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A B S T R A C T

Nature-based solutions (NbS) and soil bioengineering techniques have gained considerable attention due to their 
relevant hydrological functions and ability to mitigate slope instability. Live pole drains (LPD), a lesser-known 
NbS, have traditionally been deployed on slopes to drain the excess surface water and regulate the soil's 
water budget, making it a suitable technique for stormwater management and landslide prevention. However, 
neither the LPD performance as a plant-based drainage system nor its potential to regulate the soil-water budget 
through hydrological processes have been thoroughly studied. This paper presents a novel pilot, lab-based 
approach for testing the hydrological performance of LPD under different soil hydrological conditions. We 
built three different treatments and investigated their hydrological performance under multiple storm events. We 
explored how LPD regulate the soil-water budget by partitioning the water inputs (i.e., rainfall precipitation) into 
water outputs (i.e., surface runoff, subsurface flow, and percolation). The study revealed that LPD can effectively 
manage stormwater by draining excess runoff and buffering water in the soil, outperforming fallow soil. Sub-
surface flow and percolation were significantly higher under LPD treatments when compared to fallow ground, 
suggesting that the presence of an enhanced structure in the soil results in high soil hydrological performance. 
The presence of a secondary species with the LPD showed a more efficient hydrological performance than an LPD 
alone, which aligns with the current implementation of NbS fostering biodiversity. Antecedent soil moisture 
impacted the hydrological performance of LPD by altering the relative infiltration capacity of the soil and by 
potentially modifying the availability of channels for preferential flow. Our findings provide a sound basis for 
future research to improve our understanding of the hydrological performance of LPD for slope instability 
mitigation and encourage their reproduction and upscaling.

1. Introduction

Climate change has been leading to the intensification and increased 
frequency of storms. These heavy and prolonged rainfall events will 
likely increase soil-water saturation and decrease soil shear strength, 
leading to slope instability and landslides (Sidle and Bogaard, 2016; 
Gonzalez-Ollauri and Mickovski, 2017a, 2017b) and their associated 
impact on human life and property. As such, it is essential to devise 
effective slope drainage and stability approaches. Traditional civil en-
gineering techniques for slope stability and drainage (e.g., retaining 
walls, piling, shortcreting, piped or channelled slope drainage) are not 
flexible enough to adapt to climate and environmental changes. 

Approaches that work with nature (e.g., vegetation) whilst incorpo-
rating well-established geotechnical principles, such as soil bioengi-
neering techniques (Schiechtl and Stern, 1997) and related Nature- 
based Solutions (NbS; e.g., Gonzalez-Ollauri et al., 2023) are feasible, 
self-repairing, resilient, ecologically functional, and normally more 
efficient and cheaper than grey infrastructure (Mickovski, 2021). Hence, 
these solutions are suitable for slope adaptation to climate changes 
whilst sustainably managing landslides.

The role of vegetation in mitigating rainfall-induced landslides is 
widely recognised, particularly through soil bioengineering techniques 
(Stokes et al., 2014). This approach integrates live and dead plant 
components into the soil, providing mechanical support and acting as 
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hydraulic drains (Gray and Sotir, 1996). While roots can bond particles 
through root exudates and microbiological activity, thus increasing soil 
shear strength and stability (Mickovski and van Beek, 2009; Gonzalez- 
Ollauri and Mickovski, 2016), the presence of vegetation can facilitate 
soil-water removal through evapotranspiration, improving infiltration 
and subsurface flow (Liu et al., 2016; Gonzalez-Ollauri and Mickovski, 
2017a; Kim et al., 2017). This helps to balance the soil-plant-atmosphere 
continuum, leading to a more stable, unsaturated soil and consequent 
improvement in soil strength.

In the realm of soil bioengineering, one technique that shows great 
promise for enhancing drainage and restoring slope landscape is known 
as live pole drains (LPD; Fig. 1; Polster, 1989; Campbell et al., 2008). 
Essentially, LPD are a sustainable drainage system that uses fascines – i. 
e., tied cylindrical bundles of live woody cuttings with re-sprouting 
properties capable of growing shoots and roots (Schiechtl and Stern, 
1997; Sotir and Fischenich, 2001). Live fascines are combined with dead 
bundles, which provide decaying material to improve soil structure and 
support live bundle development (Norris et al., 2008). All fascines are 
arranged in a linear or herringbone pattern trench to promote effective 
subsurface water flow.

LPD increase surface permeability, which allows stormwater runoff 
to permeate within the soil, taking over surface runoff volume and peak 
flow (Campbell et al., 2008). With bundles creating a higher number of 
macropores within the LPD-soil matrix, water subsurface flow increases 
through preferential flow (Bouma, 1981), resulting in better percolation 
and drainage performance. Additionally, evapotranspiration is a process 
acting as a forcing function in removing excess water during the vege-
tative season, resulting in a balanced soil-water condition (Rodriguez- 
Iturbe and Porporato, 2005). While a few studies analysed the me-
chanical potential of live fascines to protect, stabilise and restore riv-
erbanks (Li et al., 2006; Recking et al., 2019), a lack of research and 
evidence exists regarding LPD hydrological performance in runoff 
mitigation, soil water budget regulation, and ultimately slope stability 
enhancement. As a result, LPD have limited adoption for slope drainage 
and stabilisation as well as stormwater management since they are 
generally unknown by practitioners and researchers.

The aim of this study was to test the hydrological performance of LPD 
for slope drainage and stormwater management. A novel laboratory, 
pilot test with three different treatments (i.e., a willow LPD; a willow 
with alfalfa LPD; and fallow soil as control) was carried out to quantify 
hydrological processes by which LPD may improve soil drainage, reduce 
surface runoff, and thus provide more strength to the soil on the slope. 
The hydrological processes considered herein were surface runoff, 
percolation, and subsurface flow. The hydrological performance of LPD 
was quantified by partitioning the water inputs from rainfall storm 
simulations into water outputs through water mass balances, while the 
soil-water dynamics (i.e., volumetric soil moisture, matric suction, and 
soil temperature) were monitored to explore hydrological changes in the 
LPD over time. Through our investigation into the LPD effectiveness for 
slope drainage and stormwater management, our evidence-based find-
ings will support the adoption and upscaling of this NbS, particularly in 
mitigating the risks associated with slope instability.

