (up to 1.4 kPa), resulting in a decrease in slope Fs
(Fig. 12d, ).

Between March and June, Fs calculated with the inclusion of c;
exhibited similar trends, showing an increase compared to bare soil due
to the amount of root reinforcement provided by each land use (aver-
aging 2.7 % in sowed fields, 7.2 % in vineyards with alternating man-
agement, and 5.1 % in vineyards with grass cover). Conversely, when
considering Fs calculated with the inclusion of ch,, sowed fields dis-
played higher Fsy, values (ranging from 0.0 % to 423.8 %) than vine-
yards (ranging from 0.0 % to 95.8 %), particularly noticeable between
March and the first half of May, when ch; values in sowed fields reached
up to 10? kPa while ch; values in vineyards remained below 10 kPa.

Fig. 12. Trend of calculated daily slope safety factor (Fs) of different land uses considering the role of the different types of root reinforcements: a) rainfall amounts
between 1 June 2021 and 31 August 2022; b) rainfall amounts between 23 December 2021 and 23 January 2022; c¢) Fs calculated considering root mechanical
reinforcement between 1 June 2021 and 31 August 2022; d) Fs calculated considering mechanical root reinforcement between 23 December 2021 and 23 January
2022; e) Fs calculated considering root hydrological reinforcement between 1 June 2021 and 31 August 2022; f) Fs calculated considering mechanical root rein-

forcement between 23 December 2021 and 23 January 2022.
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4. Discussion

Vegetation plays a fundamental role in slope stability, particularly in
the topmost layers of soil, where the majority ofroots are concentrated.
In this context, the selection of optimal vegetation types can serve as a
nature-based solution to mitigate the susceptibility of a region to
shallow slope instabilities, such as shallow landslides (Gonzalez-Ollauri,
2022; Mao, 2022). This aspect is crucial, even in the case of vulnerable
hillslopes that are cultivated with various crops and agricultural prac-
tices, to identify the most effective management strategies for reducing
the occurrence of slope failures and their associated damages (Wu,
2012).

The selected study area serves as a compelling example of the posi-
tive impact that agricultural practices can have on agroecosystems,
specifically on hillslopes cultivated with vineyards and sowed fields in
the northern Italian Apennines. The assessment of mechanical and hy-
drological effects induced by different land uses on slope stability,
conducted in this study, provides valuable insights applicable to various
agroecosystems, whether they share similar or dissimilar land uses.
Furthermore, this research contributes to the evaluation of the impacts
of other agricultural practices, such as intense tillage and mulching
(Gatti et al., 2022), or different cultivated crops, such as orchards and
olive yards (De Melo and Van Lier, 2021), on RWU and the stability of
steep slopes.

The mechanical influence of vegetation on soil stability near the base
of slopes is primarily concentrated within the rooting zone. In this zone,
the shallow soil, permeated with roots, functions as a composite material
where stresses are distributed between the solid skeleton and the root
network (Capobianco et al., 2021). As previously noted by Bordoni et al.
(2020), the level of mechanical root reinforcement increases with a
higher concentration of roots in the soil layers for the land uses under
examination. In this context, it is observed that for the specific land uses
in Oltrepo Pavese, the absolute values of ¢, range from 12 % to 73 %,
which are lower than those reported by Bordoni et al. (2020). Further-
more, the results of this study continue to underscore that grapevines
provide a greater mechanical reinforcement compared to sowed fields,
particularly in areas with alternating vineyards, extending to depths of
up to 1.5 m from ground level.

Sowed areas are characterized by having >80 % of their roots clas-
sified as fine, with a diameter of <2 mm. It is worth noting that fine roots
provide a lesser contribution to root reinforcement when compared to
larger-diameter roots, which are more prevalent in grapevines, consti-
tuting over 45 % of the root composition with a diameter exceeding 2
mm (Vergani et al., 2017; Dazio et al., 2018). Among the various agri-
cultural practices employed in vineyards, the development of larger
roots in alternating vineyards may be attributed to the presence of a
higher quantity of organic matter in the soil profile. This increase is a
result of trenching and tillage activities carried out in previously covered
interrows. These practices facilitate the movement of a greater quantity
of nutrients, thereby promoting further growth in the root system ar-
chitecture (Costantini et al., 2015).

