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A B S T R A C T   

Background and aim: Nature-based solutions to engineering challenges are essential to limit climate change 
impacts on the urban environment. Quantitative understanding of multiple “engineering functions” provided by 
soil-plant interactions of different species is needed for species selection and re-establishing natural processes 
affected by urbanisation. 
Methods: Contrasting herbaceous species (legumes, grasses, and forbs) were selected and grown as monoculture 
or species mix in soil columns for a five-month growing season. Saturated hydraulic conductivity was initially 
tested for each column, and then the columns were monitored for three-weeks of evapotranspiration. Water loss, 
matric suction, and penetrometer resistance were measured. Finally, soil was tested for aggregate stability and 
water retention. 
Results: Saturated hydraulic conductivity of vegetated soil was generally larger than that of fallow soil (6.9e− 6 ±

1.4e− 6 m/s in fallow soil). Saturated hydraulic conductivity was significantly different between species (e.g., 
from 9.9e− 6 ± 1.3e− 6 m/s in Festuca ovina to 3.9e− 5 ± 1.2e− 6 m/s in Lotus corniculatus) and was negatively 
correlated with specific root length. The water stored in the soil was efficiently removed by plant transpiration 
(> 60% of evapotranspiration). Large changes in soil structure were observed in vegetated soil, with significant 
increases in soil strength, aggregate stability, and alteration of water retention properties. 
Conclusions: Multiple soil-plant interactions influence species selection for optimising nature-based solutions (e. 
g., bioretention barriers). Substantial scope exists to choose species mixes to manipulate soil hydro-mechanical 
properties. Enhanced biodiversity did not compromise the engineering services of nature-based solutions (e.g., 
water removal), and may have multiple benefits.   

1. Introduction 

Climate change is expected to introduce increasing threats to human 
health and the urban built environment, due to extreme events such as 
heavy precipitations. A recent study conducted by Bastin et al. (2019) on 
future climate projections (i.e., to 2050) for 520 major cities, high-
lighted that 22% of cities will experience extreme climate conditions 
that are not currently experienced by any existing major city. In North- 
Europe annual precipitation has increased up to 70 mm per decade from 
1950 (Kovats et al., 2014). Climate change predictions highlight that 
future city growth and projected increases in heavy rainfall events, both 
together and alone, will lead to increased flood risk (Semadeni-Davies 
et al., 2008). Conventional stormwater management is primarily 

designed to mitigate flood risk by quickly directing and discharging 
runoff water to the drainage system (grey infrastructure). Therefore, 
stormwater management in the built environment is disconnected from 
the natural water cycle and experiences high fluctuations of surface 
water, which can increase downstream flood risk (Marzluff et al., 2008). 
In recent years, nature-based solutions, such as sustainable drainage 
systems (SuDS) have been promoted to re-establish natural hydrological 
processes (e.g., evapotranspiration) which have been removed by ur-
banisation (Chen et al., 2021; Gimenez-Maranges et al., 2020). In these 
systems, storm water is managed by slowing down and decreasing the 
quantity of runoff in the built environment and hence reducing both 
local and downstream flood risk (CIRIA, 2016). This is achieved by 
harvesting, infiltrating, slowing, storing, and conveying runoff on site. 
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In contrast with grey infrastructure (i.e., traditional drainage systems), 
these nature-based solutions, including bio-retention systems, green 
roofs, swales and man-made wetlands, can deliver multiple benefits such 
as increasing resilience to climate change, and encourage biodiversity 
and habitat connectivity (CIRIA, 2016). Field monitoring of bioretention 
systems (rain gardens and swales) found that runoff decreased up to 
98% (Jiang et al., 2017), although runoff can vary greatly with the in-
tensity and return period of rainfall events. 

The use of vegetation in engineering solutions (i.e., nature-based 
solutions) is now recognised as an effective strategy to mitigate the 
adverse effects of climate change within the built environment (Tang 
et al., 2018). Vegetation is a fundamental component of all bioretention 
systems. Indeed, vegetation is one of the main drivers of the water cycle 
(Wei et al., 2017). This makes rooted soil one of the most hydrologically 
dynamic regions of both the pedosphere and biosphere (Bengough, 
2012). Roots do not only depend on soil for the acquisition of resources 
such as water and nutrients; instead they actively engineer soil, chang-
ing its physical and chemical properties (Bengough, 2012; Carminati 
et al., 2010; Tisdall and Oades, 1979). Plant roots influence soil structure 
through a variety of mechanisms including penetration, anchorage, 
water uptake, and the exudation of mucilage into the rhizosphere (Jin 
et al., 2017). For instance, soil shear strength increases with increasing 
root density (Loades et al., 2010). Furthermore, contrasting root systems 
can modify soil structure and induce distinctive soil pore changes with 
coarse roots increasing macro-porosity (Bodner et al., 2014). 

In nature-based solutions (e.g., soil bioengineering), rooted soil 
represents a composite material with enhanced mechanical (Boldrin 
et al., 2020; Liang et al., 2017), as well as hydrological and hydraulic 
properties (Leung et al., 2018; Pollen-Bankhead and Simon, 2010). 
However, plant species can largely differ in terms of the engineering 
functions they provide (Boldrin et al., 2017; Liang et al., 2017). More-
over, a needed function in one nature-based solution may be useless or 
detrimental in another one. For example, root-induced changes in soil 
hydraulic conductivity may play a positive role in “rain gardens” but be 
potentially detrimental for slope stabilisation (soil bioengineering) and 
negligible in the shallow and highly permeable substrate of green roofs. 
A large body of literature exists on plant function and screening for 
nature-based solutions such as soil reinforcement by bioengineering 
(Boldrin et al., 2017; De Baets et al., 2007; Ghestem et al., 2014) and 
green roofs (Seyedabadi et al., 2021). These studies generally focus on 
one “engineering function” such as water removal (Boldrin et al., 2017) 
or mechanical reinforcement by root intrusion (De Baets et al., 2007). 
However, a quantitative understanding of multiple “engineering func-
tions” provided by different species (i.e., different co-occurring soil- 
plant interactions) is lacking, although needed to guide species 
screening and finally re-establish natural processes removed by urban-
isation. In particular, this is a key step in the design and implementation 
of new engineered-earth barrier systems for reducing flood risk upon 
future climate extremes (Petalas et al., 2021). Indeed, the engineering 
services provided by plants on earth-barrier systems have not been 
investigated yet. These barrier systems will have to resist extreme events 
(e.g., flow erosion), allow fast infiltration of rainwater (i.e., stop runoff), 
retain water (i.e., maximise water holding capacity) and then recharge 
its water holding capacity (i.e., evapotranspiration of retained water). 
Vegetation has the potential to drive or maximise all these key features 
of a barrier system. 