2. Materials and methods

2.1. LPD concept model

We built a concept model to capture the hydrological processes 
occurring at the soil-plant-atmosphere interface in the LPD (Fig. 1b). The 
concept model, which was built according to well-established ecological 
and hydrological modelling principles (e.g., Jørgensen and Fath (2011)
and Shaw et al. (2017)), integrates LPD features and attributes described 
in Schiechtl and Stern (1997) and Norris et al. (2008), and the hydro-
logical effects of vegetation on slope stability discussed in Gonzalez- 
Ollauri and Mickovski (2017a, 2017b). The control volume is defined by 
the LPD, which comprises a shallow drainage trench, bundles of live 

plant fascines and their growing root systems, as well as porous, inert 
earth materials filling the trench. The water inputs (rainfall simulations) 
and outputs (percolation, subsurface flow, and surface runoff) represent 
the driving functions of the model. The state variables are represented 
by the total volumetric water content in the control volume, matric 
suction, and soil temperature.

2.2. LPD pilot test setup

An LPD pilot test setup was built at Glasgow Caledonian University's 
Geotechnics laboratory following the LPD concept model (Fig. 1b), and 
descriptions of live drainage featured in Norris et al. (2008). We built a 
total of 9 experimental repeats with three different treatments: three 
basket willow (Salix viminalis sp.) and natural soil LPD (W); three basket 
willow with alfalfa (Medicago sativa sp.; seeds, 100 g m− 2) and natural 
soil LPD (W + A); and three unvegetated (fallow) permeable drainages 
built using natural soil only as control (C). Basket willow was selected 
for its resilience and fast growth in waterlogged areas, making it a 
popular choice for soil-bioengineering techniques (Schiechtl and Stern, 
1997). Considering the scale of our experiment, only live woody cuttings 
were used. We included alfalfa in one of the treatments to mimic field 
conditions, where weeds grow quicker than willows, and to assess the 
impact of a secondary species colonisation on the hydrological perfor-
mance of the LPD. Alfalfa was chosen for its ability to thrive in wet soils 
and under laboratory settings (Lokhorst et al., 2019) and its role in 
managing runoff and sediment, contributing to soil-water balance (Yao 
et al., 2023). To ensure alfalfa germination success, we utilised a high- 
density seeding method (100 g m− 2), which is 50 times more than the 
standard field practices (Box and Carmona, 2005).

Each experimental repeat consisted of a gutter – PVC pipe spliced 
half lengthwise (L: 500 mm; W: 115 mm; V: 2.6 L) – perforated to enable 
vertical percolation (Fig. 2a-b). To this end, thirty-three holes were 
drilled (∅ 4 mm; 50 mm equidistance between holes) per gutter, 
following a zig-zag pattern formed by 3 rows in the length of the pipe 
(Fig. 2a). The central row followed the middle of the gutter, while the 
two lateral rows (one on each side of the gutter) were drilled at a 30 mm 
distance from the edge of the gutter. The crests of the gutters were closed 
with duct tape to avoid soil loss and/or displacement (Fig. 2c). Subse-
quently, a nylon mesh (L: 600 mm; W: 200 mm; mesh size: 20 μm) was 
placed inside the gutters to avoid loss of fine soil particles from the 
columns through internal erosion (Fig. 2c-d). The gutters' toes were 
closed with the same nylon mesh, allowing subsurface flow without 
losing any soil material (Fig. 2d).

Six bundles of 15 live cuttings of basket willow were created for the 
W and W + A LPD treatments (Fig. 3). The cuttings were collected from 
healthy adult individuals in Catterline Bay, Aberdeenshire, UK, during 
the vegetative season of 2022. The live cuttings were preserved by 
submerging them in clean freshwater up to 80% of their length before 
being assembled into bundles. Each cutting was clipped to a length of 
450 mm (Fig. 3a-b). The diameter of each cutting was measured using 
Vernier callipers and sorted into ten groups based on their diameter 
ranging from ∅ 3 mm to ∅ 12 mm. The cuttings were then grouped into 
bundles of 15 cuttings each, striving for a balanced distribution ac-
cording to their diameter and assembled in the same direction – i.e., all 
the tips of live cuttings were to be positioned at the toe of the column to 
promote adequate drainage (Schiechtl and Stern, 1997; Campbell et al., 
2008). The bundles were created to achieve a similar branch size dis-
tribution (average macropore fraction 58%), circumference (average 
bundle ∅ 37.8 mm) and volume (average bundle V: 0.5 L). Eventually, 
the bundles were tightly tied with gardening twine at 100 mm from each 
end (Fig. 3c) and placed in a bucket of water until they could be placed 
into the drainage trench.

Six out of nine gutters received a first layer of silty sand soil (Sand: 
79.82%; Silt: 5.85%; Clay: 3.08%; Gonzalez-Ollauri and Mickovski, 
2017a), which was collected from the same site as the willow cuttings. 
Prior to this, the soil was air-dried for 4 to 6 days with additional oven 
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Fig. 1. Schematic drawings of Live pole drains. (a) Plan view and cross-section of LPD following design guidelines by Campbell et al. (2008) and Norris et al. (2008); 
(b) LPD longitudinal view and conceptual model, where the hydrological processes represent the water fluxes within an LPD, also connecting atmosphere, above- and 
belowground vegetation, and soil compartments.
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drying at 100 ◦C for 24 h. Once dried, the soil was pulverised with a 
pestle and sieved through a 2 mm sieve, removing all stones and gravel 
from the bulk soil sample. Once the soil was added to the gutter, it was 
gently compacted by hand. Then, a groove (i.e., infiltration trench) was 
created, and one willow bundle was placed inside (Fig. 3d). Subse-
quently, the groove and bundle were covered with soil material and 
gently compacted by hand to achieve a low bulk density of ca. 0.76 g/ 
cm3 (bulk density similar to porous soils with organic matter, ranging 
from 0.8 to 0.9 g/cm3; Panagos et al., 2024) to avoid any possible root 
growth obstructions and allow high soil permeability (Fig. 3e-f). On 
average, the willow bundle occupied 19.5% of the total gutter volume. 
LPD under the W + A treatment were sown with alfalfa seeds with a 
density of 100 g m− 2 (Fig. 3g). In the control columns (C), gutters were 
filled only with soil and gently compacted to achieve the same bulk 
density as the LPD. Eventually, a flexible funnel was installed above the 
soil at the toe of each column (Fig. 3h) to collect surface runoff sepa-
rately from subsurface flow (Fig. 3h-i). The flexible funnel was installed 
to convey water that does not infiltrate the soil and results in surface 
runoff. Four plastic containers of 0.65 L capacity were placed below and 
at the end of each column to collect percolation (2 containers), sub-
surface flow (1 container), and surface runoff water (1 container; see 
Section 2.1 LPD Concept Model).