In the rooting zone, vegetation's hydrological impact on stability
arises from processes like evapotranspiration and water uptake, which
are essential for plant physiology. These processes lead to a decrease in
soil water content and, consequently, a reduction in soil pore water
pressure (Terwilliger, 1990). Root mechanical reinforcement can be
considered relatively stable over limited periods, especially for culti-
vated plants like grapevines, as it typically takes >3-5 years to observe a
noticeable effect on root density due to changes in agricultural practices
or the types of cultivated plants (Smart et al., 2006). In contrast, the
hydrological reinforcement effect provided by roots experiences more
pronounced fluctuations, including seasonal variations, owing to the
occurrence and intensity of water uptake required for plant physiology
(Liu et al., 2021).

The trends in saturation degree and pore water pressure, both
monitored and modelled within the examined land uses, confirm
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variations in ch; across different seasons, even for cultivated plants. This
observation aligns with findings in other woody plants (Liu et al., 2021;
Boldrin et al., 2021) and shrubs (Ng et al., 2020). The highest ch, values
are observed during the summer season when plant transpiration is at its
peak. This period is characterized by prolonged dry and hot days.
Conversely, ch; experiences a continuous and significant decrease dur-
ing the autumn and winter seasons, when plant transpiration is minimal
or absent, coinciding with the coldest and wettest days. There is a ch;
recovery in the spring months, typically starting in March, attributable
to changing environmental conditions (Liu et al., 2021).

In addition to the overall pattern observed in both sowed areas and
vineyards, it isimportant to note that ch, varies among the different land
uses during specific periods. During the summer months, characterized
by dry and hot conditions, all the examined land uses exhibited very low
levels of soil water content and pore water pressure. Consequently, ch,
values exceeded 102 kPa across all soil depths. However, it was observed
that ch, decreased to around 10'kPa in all the land uses during October
and November. Significant distinctions emerge during late autumn
(November), the winter months, and the early spring period (up to May).
During this time frame, the soil tends to approach or reach complete
saturation, and RWU is minimal or nonexistent due to plant dormancy.
During particularly rainy periods, pore water pressure can drop to zero
or even become positive within the typical soil layer, where shallow
landslides could potentially occur in the study area (1 m from ground
level). This situation poses a risk of triggering shallow slope failures. In
this specific time interval, notably in December and January, ch,values
in sowed fields become zero, while in vineyards, they remain positive,
decreasing to at least 0.2 kPa. On average, ch, values hover around 1.5
kPa in grass-covered vineyards and around 2.8 kPa in alternating
vineyards across all the analyzed soil layers.

These results indicate that the water uptake processes by grapevine
roots can occur, albeit in a limited capacity, even during the coldest
periods of the year and under various agricultural management prac-
tices. This observation aligns with the findings of Strack and Stoll
(2022). Despite grapevines being deciduous plants, evapotranspiration
remains minimal in the autumn and winter months due to the low
physiological activity of the plants during dormancy (Allen et al., 1998;
Wilson et al., 2020). In contrast, wheat and alfalfa, which are present in
the studied sowed areas, exhibit negligible water uptake after being
mowed and harvested at the end of summer and the beginning of
autumn (Penna et al., 2020). During these months, the measured
chyvalues in alternating vineyards are higher than those in vineyards
covered with grass. This difference can be attributed to variations in root
density, as a more developed root system in the soil profile leads to
greater water uptake (Boldrin et al., 2021). Indeed, the root density of
the tested alternating vineyards, assessed using the Root Area Ratio
(RAR) index (Bischetti et al., 2009), is, on average, 25 % higher in
alternating vineyards compared to those covered with grass throughout
the entire soil profile. Specifically, root densities are measured at 0.104
% in alternating vineyards and 0.078 % in grass-covered vineyards, with
differences ranging from 15 % to 39 % across various soil layers.