This study aims to investigate the effect of contrasting herbaceous 
species and communities (species mix) in terms of soil-plant interactions 
that can drive or maximise the multiple functions of a barrier system for 
flood mitigation. It is hypothesised that (i) vegetated soil with herba-
ceous species has greater hydraulic conductivity than fallow soil; (ii) 
species differ in their effect on hydraulic properties; (iii) transpiration 
can quickly recharge the water-storage capacity of soil; (iv) root intru-
sion can influence soil water retention properties and porosity; (v) 
biodiverse vegetation can maximise engineering functions. The experi-
ments reported in this study tested these hypotheses using contrasting 

herbaceous species (i.e., different functional types), which are wide-
spread in Europe. 

2. Materials and methods 

2.1. Soil columns 

PVC drainage pipes (100 mm inner diameter and 0.5 m long) were 
used as containers for fallow and vegetated soil columns. The pipes were 
lined with a 0.2 mm thick polythene sheet to facilitate the extraction of 
the entire soil columns at the end of the experiment. Before lining the 
pipes with the polythene sheet, a fine layer of silicon grease was added 
to the pipe internal wall to improve the sheet adhesion to the pipe as 
well as stop any potential preferential water flow between the pipe wall 
and the polythene sheet during irrigation and testing. The base of each 
pipe was covered with a nylon mesh (1 mm aperture) and an overlying 
layer of pea gravel (50 mm thick ≈ 650–700 g) to facilitate drainage. 

The soil tested in this study was collected from Bullionfield at The 
James Hutton Institute (Dundee, UK) in March 2019. After collection, 
soil was air-dried for a week and sieved at 2 mm. This soil can be clas-
sified as silt loam, with 43.3% sand, 55.2% silt and 1.5% clay (BS1377). 
The liquid limit of the soil was 32%, while the plastic limit was 24%, 
resulting in a low plasticity soil (plasticity index = 8%). 

The soil at its optimum water content for compaction (0.18 g/g) was 
dynamically packed in eight layers of 50 mm height each (393 cm3 per 
layer) to obtain a 0.4 m soil column. Each layer was compacted by five 
blows (7 J per blow) of a standard Proctor hammer (2400 g), targeting a 
final dry density equal to 1.4 Mg/m3. During compaction, an aluminium 
plate was placed on the soil surface to evenly distribute the compaction 
energy (i.e., hammer blows). This plate had a thin outer ring protruding 
from the surface to better compact the soil and hence limit root growth 
in the interface between soil and pipe in accordance with Mickovski 
et al. (2009). During soil packing, the surface of each layer was abraded 
to achieve a better contact between each successive layer. A 50 mm-tall 
pipe edge was maintained to favour irrigation and testing of saturated 
hydraulic conductivity (see Saturated hydraulic conductivity section). 

The soil water retention curve (SWRC) of sieved and packed (1.4 Mg/ 
m3 density) soil was tested in 95-cm3 cores (55 mm diameter and 40 mm 
high; Supplementary Fig. 1). A drying SWRC (Supplementary Fig. 1a) 
was measured for five soil cores using a ceramic suction plate (for matric 
suction from 1 to 50 kPa) and a pressure plate apparatus (50–1500 kPa 
pressure; Soilmoisture Equipment Corp, USA). A drying-wetting SWRC 
was also measured in a further five replicate cores on the ceramic suc-
tion plates, increasing suction up to 50 kPa and then gradually 
decreasing it to 1 kPa (Supplementary Fig. 1b). Water content at satu-
ration averaged 0.35 ± 0.01 g/g. The theoretical available water con-
tent (i.e., the difference between the water content at field capacity (5 
kPa matric suction) and the water content at the permanent wilting 
point (1500 kPa matric suction)) was 0.20 g/g. The SWRCs were fitted 
by the equation proposed by van Genuchten (1980): 

w = wr +
wS − wr

[1 + |αΨ|
n
]
m (1)  

where w is the soil water content (g/g), wr is the residual soil water 
content at 1500 kPa (g/g), ws is the saturated soil water content (g/g), Ψ 
is the soil matric suction (kPa), α, n, and m are parameters directly 
dependent on the shape of the curve, where m = 1–1/n and 0 < m < 1. 
The relation between matric suction and water content in the drying- 
wetting curves (Supplementary Fig. 1b) demonstrated a hysteresis 
loop. For instance, water content at 5 kPa matric suction was 19% 
smaller in the wetting path of SWRC (0.26 ± 0.00 g/g) compared to the 
drying path of SWRC (0.32 ± 0.00 g/g). However, the two curves come 
closer and overlap at their dryer ends (e.g., 50 kPa). 

D. Boldrin et al.                                                                                                                                                                                                                                 



Ecological Engineering 180 (2022) 106668

3

2.2. Selected species 

Six native herbaceous species belonging to three contrasting func-
tional types (Forbs, grasses, and legumes) were selected for testing in 
this study (Table 1). Species selection excluded therophytes (annual 
species) given their short life cycle and avoidance of unfavourable 
conditions. The choice of species was based on the availability of seeds, 
and contrasting adaptations to soil moisture as indicated by Ellenberg’s 
indicator values (Hill, 1999), as well as laboratory germination tests. 
Species presenting low germination or requiring complex treatments to 
break seed dormancy (e.g., vernalisation) were excluded. The selected 
species are commonly found in European dry and wet meadows. 