The experimental setup was placed for 52 days within a growing 
chamber programmed with a constant mean air temperature of 22 ◦C 
and humidity of 80% (Fig. 4). Each gutter was tilted at 30◦ and placed 
under artificial sunlight between 6 AM and 10 PM (14 h day− 1; irradi-
ance 165 W m− 2; Spider Farmer SF2000) to stimulate vegetation 
growth. Daily monitoring of willow development was conducted to 
measure the number and height of new resprouting stems by placing a 
ruler against the stem.

Lastly, constant irrigation with an average of 3.56 mm h− 1 of water 
per treatment was supplied with a drip irrigation system to stimulate 
plant growth. To this end, an irrigation system (Fig. 5a) was created by 
modifying a garden dripping system and adjusted to provide a constant 

water supply to the columns. Two dripping nozzles were placed 100 mm 
above the ground at an equal distance along each gutter. Water was 
sourced from three 25 L water tanks (one for every 3 columns; Fig. 5a). 
The system was calibrated by opening the connected water tank and 
adjusting the nozzles to achieve an equal irrigation rate. This resulted in 
one drop of water every 4 s.

2.3. Storm simulation

A portable rainfall simulator was built using three irrigation drip 
nozzles (H: 33 mm; ∅ 15 mm), with one nozzle per treatment and a 
supporting frame made with bamboo dowels (Fig. 5b). The frame con-
sisted of three vertical dowels spaced equally to fit a gutter in between. 
The horizontal dowel held the nozzles at a height of 200 mm above the 
ground level at the crest of the column. The water supply for the storm 
simulations was done through a water tap to achieve higher water flow 
and pressure. The storm simulator was calibrated by measuring the 
water volume released by each nozzle ten times for one minute each. On 
average, each nozzle discharged 0.31 L min− 1, equivalent to a rainfall 
event of 372.72 mm h− 1 per gutter area.

Different storm events were simulated after 20 days of setup 
deployment and plant development. Five storm events were designed 
with varying durations and distributions (Table 1), following an 
intensity-duration-frequency (IDF) model (UKCEH, 1999), with an 
additional 30% over rainfall intensity as an effect of climate change 
(Scottish Water, 2018). Each rainfall (RF) event was distributed differ-
ently to mimic natural conditions in which rainfall depth and intensity 
are distributed unevenly over the storm duration (Shaw et al., 2017).

Each storm simulation was performed at least twice: the first simu-
lation was carried out four hours after closing the irrigation system with 
soil at a high-water saturation level (scenario A; ScA). The second 
simulation was carried out 24 h later, with soil at its field capacity 
(scenario B; ScB).

Fig. 2. Steps to build the columns (Part 1). (a) Sketch illustrating gutter dimensions and positioning of drilled holes allowing vertical percolation; (b) Perforated 
gutter; (c) Crest of column closed with duct tape avoiding soil loss; (d) Nylon mesh applied to avoid loss of soil fines and to allow data collection on subsurface flow.
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2.4. Soil-water mass balance (SWMB)

The soil-water mass balance (SWMB) was calculated to evaluate the 
hydrological performance of LPD (Eq. 1). Eq. 1 shows how water inputs 
(i.e., the combined volume of rainfall) were distributed into water 

outputs (i.e., the combined volumes of surface runoff, subsurface flow, 
and percolation). Additionally, the LPD potential to retain water was 
assessed by quantifying the difference in soil-water content pre- and 
post-storm simulation. The SWMB also included a term for water loss to 
refer to any potential losses and errors produced in the simulation of 

Fig. 3. Steps to build the LPD columns (Part 2). (a) Initial assembly of live cuttings and health assessment; (b) Live cuttings clipped and grouped together, striving a 
similar bundle diameter; (c) Tied bundles at 100 mm of each end; (d) Bundle placed in the groove made in the soil column; (e) Sides of the bundle being covered with 
soil; (f) Total bundle coverage; (g) Sown alfalfa seeds under the W + A treatment; (h) Flexible funnel installed above the soil at the toe of each column to allow surface 
runoff collection; (i) Container placed below the flexible funnel to allow water collection of subsurface flow.
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rainfall that were not captured upon measuring water volume parti-
tioned for each considered hydrological process. 

[CWV] = [SR+ SF+P] + [WCa − WCb] + [Wℓ] (1) 

Where:
CWV = Cumulative water volume, in litres.
SR = Surface runoff, in litres.
SF = Subsurface flow, in litres.
P = Percolation, in litres.
WCa = Water content in soil – after rainfall, in litres.
WCb = Water content in soil – before rainfall, in litres.
Wℓ = Water loss, in litres.
Water volumes resulting from surface runoff, subsurface flow, and 

percolation processes were measured 30 min after each simulated storm 
(see Section 2.3 Storm Simulation). The water volume collected in each 

of the different plastic containers placed under and at the end of the 
experimental setup (Fig. 4; see Section 2.2 LPD Pilot Test Setup) was 
measured with a 1000 mL graduated cylinder. The soil-water retention 
was estimated by calculating the difference in soil volumetric water 
content (θ; %) measured before and after the simulated storm. The 
volumetric water content (θ; %) was subsequently converted to litres 
based on the soil bulk density, soil porosity, and total pore-water 
volumes.

2.5. Soil-water dynamics

We continuously measured volumetric soil moisture content (θ), soil 
matric suction (φ), and soil temperature (t) for 30 days during wetting 
soil conditions (i.e., with irrigation or simulated rainfall) and drying soil 
conditions (i.e., without irrigation or simulated rainfall). We considered 
these soil-water variables to supplement the Soil-Water Mass Balance 

Fig. 4. Lateral view of the LPD pilot test setup and its main components.