Distinct trends in ch; were observed during the early spring months
(March to May). In sowed fields, ch, values began to rise earlier than in
vineyards, transitioning from 10 kPa to levels exceeding 10° kPa within
a span of 28 to 30 days. Conversely, ch, remained below 10 kPa in
vineyards with permanent grass cover until the first half of May and in
alternating vineyards until the beginning of June. These variations may
be attributed to differences in the timing of the most active physiological
processes between these plants. It appears that these processes are
initiated earlier in sowed fields with crops like wheat and alfalfa
compared to grapevines. The disparities among the various types of
vineyards can be attributed to the presence of spontaneous grasses in the
interrows of grass-covered vineyards, characterized by a typical RAR of
0.021 % within the first 0.2 m from the ground level. These grasses tend
to flourish during the spring months, leading to additional evapotrans-
piration from the soil layers (Bogunovic et al., 2019).
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The contrasting behaviours of mechanical and hydrological re-
inforcements have a significant impact on shallow slope stability. This is
evident from the modelled trends of Fs reconstructed when considering
bare soils (no reinforcement), solely mechanical reinforcement, and
exclusively the hydrological reinforcement effect, respectively. When
focusing solely on mechanical reinforcement, the increment in Fs
attributed to plant roots remains within a range of 7 %, displaying
relative stability across various soil hydrological conditions. Notably,
grapevines' mechanical reinforcement provides a more substantial in-
crease in Fs (ranging from 5.1 % to 7.2 %) compared to sowed fields
(with increases ranging from 2.2 % to 2.7 %). This observation aligns
with the higher root density of grapevines, which results in a greater
contribution in terms of c;(as confirmed by Bordoni et al., 2020).

Conversely, the hydrological reinforcement effect exhibits variations
across different seasons, primarily influenced by the amount of water
extracted through plant activities and evapotranspiration, leading to
corresponding changes in pore water pressure (Simon and Collison,
2002). Previous research on the hydrological effects of roots on soil
hydrological trends and slope stability was conducted in various cli-
matic contexts and involving different woody plants and shrubs
(Comegna et al., 2013; Gonzalez-Ollauri and Mickovski, 2017; Capo-
bianco et al., 2021; Liu et al., 2021), has consistently demonstrated that
vegetation exerts its most significant hydrological reinforcement effect
during dry and hot seasons (exceeding 60 % in sowed fields and over 70
% in vineyards). This pattern was similarly observed in the study area
during the period between May and October. Regarding the c, effect,
grapevine plants are capable of providing a more substantial increase in
Fs through hydrological reinforcement compared to sowed fields, thanks
to their higher root density and consequent water uptake capacity.

Nevertheless, grapevine plants demonstrate their capacity to extract
a sufficient amount of water even during the cold and wet seasons of the
year, spanning from November to April. This period coincides with the
increased likelihood of triggering shallow landslides due to saturated
soil conditions (Bordoni et al., 2021). During this season, the influence
of ch, becomes evident, leading to significant increases in Fs. In vine-
yards managed with alternating methods and permanent grass cover, Fs
can surge by 3.5 times (350 %) and two times (226 %), respectively,
compared to bare soil conditions. In contrast, in sowed areas, the ch,-
driven increase averages only 5 % during the same wet season. However,
it can become negligible during extremely intense rainfall events, as
observed during the monitoring period (e.g., 18.2 mm of rainfall in 2
days on 25-27 December 2022). These differences are particularly sig-
nificant, especially during periods when rainfall events can lead to an
additional increase in pore water pressure, reaching positive values of
up to 1.4 kPa. This increase in pore water pressure results in a decrease
in Fs (as shown in Fig. 11d, f). In particular, focusing on the period 23
December 2021-23 January 2022, a rainfall event caused a substantial
decrease in Fs. However, the presence of ¢, helped maintain Fs values
above 1, ranging from 1.2 to 1.9, for all the analyzed agroecosystems. In
contrast, Fs dropped below 1, indicating unstable conditions for bare
soils during these rainy days.Instead, when considering the effect of ch,,
Fs values remained significantly higher than 1, ranging from 3.2 to 7.4,
in vineyards. However, Fs values for sowed fields decreased below 1
when the root hydrological reinforcement in this land use became
negligible, following a trend similar to that observed in bare soil.