In April 2019, three pre-germinated seeds were sown in each vege-
tated soil column as a monoculture or species mix (three different spe-
cies and functional types: Table 1) at the three corners of an equilateral 
triangle (60 mm side centered within the column). Species mixes were 
representative of dry and wet meadow communities on the base of 
Ellenberg’s indicator values (CDM and CWM; Table 1). Immediately 
after sowing, each soil column was irrigated with 200 ml of water. All 
soil columns were randomly arranged in an unheated glasshouse with no 
additional light or heat provided. The glasshouse temperature and 
relative humidity were thus close to the outdoor conditions at The James 
Hutton Institute (Dundee, Scotland) during the entire study period 
(April – Sept 2019). During plant establishment (April – June), all soil 
columns (i.e., vegetated and control) were subjected to the same irri-
gation schedule ranging from 30 to 60 ml, three times per week. The 
amount of water per week (e.g., 90 or 180 ml) aimed to avoid any form 
of plant water stress or soil surface drying (i.e., water was supplied ad 
libitum). 

2.3. Saturated hydraulic conductivity 

After plant establishment (April – June 2019), the soil columns were 
tested for saturated hydraulic conductivity (Ks). Prior to Ks testing, soil 
columns were saturated in a large plastic box with the bottom covered 
with a mix of sand and gravel. Groups of four columns with different 
treatments (randomly selected) were placed in the box on the sand- 
gravel layer and then saturated, progressively increasing the water 
table by filling the box with tap water. After 24 h saturation, the columns 
were removed from the box and a Mariotte bottle was connected near 
the top of the column to apply a constant ponding head (30 mm) at the 
soil surface, while allowing free drainage at the column base. The rate of 
change in water volume in the Mariotte bottle was recorded continu-
ously until a steady state infiltration was reached. Saturated hydraulic 
conductivity (Ks) of each column was then calculated using the Darcy’s 
Law (Eq. (2)): 

Ks =
Ls

(Ls + H)
×

Q
Ss

(2)  

where Ls and H (m) are the sample length (i.e., column height) and the 
height of the water constant-head, respectively. Q (m3/s) is the constant 
flow rate and Ss (m2) is the soil surface area (i.e., soil cross-section area). 

The relative surface infiltration rate between contrasting soil 

columns (i.e., different treatments) was also estimated, measuring the 
time (s) needed for the complete infiltration of a known water volume 
(75 ml) in a metal ring (55 mm diameter; 40 mm height) placed on the 
soil surface (i.e., small single-ring infiltrometer). This simple measure-
ment was performed during contrasting soil conditions given by the 
antecedent soil saturation or evapotranspiration period (see next sec-
tion). This method provides a rapid measurement of the soil’s ability to 
infiltrate water after intense rain events or flash floods happening after 
both a wet and dry season. This method gives a relative comparison 
between treatments. 

2.4. Evapotranspiration, matric suction and penetration resistance 

After Ks measurements, all 45 soil columns (40 vegetated columns 
and 5 controls with fallow soil) were placed in a large (1 × 1 × 1 m) box 
on a fine layer (≈ 10 mm) of sand and gravel for saturation. All columns 
were saturated at the same time by filling the box to column height (≈
0.45 m) with tap water. After 24 h, water was drained, and soil columns 
were randomly re-arranged in the glasshouse. Each column was then left 
for evapotranspiration (ET, vegetated columns) and evaporation (E, 
fallow columns) for 21 days (30th July – 19th Aug 2019). Water loss was 
monitored by weighing the columns every 2–3 days using a balance 
(ExplorerPro, Ohaus, Switzerland) with an accuracy of 0.1 g. The 
measured water loss was assumed equal to the ET in planted columns 
and E in fallow columns. Water loss was expressed as g of water per 100 
g of dry soil. The initial and final water content of soil was estimated 
knowing the weight of different elements composing the columns (e.g., 
container PVC pipe and dry soil). 

Matric suction was recorded in one soil column for each treatment 
using a miniature tensiometer (SWT-5, Delta-T devices, Cambridge, UK), 
for a total of nine monitored columns. Miniature tensiometers were 
horizontally installed at 0.05, 0.22 and 0.35 m below the soil surface, 
each through a 6.5 mm diameter hole predrilled in the pipe wall. 

Maximum penetration resistance (in MPa) was measured in each soil 
column using a portable penetrometer (Basic Force Gauge, Mecmesin, 
UK; cone diameter = 2.96 mm; cone angle = 30◦). To allow for the 
penetration tests, 3.1 mm diameter holes were drilled in the pipe wall 
prior to each test. Maximum soil resistance was determined by hori-
zontally pushing the cone 35 mm into the soil in the middle of the soil 
column (0.22 m soil depth). Penetration resistance tests were performed 
immediately after saturation (i.e., matric suction close to 0 kPa) and 
after the evapotranspiration period (i.e., soil drying). 

2.5. Soil water retention curves, porosity and wet aggregate stability 

At the end of the growing season (Oct 2019), intact soil cores (50 mm 
diameter; 60 mm height) were sampled from the central portion of each 
soil column at a depth between 10 and 70 mm below the soil surface. 
Sampled cores were then saturated (24 h in degassed water) and tested 
for soil water retention properties (drying SWRCs) using a ceramic 
suction plate (for matric suction from 1 to 50 kPa) and a pressure plate 
apparatus (50–1500 kPa; Soilmoisture Equipment Corp, USA). The 
SWRCs were fitted by the equation proposed by van Genuchten (1980) 
(Eq. (1)). Soil water retention curves were used to estimate different soil 

Table 1 
A list of the species and communities (combinations of three species) selected for testing in this study. Their family, functional type, common name and the acronym 
used throughout this study are reported. The Community column gives the combination of three species and acronyms. Dry meadow species: Lotus corniculatus, Festuca 
ovina, Daucus carota; Wet meadow species: Lotus pedunculatus, Deschampsia cespitosa, Geum rivale.  