Fig. 5. (a) Sketch illustrating the irrigation system built to provide constant water supply to treatments and foster plant growth; (b) Sketch illustrating the rain-
fall simulator.
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(SWMB; Eq. 1; Fig. 1b). Soil-water dynamics were measured with pre- 
calibrated, automatic sensors installed two weeks after the first willow 
LPD resprouted (day 18). The sensors were inserted vertically in the 
middle of the column and as close to the LPD bundle as possible. We used 
six soil moisture sensors (two sensors per treatment; SEN0193 – DF 
Robot), three tensiometers (one sensor per treatment; T5 – UMS) and 
nine temperature probes (three sensors per treatment; 107 – Campbell 
Scientific) wired to an electric-powered data logger (CR1000 – Campbell 
Scientific), which collected records every 5 min. Time series for soil- 
water variables were integrated into hourly time steps.

2.6. Statistical data analysis

Normal distribution checks of the data retrieved during the experi-
ment (i.e., percolation volume, subsurface volume, surface runoff vol-
ume, volumetric soil moisture content, matric suction, and soil 
temperature) were performed with Shapiro-Wilk tests. If the data did not 
follow a normal distribution, a non-parametric test was selected to 
analyse the statistical differences between experimental treatments. The 
Kruskal-Wallis test (H) was used to identify statistical differences at the 
95% and 99% confidence levels regarding the soil-water mass balance 
between treatments and scenarios (Kruskal and Wallis, 1952). Addi-
tionally, further statistical analysis was conducted by plotting the cu-
mulative distribution functions (CDF) to investigate statistically 
significant differences between the time series by examining the dis-
tance between density functions as an indicator of differences (See 
Supplementary Material). Statistically significant differences were 
evaluated with the Kolmogorov-Smirnov test (K-S; Pratt and Gibbons, 
1981) at the 95% and 99% confidence levels. All statistical analyses 
were conducted using the statistical computing software R v4.1.1.

3. Results

3.1. Plant development

The LPD pilot experiment yielded 136 resprouting willow stems, 
with 71 new willows growing under the willow LPD (W) treatment and 
65 new individuals observed within the willow with alfalfa LPD (W +

A). However, no statistically significant differences were found in new 
aboveground vegetation growth between treatments (H = 0.43, df = 1, 
p = 0.51). Table 2 and Fig. 6 show the aboveground development of the 
willow stems observed on days 3, 10, 20, 36, and 50, with the highest 
count number of live new willows found on day 24 (n = 129) and the 
tallest willow observed on day 50 (height = 722.0 mm).

3.2. Soil-water mass balance (SWMB)

Fig. 7 and Table 3 display the results of the Soil-Water Mass Balance 
(SWMB) components – i.e., surface runoff, subsurface flow, percolation, 
water retention, and water loss.

In terms of water volume per unit area (L m− 2; Fig. 7; Table 3), 
subsurface flow and percolation were, on average, 1.7 and 1.5 times 
higher, respectively, in the willow with alfalfa LPD (W + A) treatment 
compared to fallow soil (C). In contrast, surface runoff under the W + A 
treatment was, on average, 0.9 times lower than the C treatment. In the 
case of the willow LPD (W) treatment, subsurface flow and percolation 
were, on average, 1.4 and 0.4 times higher, respectively, compared to 
fallow soil (C). Surface runoff under W treatment was, on average, 0.8 
times lower than in C. Regarding water retention, both vegetated 
treatments (W + A and W) were, on average, 0.5 times lower than fallow 
soil (C) in terms of water volume per unit area (L m− 2).

Statistically significant differences were noted between the three 
treatments (Fig. 7). Among the SWMB components, surface runoff 
(Fig. 7a; H = 36.23, df = 2, p < 0.01), subsurface flow (Fig. 7b; H =
17.88, df = 2, p < 0.01), and percolation (Fig. 7c; H = 11.60, df = 2, p <
0.01) showed substantial differences between the three soil covers. 
Although water retention was different between the three treatments 
(Fig. 7d), it was not as statistically significant as in the other SWMB 
components (H = 5.22, df = 2, p = 0.07). Water loss significantly 
differed between treatments (Fig. 7e; H = 13.00, df = 2, p < 0.01).

Surface runoff under fallow soil (C) accounted for up to 19.0% of the 
total water input (L m− 2; Table 3), while willow LPD (W) and willow 
with alfalfa LPD (W + A) summed up to 6.1% and 2.3% of the total water 
input, respectively (L m− 2; Table 3). Surface runoff was statistically 
significantly higher in fallow soil (C) than in the vegetated treatments 
under both scenarios (Fig. 7a; W(ScA): D = 0.67 p < 0.01; W(ScB): D =
0.80 p < 0.01; W + A(ScA): D = 0.73 p < 0.01; W + A(ScB): D = 0.80 p <
0.01). When comparing the two vegetated treatments against each 
other, the observed surface runoff was not statistically significantly 
different (Fig. 7a; ScA: D = 0.47 p = 0.08; ScB: D = 0.40 p = 0.18).

Conversely, subsurface flow under willow with alfalfa LPD (W + A; 
water output up to 32.5% of the total water input; L m− 2; Table 3) and 
willow LPD (W; water output up to 31.2% of the total water input L m− 2; 
Table 3) was significantly higher than the values observed under fallow 
soil (C; 13.8% of the total water input L m− 2; Table 3; Fig. 7b; W(ScA): D 
= 0.60 p < 0.01; W(ScB): D = 0.53 p < 0.05; W + A(ScA): D = 0.60 p <
0.01; W + A(ScB): D = 0.60 p < 0.01). Between the vegetated treat-
ments, the found differences were not statistically significant (Fig. 7b; 
ScA: D = 0.13 p = 1.00; ScB: D = 0.20 p = 0.94).

Willow with alfalfa LPD (W + A) showed higher percolation than 
under willow LPD (W) and fallow soil (C), accounting for up to 44.9%, 
25.4%, and 15.3% of the total water input, respectively (L m− 2; Fig. 7c; 
Table 3). The only statistically significant difference for percolation was 

Table 1 
Storm simulations performed during the laboratory experiment. RF: rainfall.

Storm 
Simulation

Total 
Duration 
(min)

Type of 
Rainfall

Rainfall 
Intensity 
(mm h− 1)

Return 
Period 
Equivalent 
(years)

Cumulative 
Water 
Volume 
(CWV; L)

RF 1 1
1 interval 
of 1 min 372.72 1:1000 0.31

RF 2 14

7 
intervals 
of 1 min; 
pauses of 
1 min

186.36 1:200 2.20

RF 3 10

10 
intervals 
of 30 s; 
pauses of 
30 s

93.18 1:25 1.57

RF 4 15

3 
intervals 
of 1 min; 
pauses of 
4 min

74.54 1:10 0.94

RF 5 14

2 
intervals 
of 2 min; 
pauses of 
5 min

106.49 1:100 1.26

Table 2 
Aboveground development of the willow stems observed on days 3, 10, 20, 36, 
and 50.