These results affirm the beneficial impact of root reinforcement from
various plants and agricultural practices that are characteristic of typical
agroecosystems in a broad region such as Oltrepo Pavese in the Italian
Apennines. For the land uses examined, both the mechanical and hy-
drological reinforcement effects contribute to enhancing shallow slope
stability compared to vegetation-free soils for most of the seasons
throughout the year. In addition to the positive effects of these re-
inforcements, the presence of dying or decaying roots within a soil
profile could potentially have adverse impacts on shallow slope stability.
This is because it can lead to the development of preferential flow paths,
which may increase soil permeability and limit the ability of vegetated
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hillslopes to reduce soil water content and pore water pressure within
the upper meters of the soil profile (Ghestem et al., 2011; Ni et al.,
2018). Moreover, within the same land use, the variability of hydro-
logical reinforcement effects, due to particular meterological conditions,
peculiar site-specific land use distribution (Capobianco et al., 2021) or
geological and geomorphological settings (Boldrin et al., 2021), could
provoke local increase in soil water content and pore water pressure.
This could reduce or cancel the differences in terms of hydrological
reinforcement between land uses induced by their root water uptakes.

Neglecting these conditions, the stabilizing contribution of me-
chanical reinforcement is on average higher than the hydrological
reinforcement effect and can guarantee an increase of slope stability also
in wet periods, when shallow landslides can develop more frequently
(Liu et al., 2021). Hydrological reinforcement effect induced by pro-
cesses of plant-water uptake from soil could contribute to slope stability
more than the mechanical one in dry periods. During the cold and wet
season, the variability of hydrological reinforcement effect appeared
very high. Thus, hydrological root reinforcement could give a contri-
bution to slope stability in agreement with the one of the mechanical
reinforcement when a plant, as the analyzed grapevines, is able to up-
take sufficient rates of water to reduce significantly pore water pressure,
guaranteeing values of hydrological reinforcement effect on average
around 1-3 kPa.

Besides these low values, these measures are significant since they
are above the typical accuracy of the field instruments used for pore
water pressure monitoring in conditions close to saturation (tensiome-
ters, accuracy around 0.5 kPa). Moreover, as shown in the performed
slope stability analyses, these values of hydrological reinforcement are
enough to keep slope Fs slightly higher than 1, guaranteeing stable
conditions also when bare soils, which cannot experience this effect,
could become unstable in correspondence of particular rainfall events.

The analyses carried out in this study tried to estimate the role of
mechanical and hydrolgical reinforcementas separated effects. Howev-
er, these two processes can act together in a soil profile (Capobianco
et al., 2021; Gonzalez-Ollauri, 2022; Mao, 2022), allowing a further
increase of shallow slope stability.

5. Conclusions

The paper presented comparison analyses between root mechanical
and hydrological reinforcement effects on shallow slope stability in
some typical agroecosystems in northern Italy, such as sowed fields and
vineyards with different interrows management. Considering the same
meterological setting, land use type has a significant effect on saturation
degree and pore water pressure trends, due to the different ability of
roots to uptake water from soils. This has a direct effect on the hydro-
logical reinforcement provided by these land uses. For all the tested
sites, root hydrological reinforcement effect due to transpiration and
drying of soils is higher in summer, with values of 1-2 order of magni-
tude higher than the root mechanical reinforcement. In wet and cold
periods, when shallow landslides can develop more frequently, the
stabilizing contribution of mechanical reinforcement is on average
higher than the hydrological reinforcement effect and can guarantee an
increase in shallow slope stability. However, in vineyards, the hydro-
logical reinforcement effect could be observed also during wet winter
periods, although evapotranspiration is minimal. For these reasons, the
hydrological reinforcement effect provided in grapevines during wet
and cold periods could give a contribution to slope stability in agree-
ment with the mechanical reinforcement effect. This situation occurs
when plants are able to uptake enough water from soil to reduce
significantly pore water pressure, guaranteeing values of hydrological
reinforcement effect in the range of 1-3 kPa.

These results suggest that in the assessment of susceptibility towards
shallow landslides both mechanical and hydrological effects of vegeta-
tion deserve high regard. These analyses could also indicate which best
agricultural practices and land uses could be implemented in land
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planning to reduce the probability of occurrence of these failures over
large cultivated territories. Furthermore, these results could be included
on additional simulations, through slope stability models, for analysing
the effects of vegetation in correspondence of extreme rainfall intensities
and future scenarios of climate change.
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