Species Family Functional type Common name acronym Community (acronym) 

Lotus corniculatus Fabacea Legume Birdsfoot Trefoil L-LC 
Dry meadow (CDM) Festuca ovina Poacea Grass Sheep’s Fescue G-FO 

Daucus carota Apiacea Forb Wild Carrot F-DC 
Lotus pedunculatus Fabacea Legume Greater Birdfoot Trefoil L-LP 

Wet meadow (CWM) Deschampsia cespitosa Poacea Grass Tufted Hair-grass G-DC 
Geum rivale Rosacea Forb Water avens F-GR  
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parameters including water content at field capacity (water content (w) 
at 5 kPa), air content at field capacity (i.e., difference between volu-
metric w at saturation and w at field capacity) and plant available water 
(i.e., difference between w at 5 kPa and w at 1500 kPa). 

During each SWRC testing (i.e., progressive soil drying), soil pene-
tration resistance (in MPa) was determined on each soil core equili-
brated at 5, 20 and 300 kPa matric suction. Penetration resistance was 
determined using a universal testing frame (Instron 5966, Norwood, 
MA, USA) fitted with a 50 N load cell (± 2 mN accuracy). In each core a 
small cone probe (0.95 mm; 30◦ cone angle) was penetrated to 15 mm 
depth from the soil surface with a rate equal to 4 mm/min. Penetration 
resistance between 4.5- and 9.8-mm depth was averaged. Note that the 
average penetration resistance was always smaller (e.g. - 30 or 40%) 
than the maximum penetration resistance recorded in the manually 
pushed cone tests. The cone diameter and penetration depth were cho-
sen according to the core size to avoid any boundary effect (Misra and Li, 
1996). 

Pore volume for different pore diameter classes, defined in 
Greenland (1981) (from >300 to <0.2 μm), was estimated from SWRC 
data. The effective pore diameter (d) corresponding to the matric suction 
(Ψ) tested in the SWRCs was calculated using Jurin’s formula (Eq. (3)). 

d = 4×
σ
Ψ

(3)  

where the surface tension is σ = 7.29 × 10− 2 N m− 1 and Ψ is in Pa. For 
instance, the effective diameter of a pore corresponding to 1500 kPa is 
0.2 μm. Volume of pores in each diameter class was estimated by 
changes in volumetric water content in the SWRCs. 

Samples of bulk soil were also collected at 10–100 mm below the soil 
surface and air-dried in the laboratory to test the wet stable aggregates 
(WSA) in each soil column. A 5.3 g subsample of air-dried soil, passing 
an 8-mm sieve and being retained on a 2-mm sieve was used to test WSA 
in a wet sieving apparatus (Eijelkamp Soil & Water, Netherlands). In the 
wet sieving apparatus, 2-mm-mesh sieves filled with the air-died soil 
(5.3 g) were mechanically moved up and downward (up-down strokes =
1.3 cm) in a can filled with distilled water for 3 min ± 5 s (34 times/min 
up-down strokes). Unstable aggregates fell apart and passed through the 
2 mm sieve into the water-filled can under the sieve. Subsequently, the 
cans with soil from unstable aggregates were removed and replaced by 
new water filled cans. All stable aggregates retained on the sieve mesh 
were fully destroyed and soil from the stable aggregates was collected in 
the water can. Note that any gravel particles and plant roots remained on 
the sieve and only the soil from the aggregates passed into the water 
cans. After drying, the two sets of cans with the soil from unstable and 
stable aggregates, aggregate stability of WSA was calculated using the 
weight of both stable (SA) and unstable aggregates (UA) by Eq. (4). 

WSA =
SA

(SA + UA)
(4)  

2.6. Above- and below-ground plant characteristics 

After the monitoring of evapotranspiration (August 2019), above- 
ground biomass was harvested in all vegetated columns and quantified 
through oven drying at 70 ◦C until a constant weight was obtained. 
Following soil sampling for aggregate stability and water retention 
testing, rooted soil columns were removed from pipes and sectioned into 
three cores corresponding to three depth ranges: 0.00–0.13 m, 
0.13–0.26 m, 0.26–0.40 m. Roots in each section were washed from the 
soil in gently running tap water on a set of sieves with a range of sieve 
sizes from 2.0 to 0.5 mm mesh. Sampled roots were stored at 5 ◦C in 40% 
ethanol solution before root scanning and biomass quantification (oven- 
drying). Roots at the three soil depth ranges were imaged on a flatbed 
scanner and analysed using WinRhizo software (Regent Instruments 
Inc.) to determine total root length and root length per diameter class 
(diameter classes: 0.1 mm interval width; roots from <0.1 to 10 mm). In 

the case of large root systems, representative subsamples (= 10 to 95% 
of root biomass) were scanned. Measured length and biomass (oven- 
dried at 70 ◦C) of scanned subsamples were then used to obtain the 
specific root length (SRL, root length by mass; m/g). The total root 
length in each section was then estimated by multiplying the dry root 
biomass by the SRL. Thicker roots of Daucus carota were scanned and 
analysed separately. Root volume per each diameter class was also 
estimated using WinRhizo image analysis. 

2.7. Statistical analysis 

Statistical analysis was performed using GenStat 17th Edition (VSN 
International), RStudio (R-version 3.6.2; R Foundation for Statistical 
Computing) and SigmaPlot13 (Systat Software Inc). Significant differ-
ences were assessed with one way-ANOVA, followed by post hoc 
Tukey’s test. Non-normal data were log or square root transformed 
before ANOVA tests. Results were considered statistically significant 
when p-value ≤0.05. Principal-component analysis was conducted to 
examine the relationships between traits and soil parameters. The 
variability in the averaged result is presented as ± standard error of 
mean. Details (e.g., p-values, log-transformation) of statistical analyses 
for each dataset are provided in the text and in figure captions. 