Day Count Live 
Stems

Lowest Stem 
Height (mm)

Highest Stem 
Height (mm)

Average Stem 
Height (mm)

03 9 2.0 25.0 12.6
10 78 2.0 121.0 46.4
20 124 7.0 218.0 109.1
36 120 6.0 433.0 206.6
50 97 24.0 722.0 330.6
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found between the willow with alfalfa LPD (W + A) and fallow soil (C) at 
scenario A (ScA; Fig. 7c; D = 0.60 p < 0.01). At ScA, the observed results 
were not significantly different between the vegetated treatments (D =
0.47 p = 0.08) and between willow LPD (W) and fallow soil (C; D = 0.40 
p = 0.18). At ScB, vegetated treatments statistically did not differ from 
fallow soil (C; W: D = 0.20 p = 0.94 and W + A: D = 0.40 p = 0.18). 
Between the two LPD (W and W + A), the same pattern was found 
(Fig. 7c; D = 0.33 p = 0.39).

Regarding water retention, the highest volumes per unit area were 
observed under fallow soil (C; Fig. 7d; Table 3). Water retention under 
fallow soil (C) accounted for up to 3.5% of the total water input (L m− 2; 
Table 3), while willow LPD (W) and willow with alfalfa LPD (W + A) 
summed up to 1.3% and 1.7% of the total water input, respectively (L 
m− 2; Table 3). These results were statistically significant only in scenario 
A (ScA; W(ScA): D = 0.60 p < 0.01; W(ScB): D = 0.47 p = 0.08; W + A 
(ScA): D = 0.53 p < 0.05; W + A(ScB): D = 0.47 p = 0.08). Between the 
vegetated treatments, the found differences were not significant (ScA: D 
= 0.47 p = 0.08; ScB: D = 0.47 p = 0.08).

Water loss under fallow soil (C) accounted for up to 48.4% of the 
total water input (L m− 2; Fig. 7e; Table 3), while willow LPD (W) and 
willow with alfalfa LPD (W + A) accounted for up to 36.0% and 18.6% of 
the total water input, respectively (L m− 2; Table 3). Water loss was 
similar across the three treatments and two scenarios (Fig. 7e; Table 3), 
apart from the values observed between the willow with alfalfa LPD (W 
+ A) and fallow soil (C) at scenario A (ScA; D = 0.60 p < 0.01). At ScA, 
the observed differences were not statistically significant between the 
vegetated treatments (D = 0.47 p = 0.08) and between willow LPD (W) 
and fallow soil (D = 0.27 p = 0.68). At ScB, vegetated treatments sta-
tistically did not differ from fallow soil (W: D = 0.20 p = 0.94 and W + A: 
D = 0.33 p = 0.39). The same statistical similarity was identified be-
tween the vegetated treatments (D = 0.33 p = 0.39).

3.3. Soil-water dynamics

3.3.1. Volumetric soil moisture content
The hourly volumetric soil moisture content time series (θ; Fig. 8a) 

had clear differences between the three treatments. Willow LPD (W) 
exhibited the highest recorded θ of 44.95% on day 48, while the lowest θ 
of 27.96% was observed under fallow soil (C) on day 45. Rainfall sim-
ulations consistently induced a positive response in θ throughout the 
experiment (Fig. 8a).

Throughout the observation period, θ under fallow soil (C) consis-
tently remained lower than that under willow LPD (W) and willow with 
alfalfa LPD (W + A), leading to statistically significant differences be-
tween non-vegetated and vegetated treatments (W: D = 0.92 p < 0.01; 
W + A: D = 0.96 p < 0.01). Among the vegetated treatments, θ under W 
+ A generally exceeded θ under W until day 46 when this observation 
shifted. Although vegetated treatments showed similar θ values during 
the experiment, the differences in θ between vegetated ground covers 
remained statistically significant (D = 0.32 p < 0.01).

The differences in soil moisture content among LPD treatments were 
more pronounced under drying soil conditions (i.e., without irrigation 
or simulated rainfall, e.g., θ from day 21 to day 25, from day 36 to day 
38, and from day 43 to day 45) than during wetting soil conditions (i.e., 
with irrigation or simulated rainfall, e.g., θ from day 10 to day 41). An 
anomaly was observed in the time series, notably the highest recorded θ 
value of 44.95% observed under willow LPD (W) on day 48.

3.3.2. Soil matric suction
The hourly soil matric suction time series (φ; Fig. 8b) showed clear 

differences among the three treatments. The highest φ recorded of 
− 90.22 kPa was observed under fallow soil (C) on day 44, while the 
lowest φ of − 0.36 kPa was found under the willow LPD (W) on day 46. 
Throughout the time series, a negative response of φ to rainfall simu-
lations was consistently noted (Fig. 8b).

Statistically significant φ differences were noted between fallow soil 

Fig. 6. Timeline of willow growth observed during the experiment.
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(C) and vegetated treatments (W: D = 0.12 p < 0.01; W + A: D = 0.13 p 
< 0.01). Notably, φ under the willow LPD (W) showed similar behaviour 
to fallow soil (C) throughout the experiment. This behaviour was not 
observed when comparing fallow soil (C) with the willow with alfalfa 
LPD (W + A) treatment, which exhibited the lowest records throughout 
the observation period.

Between the vegetated treatments, φ under W + A generally regis-
tered lower values than φ under W, maintaining significant differences 
throughout the observation period (D = 0.14 p < 0.01). Variations in the 
pattern of φ under the vegetated treatments (W and W + A) were found 
during the three major drying soil conditions periods (i.e., without 

irrigation or simulated rainfall, e.g., θ from day 21 to day 25, from day 
36 to day 38, and from day 43 to day 45). During the first drying soil 
conditions period, W exhibited the highest φ, whereas W + A reached 
− 60 kPa. However, these observations were inconsistent during the 
second and third drying soil conditions periods, wherein fallow soil (C) 
showed the highest φ values, and W + A recorded φ values below − 15 
kPa.

3.3.3. Soil temperature
The hourly soil temperature time series (t; Fig. 8c) exhibited distinct 

differences between treatments. The highest recorded t of 23.27 ◦C was 

Fig. 7. Box plots for the Soil-Water Mass Balance (SWMB) components. (a) Surface runoff; (b) Subsurface flow; (c) Percolation; (d) Water retention; (e) Water loss. 
Water volume per unit area (L m− 2) under willow LPD (W), willow with alfalfa LPD (W + A), and fallow soil (C) treatments at different scenarios (ScA: soil at water 
saturation; ScB: soil at field capacity). The lower edge of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th 
percentile data point. The line within the box represents the median. 
* 0.01 level significant.
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observed under fallow soil (C) on day 25, while the lowest t of 17.95 ◦C 
was noted under the willow LPD (W) on day 19. A consistent negative 
response of t to rainfall simulations was observed throughout the 
experiment (Fig. 8c).

Statistically significant differences in t were noted between fallow 
soil (C) and vegetated treatments (W: D = 0.27 p < 0.01; W + A: D =
0.36 p < 0.01). Additionally, t under W + A generally exceeded t under 
W, showcasing substantial differences throughout the observation 
period (D = 0.61 p < 0.01). The time series plots for the three treatments 
displayed notable fluctuations in t, primarily influenced by artificial 
daily sunlight provided for plant development. Generally, t remained 
higher during the day (from 6 am to 10 pm) and decreased during the 
night (from 10 pm to 6 am).

4. Discussion

The experimental results shown herein indicate that LPD have the 
potential to effectively manage stormwater on slopes which may expe-
rience instability due to extreme rainfall events. Our findings indicate 
that LPD can successfully drain excess stormwater runoff (Fig. 7), while 
also effectively buffering water in the soil, outperforming fallow soil 
(Fig. 8). LPD can control surface water excess, which has the potential to 
delay peak flows and thus mitigating floods. Through their drainage 
mechanism, LPD help to stabilize the soil-plant-atmosphere continuum, 
resulting in a more balanced, unsaturated soil. Additionally, LPD can 
buffer moisture levels, leading to higher overall moisture content and, 
thus, higher soil-water availability during drought conditions. Based on 
these significant findings, LPD can be a viable solution for mitigating 
slope instability with sustainable slope drainage and stormwater man-
agement during rainfall and storm events. Moreover, they can also be a 
reliable solution for creating water-resilient areas (Scottish Government, 
2021) or sponge cities (Zha et al., 2021), further emphasising their 
effectiveness and multifunctionality.

Substantially lower surface runoff was observed under the LPD 
compared to fallow soil (Fig. 7a; Table 3). Stormwater likely infiltrated 
through the root system and enhanced soil structure, leading to more 
infiltration and percolation, following the findings of Kuehler et al. 
(2017). Our findings suggest that LPD can also effectively reduce peak 
flow and thus help mitigate flood risks derived from convective summer 
storms (Shaw et al., 2017). We also confirm that LPD can be suitable for 
protecting (before) and restoring (after) slopes and riverbanks prone to 

landslides and erosion. In this regard, LPD can be a viable technique for 
non-hardstanding urban areas that still produce substantial stormwater 
runoff (e.g., gardens, brownfields, road embankments, etc.).

LPD had significantly higher subsurface flow and higher percolation 
than fallow ground (Fig. 7b-c; Table 3). This is due to the higher number 
of macropores created by the living cuttings in the bundles and the 
growing roots, but also due to the likely enhancement of the soil 
(Ghestem et al., 2011; Gonzalez-Ollauri and Mickovski, 2020). These 
findings reinforce our working hypothesis that LPD can be an effective 
NbS for slope drainage and, thus, for managing landslides (Gonzalez- 
Ollauri and Mickovski, 2017a). The fact that LPD showed substantial 
subsurface flow volumes suggests that in the event of torrential rainfall, 
LPD could help increase the lag between the storms and the hydro-
graph's peaks (Miller et al., 2023), as well as divert the water percolating 
into the soil towards the drains. These functions of the LPD will give the 
responsible authorities more response time to act against slope insta-
bility and flood events (Fleming, 2002).

Furthermore, the enhanced soil structure within LPD (i.e., bundles of 
live plant fascines and their growing root systems) leads to lower water 
retention compared to fallow ground under rainfall conditions (Fig. 7d; 
Table 3), corroborating with previous findings of Lu et al. (2020) and 
Zhang et al. (2023). Together with their mechanisms of subsurface flow 
and percolation, LPD retain less water in soil, promoting a balanced soil- 
plant-atmosphere continuum, resulting in a stable, unsaturated soil and 
improved soil strength (Gerten et al., 2004; Liu et al., 2016).

The hydrological response differed between the two vegetated 
treatments (Fig. 7; Table 3). On average, willow with alfalfa LPD (W +
A) cover had lower surface runoff, while subsurface flow, percolation 
and water retention were significantly higher than willow LPD alone. 
These outputs can notably be attributed to the presence of a rougher 
ground surface resulting from the herbaceous ground cover (Guo et al., 
2019; Yao et al., 2023). While aboveground vegetation of alfalfa in-
creases soil cover and roughness, thus decreasing surface runoff, 
belowground alfalfa contributed to opening the soil and creating chan-
nels that enhanced preferential flow (Mitchell et al., 1995; Li et al., 
2023). In terms of water retention, dense root systems from willow and 
alfalfa roots (i.e., willow with alfalfa LPD; W + A) likely enlarged the 
extent of the rhizosphere and the amount of micropores (Bodner et al., 
2014), increasing the number of points where water can be held within 
the soil matrix. These findings indicate that the hydrological perfor-
mance of LPD can improve when combined with other plant species, 

Table 3 
Summary of hydrological processes making up the Soil-Water Mass Balance (SWMB). Water outputs volumes per unit area (L m− 2) and partitioning in relation to water 
inputs (%) under willow LPD (W), willow with alfalfa LPD (W + A), and fallow soil (C) treatments at different scenarios (ScA: soil at water saturation; ScB: soil at field 
capacity) by their mean values and range values.