3. Results 

Plant growth in soil columns increased saturated hydraulic conduc-
tivity (Ks). On average Ks of vegetated soil (3.2e− 5 ± 2.0e− 6 m/s) was 
four times larger than that of control fallow soil (6.9e− 6 ± 1.4e− 6 m/s; 
Fig. 1a). However, tested species differed in their effect on Ks, ranging 
from 9.9e− 6 ± 1.3e− 6 m/s of Festuca ovina (Grass) to 4.1e− 5 ± 3.7e− 6 of 
Lotus pedunculatus (Legume; Fig. 1a). In particular, F. ovina did not 
significantly affect Ks when compared to the control fallow soil. In 
contrast, both legumes (Lotus spp.) differed significantly from the con-
trol soil and the two tested grasses but did not significantly differ be-
tween each other. Indeed, no significant difference was observed 
between species from the same plant functional type as well as the two 
simple species communities (CDM and CWM in Fig. 1a). 

The results from the single-ring infiltrometer further highlighted the 
large differences between treatments in terms of soil ability to absorb 
water when wet (i.e., immediately after saturation) and after a drying 
period (i.e., after ET; Fig. 1b). The soil surface highlighted a faster water 
absorption when dried by ET. Surface infiltration was significantly 
greater in the vegetated soil than the control soil in both wet and dry 
conditions (black and grey bars in Fig. 1b), with the soil vegetated with 
F. ovina being the only exception (i.e., no different from control). For 
example, the infiltration in the vegetated soil was up to six- (0.11 mm/s 
in CWM) and seven-times (0.41 mm/s in L-LC) greater than the values of 
control soil after saturation and ET period, respectively. The wet 
meadow community (CWM) showed greater water infiltration when 
compared with the dry meadow community (CDM), consistently in both 
the Ks measurements and single-ring infiltration test at saturation 
(Fig. 1). 

Total water loss during the monitoring period was always larger in 
vegetated soil columns (water loss >29 g H2O per 100 g of dry soil) when 
compared with control columns (water loss = 5.5 ± 0.1 g H2O per 100 g 
of dry soil; Fig. 2). However, a large species effect existed, with an 
average water loss per day ranging from 1.1 ± 0.1 to 2.6 ± 0.1 g H2O per 
100 g of dry soil in F. ovina and Lotus corniculatus respectively. In 
particular, L. corniculatus highlighted an initial fast water loss (up to 4.0 
± 0.3 g H2O per 100 g of soil per day), which then slowed down with the 
progress of the drying period (e.g., after 10 days) until reaching a daily 
water loss of 1.4 ± 0.0 g H2O per 100 dry soil (Fig. 2a). The difference in 
water loss between fallow (i.e., evaporation) and vegetated columns (i. 
e., ET) provided the degree of plant contribution to water removal from 
soil by transpiration. The estimated transpiration represented on 
average between 58 ± 1% (in F. ovina) and 82 ± 1% (in L. corniculatus) 
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of daily water loss (i.e., ET) from vegetated columns. 
The differences in water loss between treatments (Fig. 2a) translated 

to significant differences in soil water content (Fig. 2b). While water 
content in fallow soil remained close to field capacity during the entire 
monitoring period, water content of vegetated soil dropped below the 
value of permanent wilting point in most of the vegetated columns (0.11 
g/g see SWRC in Supplementary Fig. 1a). 

Matric suction induced by soil drying largely differed between 
treatments, soil depth and time (Fig. 3). In fallow soil, matric suction did 
not exceed 11 kPa down the entire soil profile during the monitoring 
period. In the shallow soil layer (Fig. 3a), all vegetated soil columns 
developed large matric suction values (> 70 kPa) except for the soil 
vegetated with D. carota (≤ 20 kPa). However, large differences between 
vegetated treatments were recorded in terms of the time required to 
reach these large suction values. For instance, while soil vegetated with 
Lotus spp. developed large matric suction values in only one week, soil 
columns vegetated with grasses took almost double the time to reach the 
same matric suction values (80 kPa). The time required to induce large 
matric suction values increased with increasing depth down the soil 

profile. In the middle and bottom layers of the soil columns (0.22 and 
0.35 m; Fig. 3bc), both D. carota and F. ovina were unable to induce large 
matric suction values despite the long drying period. In contrast, soil 
vegetated with Lotus spp. developed large matric suction values down 
the entire soil profile. 

Soil strength (measured as penetration resistance) in the middle 
section of the soil columns largely varied in response to soil moisture 
content and plant drying ability (Figs. 2, 3 and 4). Although all treat-
ments (i.e., fallow and vegetated columns) showed a significant strength 
increase with drying, strength gain varied largely between different 
treatments (Fig. 4). While in the fallow soil, evaporation resulted in a 
1.5-times stronger soil compared to the value recorded after saturation, 
ET in vegetated soil induced a strength gain up to 12-times (in L. cor-
niculatus) the value measured in saturated soil. Tested species signifi-
cantly differed in their ability to induce strength gain after the ET 
period. While the soil vegetated with L. corniculatus was 25-times 
stronger than the control fallow soil (see grey bars in Fig. 4), soil 
vegetated with F. ovina was not significantly stronger than the control 
soil. Although, after saturation, the strength differences between control 
and vegetated columns were smaller compared to the values observed 

Fig. 1. (a) Saturated hydraulic conductivity of control (C, fallow soil) and 
vegetated soil columns with contrasting species. The bottom and top of boxes 
represent the 25th and 75th percentile, while the line within the box marks the 
median (n = 5). Whiskers (error bars) above and below the box indicate the 
90th and 10th percentiles. (b) Infiltration measured using the simple single-ring 
test after saturation (black vertical bars) and after 21 days of evapotranspiration 
(ET; grey vertical bars). Means are reported ± standard error of mean (n = 5). 
Different letters in a and b graphs indicate a statistically significant difference 
between treatments, as tested using one-way ANOVA (p-value < 0.001) fol-
lowed by post hoc Tukey’s test. Acronyms: C (Control); CDM (Dry meadow 
community); CWM (Wet meadow community); F-DC (Daucus carota); F-GR 
(Geum rivale); G-FO (Festuca ovina); G-DC (Deschampsia cespitosa); L-LC (Lotus 
corniculatus) and L-LP (Lotus pedunculatus). 