Willow LPD (W) Willow with alfalfa LPD (W + A) Fallow Soil (C)

L m− 2 % L m− 2 % L m− 2 %

Surface Runoff

mean (ScA) 1.42 6.10 0.51 2.33 4.68 18.96
range (ScA) 0.00–4.59 0.00–18.48 0.00–2.06 0.00–8.31 0.08–9.04 1.32–42.77
mean (ScB) 0.99 4.41 0.45 1.68 5.18 19.02
range (ScB) 0.01–3.03 0.07–16.28 0.01–1.98 0.23–7.96 0.09–10.05 1.44–39.78

Subsurface Flow

mean (ScA) 8.06 31.24 8.63 32.50 3.22 13.83
range (ScA) 0.89–19.70 14.36–64.67 1.44–22.08 11.54–50.77 0.96–6.52 7.84–19.39
mean (ScB) 6.18 22.92 7.28 28.62 2.67 10.22
range (ScB) 0.36–14.56 2.94–46.87 0.80–21.28 12.83–49.15 0.12–6.30 1.91–17.15

Percolation

mean (ScA) 6.36 25.39 11.90 44.86 3.96 15.30
range (ScA) 0.48–17.39 7.70–41.76 1.62–25.79 21.24–62.35 0.37–9.60 5.88–24.28
mean (ScB) 5.29 20.11 8.39 31.22 4.16 14.80
range (ScB) 0.67–17.59 9.99–40.45 1.50–23.91 13.20–56.87 0.19–12.05 3.02–27.72

Water Retention

mean (ScA) 0.25 1.30 0.27 1.74 0.65 3.53
range (ScA) 0.00–0.80 0.00–3.41 0.00–0.86 0.00–12.08 0.00–1.45 0.00–13.09
mean (ScB) 0.36 2.46 0.35 2.10 0.69 3.26
range (ScB) 0.06–1.00 0.14–16.11 0.09–0.98 0.26–10.94 0.01–1.53 0.10–7.05

Water Loss

mean (ScA) 8.76 35.97 3.53 18.57 12.35 48.38
range (ScA) 0.27–23.49 1.47–57.74 0.28–14.50 1.17–58.36 2.18–32.34 14.38–74.37
mean (ScB) 12.04 50.10 8.38 36.38 12.14 52.70
range (ScB) 3.12–25.18 19.43–73.30 1.34–16.46 10.63–63.14 4.31–25.31 26.55–86.69
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Fig. 8. Time series of the soil-water dynamics. (a) Hourly volumetric soil moisture content (θ; %); (b) Hourly soil matric suction (φ; -kPa); (c) Hourly soil temperature 
(t; ◦C). Time series recorded under the willow LPD (W), willow with alfalfa LPD (W + A), and fallow soil (C); and plotted together with simulated rainfall events 
(intensity; mm h− 1). * 0.01 level significant.
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fostering biodiversity and plant succession dynamics (Key et al., 2022).
It is worth noting that the antecedent soil moisture was relevant in 

terms of the hydrological performance of the LPD (Fig. 7; Table 3; 
Schoener and Stone, 2019). In general, soil at water saturation level 
(scenario A; ScA) resulted in a higher subsurface flow and percolation 
when compared with soil at field capacity (scenario B; ScB; Fig. 7b-c; 
Table 3). This observation is likely to be related to the higher relative 
infiltration capacity of saturated soil e.g., Rodriguez-Iturbe and Por-
porato (2005). Within this context, soil at field capacity is expected to 
have a higher surface runoff due to its lower relative soil infiltration 
increasing the risk of flooding following a storm event (Lu and Likos, 
2004). This behaviour was observed under the fallow treatment at dried 
soil conditions (ScB) but was not identified under the vegetated treat-
ments (Fig. 7a; Table 3). This suggests that surface roughness and 
availability of channels for preferential flow and water infiltration 
created by vegetation had an impact in terms of stormwater runoff 
mitigation under drought conditions. Water retention was higher in soil 
at field capacity (ScB) compared to a wetted soil (ScA; Fig. 7d; Table 3). 
This implies that vegetated ground, which has roots and macropores that 
facilitate gravitational infiltration (Nachabe, 1995), can quickly reach 
field capacity and store and convey larger volumes of stormwater than 
fallow ground (Fig. 7d; Fig. 8a), thus positively impacting on the 
effectiveness of LPD to reduce slope instability and manage stormwater.

LPD treatments consistently showed higher soil moisture retention 
than fallow soil throughout the experiment (Fig. 8a). This can be 
attributed to the greater ability of vegetated soils to buffer moisture due 
to enhanced structure, organic matter, and microbiome (Gonzalez- 
Ollauri and Mickovski, 2020). These results suggest that LPD are highly 
effective at maintaining a soil-plant-atmosphere continuum under 
different soil hydrological conditions, as the retained soil moisture is 
likely to be available for plant water uptake and evapotranspiration in 
the event of absence of rainfall during summer or drought periods 
(Rodriguez-Iturbe and Porporato, 2005). Additionally, the shift in 
moisture content behaviour observed in the two vegetated treatments 
(noticeably lower moisture content in the W + A treatment after day 46, 
compared to the W treatment) may indicate that, as the root and shoot 
systems of the LPD and secondary species develop, their water uptake 
increases (Wang and Smith, 2004; Rodriguez-Iturbe and Porporato, 
2005; Vetterlein and Doussan, 2016). This suggests that over time, after 
the initial establishment phase, LPD and the secondary plants can 
contribute to a decrease in moisture content through evapotranspiration 
during the vegetative season.

Although our research found that vegetation is crucial in maintaining 
consistent soil moisture levels (Fig. 8a), our observations of soil matric 
suction (Fig. 8b) do not align with this. Typically, an increase in vege-
tation structure (such as willow with alfalfa LPD; W + A) would result in 
greater plant water uptake and, subsequently, increased soil matric 
suction (Gonzalez-Ollauri and Mickovski, 2020). However, our findings 
suggest that W + A may retain more water due to changes in soil 
structure, leading to an overall increase in soil moisture content and a 
decrease in matric suction, while willow LPD (W) may retain water but 
also contribute to faster release, potentially due to poor soil structural 
changes (i.e., absence of alfalfa roots) and faster preferential flow 
through macropores (Bouma, 1981). The variations in soil matric suc-
tion between the vegetated treatments (W + A and W) were also 
noticeable during the three main soil drying periods (as shown in 
Fig. 8b). During the first drying peak, vegetation in both W and W + A 
was not well-developed, indicating that the presence of a secondary 
species (i.e., alfalfa) within the W + A treatment played an important 
role during the second and third soil drying conditions, maintaining a 
higher soil moisture content and lower soil matric suction compared to 
W treatment (Guo et al., 2019).