Fig. 2. (a) Water loss from fallow (control) and vegetated soil columns during 
the 21-day monitoring period (30th July – 19th Aug 2019) after soil saturation 
(day 0). On the left y-axis, water loss is normalised by dry soil weight, while on 
the right y-axis water loss is presented as water depth in mm (water loss (l) per 
soil surface (m2)). Means are reported ± standard error of mean (n = 4). (b) Soil 
water content (g of water per g of dry soil) of fallow (control) and vegetated soil 
columns immediately after saturation (black vertical bars) and after evapo-
transpiration monitoring (grey vertical bars). Means are reported ± standard 
error of mean (n = 5). Different letters in graphs a and b indicate a statistically 
significant difference between treatments, as tested using one-way ANOVA (p- 
value < 0.001) followed by post hoc Tukey’s test. Acronyms: C (Control); CDM 
(Dry meadow community), CWM (Wet meadow community); F-DC (Daucus 
carota); F-GR (Geum rivale); G-DC (Deschampsia cespitosa); G-FO (Festuca ovina); 
L-LC (Lotus corniculatus) and L-LP (Lotus pedunculatus). 
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after ET, it should be noted that most of the vegetated columns were 
significantly stronger (2-times) than the control soil (see black bars in 
Fig. 4). 

The measurement of wet stable aggregates (WSA) highlighted sig-
nificant differences between control fallow soil and vegetated soil in the 
tested columns (Fig. 5). While only 4% of the aggregates from the fallow 
soil did not dissolve in water and wash out (i.e., 96% of aggregates 
destroyed by water), in the vegetated treatments WSA represented be-
tween 10 and 32% of aggregates. Therefore, in the vegetated treatments 
up to one-third of soil was able to resist the extreme weathering and 
maintain its structure. 

Fig. 6a shows the soil water retention curves measured in the tested 
treatments (data points in Supplementary Fig. 2; fitting parameters in 
Supplementary Table 1). At saturation, soil water content ranged be-
tween 0.34 and 0.36 g/g. Significant differences in water holding ca-
pacity were observed at field capacity (i.e., soil equilibrated at 5 kPa; 
Fig. 6b). Indeed, water content at field capacity highlighted significantly 

smaller values in control soil and soil vegetated with both grass species 
(Festuca ovina and Deschampsia cespitosa) compared to soil vegetated 
with the species mix (i.e., dry and wet meadow communities). Similarly, 
these treatments (control soil and grasses) highlighted significantly 
larger air content at field capacity compared with the other vegetated 
treatments (Fig. 6c). On the contrary, plant communities (CDM and 
CWM) and Daucus carota induced a significant drop of soil air content at 
field capacity (Fig. 6c). The effects of contrasting plant functional types 
were further highlighted by the values of plant available water esti-
mated from SWRCs (Fig. 6d). Indeed, soil vegetated with plants 

Fig. 3. Matric suction recorded in control and vegetated soil columns at 0.05 
(a), 0.22 (b) and 0.35 (c) m depths during progressive soil drying after soil 
saturation (30th July – 19th Aug 2019). Acronyms: C (Control); CDM (Dry 
meadow community), CWM (Wet meadow community); F-DC (Daucus carota); 
F-GR (Geum rivale); G-DC (Deschampsia cespitosa); G-FO (Festuca ovina); L-LC 
(Lotus corniculatus) and L-LP (Lotus pedunculatus). 

Fig. 4. Penetration resistance (i.e., soil strength) measured in the middle sec-
tion (0.22 m depth) of fallow and vegetated soil columns after saturation (black 
vertical bars) and after 21 days of evapotranspiration (ET; grey vertical bars). 
Tests were performed horizontally penetrating the soil column with 2.96 mm 
cone diameter and recording the maximum value of resistance. Means are re-
ported ± standard error of mean (n = 5). Different letters indicate a statistically 
significant difference between treatments, as tested using one-way ANOVA (p- 
value < 0.001) followed by post hoc Tukey’s test. Acronyms: C (Control); CDM 
(Dry meadow community), CWM (Wet meadow community); F-DC (Daucus 
carota); F-GR (Geum rivale); G-DC (Deschampsia cespitosa); G-FO (Festuca ovina); 
L-LC (Lotus corniculatus) and L-LP (Lotus pedunculatus). 

Fig. 5. Wet stable aggregates measured in soil sampled from fallow and 
vegetated soil columns. Means are reported ± standard error of mean (n = 5). 
Letters indicate a statistically significant difference between treatments, as 
tested using one-way ANOVA (p-value < 0.001) followed by post hoc Tukey’s 
test. Acronyms: C (Control); CDM (Dry meadow community), CWM (Wet 
meadow community); F-DC (Daucus carota); F-GR (Geum rivale); G-DC 
(Deschampsia cespitosa); G-FO (Festuca ovina); L-LC (Lotus corniculatus) and L-LP 
(Lotus pedunculatus). 
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belonging to the same functional type exhibited consistent values of 
estimated available water. 

Data of soil pore size (Fig. 7), estimated from the SWRCs, shows 
interesting effects of contrasting species on different pore diameter 
classes and hence soil functions (Greenland, 1981). Macro-porosity, 
responsible for soil aeration (> 300 μm), highlighted a significant 
drop (≈ 60%) in the soil vegetated with the wet meadow community, 
Daucus carota and Lotus pedunculatus, when compared with the control 
soil, where macropores accounted for 4% of total core volume. Pores 
responsible for water drainage in soil (300–30 μm) showed significant 
differences between the vegetated treatments, where both legumes 
exhibited significantly larger volumes of drainage pores compared to 
both grasses and the forb D. carota. Noteworthy is the consistent effect of 
species belonging to the same family (i.e., functional type). The pore 
diameter class ranging between 300 and 30 μm was the most repre-
sented in the cores sampled from vegetated columns. For example, these 
pores represented on average 23% of total pore volume in the dry 
meadow treatment. While pores in the diameter range 300–30 μm 
generally increased in vegetated cores (compared with control), micro- 
pores (< 0.2 μm) showed the opposite trend. When the diameter classes 
“300 – 30 μm” and “< 0.2 μm” are considered, grasses and legumes 
highlighted opposite trends of pore volume changes. 

Soil penetration resistance measured during SWRC testing high-
lighted a large strength increase with soil drying (i.e., during SWRC; 
Fig. 8). In particular, the greater strength gains with drying (e.g., from 5 
to 20 kPa) were recorded in the fallow control soil and the soil vegetated 
with the two grass species (up to 4.2-times increase). Similarly, a matric 
suction increase from 5 to 300 kPa confirms the larger strength gain in 
control and grass-vegetated soils. While the control soil and soil vege-
tated with grasses were between 14- and 16-times stronger at 300 kPa 
(compared to 5 kPa); in the soil vegetated with the other species and 
plant communities, the increase did not exceed 10-times the value at 5 
kPa. Penetration resistance in D. carota and D. cespitosa treatments 
differed significantly when the soil was equilibrated to 5 kPa matric 
suction, where D. carota soil exhibited the greatest penetration resis-
tance (0.48 ± 0.08 MPa). In contrast, the grass D. cespitosa showed the 
weakest soil (0.23 ± 0.02 MPa). Despite the large variability in pene-
tration resistance, the soil vegetated with the same plant types (e.g., 
same family) highlighted consistent strength. When soil cores were 
equilibrated at 20 and 300 kPa suction, no statistically significant dif-
ference was observed. 

Five months after sowing, all plants in the soil columns showed 
proper development and growth (i.e., no species highlighted clear signs 
of stress or poor growth). As expected, above-ground biomass largely 
differed between the tested species, with the smallest and largest above- 
ground biomass recorded in D. carota (4.39 ± 0.21 g) and Lotus corni-
culatus (11.69 ± 0.24 g), respectively (Fig. 9a). In the plant communities 
(CDM and CWM), the relative contribution to above-ground biomass 
varied largely between species (e.g., in CDM: 48 ± 13% D. carota; 49 ±
12%; L. corniculatus; 3 ± 1% F. ovina). 

Above-ground differences between plants did not always translate to 
similar below-ground differences (Fig. 9ab). Generally, most of the root 
biomass was found in the shallow soil layer (0.00–0.13 m). In the deeper 
soil layers root biomass highlighted a sharp decrease (Fig. 9b). 
D. cespitosa soil columns represented an exception to this general trend 
having the largest root biomass in the deepest soil layer. Indeed, 
D. cespitosa roots reached the bottom of the column and grew largely in 
the deeper soil layer. 

Root length measured down the soil profile varied significantly be-
tween treatments. Interestingly, the largest and smallest root length 
values were measured in the deep soil layer (0.26–0.40 m) of the col-
umns vegetated with the two grasses (G-FO = 5.11 ± 3.64 m; G-DC =
370.07 ± 65.89 m; Fig. 9c). In soil columns vegetated with grasses (i.e., 
fibrous roots), root length down the soil profile highlighted similar 
trends to biomass values (Fig. 9 b, c). On the contrary, in forb and 
legume species large biomass values did not translate into large root 

length values. For example, D. carota exhibited large biomass and small 
root length values in the shallow soil (0.00–0.13 m). Moreover, while 
biomass generally decreased with soil depth, root length increased with 
soil depth in different treatments (e.g., CWM; L-LC; L-LP in Fig. 9c). The 
increase in root length down the soil profile can be explained by a 
greater specific root length (SRL) in the deeper soil layers (Fig. 9d). 
Large differences in SRL between species and soil layers (i.e., depths) 
were the results of biomass allocation in different root diameter classes, 
as highlighted by root length and volume per diameter classes in Sup-
plementary Figs. 3 and 4. In all treatments, most of the root length was 
represented by fine roots, with diameter thinner than 0.5 mm (Supple-
mentary Fig. 3). Thicker roots (e.g., > 3 mm) represented less than 0.1% 
of root length. On the contrary, root volume per diameter class high-
lighted large differences between treatments. For instance, in the 
shallow soil of D. carota and the dry meadow community columns, most 
of the root volume was represented by thick roots (> 3 mm) (Supple-
mentary Fig. 4). 

The PCA biplot in Fig. 10 highlights the relation between the main 
investigated variables (i.e., plant traits and soil parameters). The first 
two components of the PCA account for 56% of variation. The first PCA 
axis (Dim 1) is strongly correlated with soil hydrological parameters, 
such as plant available water (PAW, Pearson’s r = 0.90), water content 
at field capacity (FC, Pearson’s r = 0.78) and saturated hydraulic con-
ductivity (Ks, Pearson’s r = 0.76), but negatively correlated with specific 
root length (SRL, Pearson’s r = − 0.85) and volume of pores with 
diameter thinner than 0.2 μm. The second PCA axis (Dim 2) is positively 
correlated with shoot biomass (S.BM, Pearson’s r = 0.82), air content at 
field capacity (AC, Pearson’s r = 0.74) and daily evapotranspiration 
(WL_d, Pearson’s r = 0.55). Specific root length was negatively corre-
lated with both hydraulic conductivity and plant available water (vec-
tors in opposite directions). Penetration resistance showed a positive 
relation with daily evapotranspiration (small angle between vectors 
between PR_ET and WL_d). Significant and notable correlations high-
lighted by the PCA biplot (WL_d vs PR_ET; SRL vs Ks; SRL vs PAW) are 
shown in greater detail (scatter plots) in Fig. 11. 