The highest levels of matric suction and temperature were observed 
in the fallow soil treatment (Fig. 8b-c), indicating that subsurface flow 
and water percolation may be limited (Fig. 7b-c; Table 3) due to higher 
soil density, lower roughness, and potential soil desiccation (Neumann 

et al., 2023). This behaviour, however, increases the risk of surface 
erosion and gully formation, which can ultimately lead to slope insta-
bility at first, and perhaps later as a shallow landslide (Gray and Sotir, 
1996). Conversely, the vegetated treatments, which showed lower soil 
matric suction than the fallow soil (Fig. 8b), would also pose a risk to 
slope stability by accumulating water and increasing soil pore water 
pressures in the short term (Leung et al., 2015). This risk can be miti-
gated in the short term by the LPD itself, which would function in its civil 
engineering role (i.e., drainage, water conductivity; Campbell et al., 
2008) up until the point when the LPD and the secondary plants are 
well-established. At this point, they take over the eco-hydrological 
functions such as land cover and surface roughness leading to a 
decrease in erosivity (Stokes et al., 2014); evapotranspiration leading to 
an increase in soil matric suction (Leung et al., 2015); root system 
morphology contributing to soil strength while ensuring continuity in 
water conductivity in the LPD (Wang et al., 2020); and regulation of soil 
temperature (Ni et al., 2019), minimising the possibility of slope insta-
bility in terms of erosion and shallow landslides.

It is acknowledged that minor inconsistencies and errors derived 
from the deployed setup and equipment may have affected the perfor-
mance of the pilot laboratory experiment. During a storm simulation, 
leakages, changes in water pressure and partial water spray of the 
nozzles not reaching the columns, possibly impacted the volume of 
water inputs and thus on the soil-water mass balance (SWMB) compo-
nents outputs, also leading to a few outliers (Fig. 7). However, while 
there were some water losses recorded during the study (Fig. 7e), we 
took these losses into account by incorporating them into the soil-water 
mass balance equation. Additionally, possible sensor malfunction led to 
anomalies within the soil-water volumetric content dataset, as observed 
on day 48 (Fig. 8a).

Further research is needed to understand when the hydrological 
performance of LPD is at its optimum, e.g., Wang et al. (2023). 
Furthermore, the observed behaviours on soil matric suction (i.e., sim-
ilarities between willow LPD (W) and fallow soil (C)) and soil temper-
ature (i.e., highest values under willow with alfalfa LPD (W + A) 
treatment, similar to fallow soil (C)) indicate the need for continuous 
monitoring of these parameters over an extended period. This would 
enable the identification of the critical point for the establishment of 
functional root and shoot systems (i.e., when these structures developed 
sufficiently to support the plant growth and survival through the roots' 
ability to absorb water and nutrients and the shoots' ability to photo-
synthesize and support aboveground growth; Rodriguez-Iturbe and 
Porporato, 2005) in both LPD and secondary plants when the differences 
between fallow soil and vegetated LPD become more pronounced.

Future studies could also quantify the evapotranspiration resulting 
from LPD as a forcing function removing water from the soil and 
contributing to the soil-plant-atmosphere balance (e.g., Gonzalez- 
Ollauri and Mickovski (2014) and Leung et al. (2015)). Additionally, the 
evidence gathered within this research needs to be validated by repli-
cating the laboratory experiment. Ultimately, upscaling it to an open-air 
slope scale would ensure a higher degree of reliability since the vari-
ability of daily lighting and temperature, nocturnal fall humidity and 
capillary redistribution, presence of fauna, availability of explorable soil 
depth, water table, etc., could lead to substantial differences. It is also 
worth noting that the results found and explored herein are determined 
by the defined and applied LPD design and duration of the experiment (i. 
e., 52 days). Different designs (i.e., plant species, the overall size of the 
bundles, combined use of dead and live cuttings, etc.) and simulated 
environmental conditions (i.e., soil type, slope gradient, dormant sea-
son, etc.) could deliver different outputs. To gain a better understanding 
of the hydrological performance of LPD, it would be beneficial to 
conduct further numerical modelling studies (e.g., Elia et al., 2017). This 
approach would allow for a more detailed analysis and evaluation of the 
LPD effectiveness in preventing slope instability by slope drainage and 
stormwater management.

Nonetheless, the study presented herein can be a very solid starting 
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point towards further understanding of the hydrological performance of 
LPD. This research was built upon an understudied field and successfully 
gathered base evidence on LPD effectiveness in draining sloped areas 
and managing stormwater. This allows further modelling performance 
and encourages LPD reproduction and upscaling for mitigation of slope 
instability risks.

5. Conclusions

This study provides a novel laboratory experiment to test the hy-
drological performance of LPD for slope drainage and stormwater 
management. It delivers an evidence base of this NbS supporting its 
adoption and upscaling for mitigation of slope instability risks. In light 
of our observations and findings, it can be concluded that:

• LPD have the potential to effectively manage stormwater reaching 
the slope by draining the excess stormwater runoff and attenuating 
water in the soil better than fallow soil. This was seen in the soil- 
water mass balance (SWMB) analysis, revealing the potential of 
LPD to drain but also to buffer moisture, delaying peak flows, and 
potentially making water available for the plants under drought 
periods;

• Subsurface flow and percolation are significantly higher under LPD 
treatments when compared to fallow ground. This is directly related 
to the presence of an enhanced structure in the soil (i.e., bundles of 
live cuttings and roots), which reinforces our hypothesis that LPD 
can be an effective NbS against erosion, shallow landslides, and 
flooding;

• LPD with a secondary plant species (i.e., alfalfa) results in a hydro-
logical performance more beneficial to slope stability when 
compared to a willow LPD alone due to its higher surface roughness 
and enhanced number of micropores and channels for preferential 
flow;

• Antecedent soil moisture impacts on the hydrological performance of 
LPD by altering the relative infiltration capacity of the soil and by 
modifying the availability of channels for preferential flow.

In this paper, we have identified the aspects that deserve further 
consideration regarding the hydrological performance of LPD in 
connection to the onset of slope instability. We encourage replication of 
the laboratory experiment as means to validate the evidence presented 
as well as further investigation of LPD under different scales, designs, 
and environmental conditions (i.e., plant species, overall size of the 
bundles, soil type, slope gradient, etc.).
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