4. Discussion 

This study highlighted multiple soil-plant interactions that may in-
fluence the performance of vegetated earth barrier systems in reducing 
flood risk. For instance, hydraulic conductivity (Ks) of vegetated soil was 
generally larger than that of control fallow soil. However, the tested 
species differed in their effect. The water infiltrated and stored in the soil 
was efficiently removed by plant transpiration, recharging the storage 
capacity of soil. In the vegetated soil, daily evapotranspiration resulted 
in up to five times greater water loss compared to the fallow soil. During 
a single growing season (April – August), profound changes on soil 
structure were observed with a significant increase in aggregate stability 
and alteration of water retention properties. The following sections 
discuss the effects of the different species and communities on soil 
hydro-mechanical properties in turn. 

4.1. Effect of plants on water infiltration 

Most of the tested species significantly increased the saturated hy-
draulic conductivity (Ks) of soil. Increased water infiltration in the 
presence of vegetation has been reported for both woody and herba-
ceous plants (Archer et al., 2015; Ghestem et al., 2011; Leung et al., 
2018; Ng et al., 2020). The increases in infiltration and hydraulic con-
ductivity have been explained with the preferential flow of water along 
root channels formed around live, decaying or dead roots (Ghestem 
et al., 2011; Ni et al., 2019), as well as along desiccation cracks upon 
transpiration induced drying (Song et al., 2017). In particular, Archer 
et al. (2013) reported a significant increase in soil hydraulic conduc-
tivity in broad-leaf woodlands compared with degraded grasslands. 
Indeed, it is now commonly recognised that trees can enhance water 
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infiltration and hence decrease runoff during storm events (Archer et al., 
2013; Ghestem et al., 2011; Greenwood and Buttle, 2014). In contrast, 
more contradictory results have been reported for herbaceous plants. 
For instance, Gish and Jury (1983) and Jotisankasa and Sirirattanachat 
(2017) observed a decrease (compared with fallow soil) in hydraulic 
conductivity in soil vegetated with Triticum aestivum and Chrysopogon 
zizanioides, respectively. A similar observation has also been reported in 
a field study of grass and woody species (Leung et al., 2015a). These 
decreases in hydraulic conductivity were explained with root clogging of 
soil pores, and consequent blockage of water flow paths. 

Although our results and the literature show a general increase in Ks 
in vegetated soil, it is an oversimplification not to consider the species 
effect, in particular for herbaceous species where extremely contrasting 
root systems exist in terms of depth, morphology and turnover dynamics 
(Pagès, 2011). Our results (Figs. 1) highlighted the significance of the 
species-effect on infiltration and hydraulic conductivity. The lack of a 
difference in Ks between fallow soil and soil vegetated with F. ovina can 
be explained by the fibrous root system of F. ovina, where most of the 
root length and volume fell in diameter classes smaller than 2 mm 
(Supplementary Figs. 3 and 4). Indeed, Ks was negatively correlated with 
specific root length (SRL) (Fig. 11a). This observation can be explained 
by the small root-soil interface of fine roots along which preferential 
flow may occur (Ghestem et al., 2011), as well as the limited soil 
deformation during root penetration. Moreover, the dense and shallow 
root system of F. ovina (Fig. 9) might have resulted in a root mat which 
was able to prevent the formation of cracks, as well as clog macropores, 
in agreement with a study by Song et al. (2017) on the hydraulic 
properties and cracking of soil vegetated with Cynodon dactylon (grass). 
In contrast, species with thick roots (e.g., D. carota; Supplementary Fig. 
4g–i) and high transpiration (Lotus spp.; Fig. 2a) may have induced the 
formation of soil cracks due to radial root growth and desiccation cracks 
upon fast soil drying. Cracks were observed on the soil surface of some 
columns vegetated with D. carota and Lotus spp. Previous studies asso-
ciated large changes in soil hydraulic properties with the presence of 
coarse roots (diameter > 2 mm) (Archer et al., 2013) and desiccation 
cracks (Song et al., 2017). Furthermore, a deep root system could have 
resulted in a continuum of preferential flow paths along the entire soil 
volume, while the effect of shallow root systems (e.g., F. ovina; Fig. 9b) 
may have been limited to the topsoil layer. The number and size of 
cracks, as well as connection and tortuosity of root channels might have 
caused a large heterogeneity in soil and the notable variability of hy-
draulic conductivity in vegetated soil (Fig. 1). 

In this study, the Ks was tested after plant establishment (i.e., young 
plants) and it is likely that the hydraulic conductivity of vegetated soil 
will keep changing as roots grow and decay. For instance, a linear in-
crease in Ks during plant growth (i.e., time since establishment) was 
observed in soil vegetated with Salix viminalis (shrub) and Lolium perenne 
x Festuca pratensis hybrid (Festulolium grass) (Leung et al., 2018). On the 
other hand, Vergani and Graf (2016) found that Ks of soil vegetated with 
Alnus incana increased until a threshold value of root length density (0.1 

(caption on next column) 

Fig. 6. (a) Soil water retention curves obtained using the van Genuchten 
(1980) model to fit water content data measured in cores equilibrated to 
different pressure values (on ceramic suction plate and pressure chambers). 
Data-points and model parameters are presented in Suppl.Fig. 2 (i.e., scatter 
plot) and Suppl. Table 1. Vertical dashed line indicated field capacity (i.e., 5 
kPa matric suction). RETC software (PC-progress) was used to fit the water 
retention data; (b) Water content at field capacity; (c) air content at field ca-
pacity; (d) plant available water estimated from water retention curves of soil 
cores sampled from fallow and vegetated soil columns. Means are reported ±
standard error of mean (n = 5). Different letters indicate a statistically signif-
icant difference between treatments, as tested using one-way ANOVA (p-value 
< 0.001) followed by post hoc Tukey’s test. Acronyms: C (Control); CDM (Dry 
meadow community), CWM (Wet meadow community); F-DC (Daucus carota); 
F-GR (Geum rivale); G-DC (Deschampsia cespitosa); G-FO (Festuca ovina); L-LC 
(Lotus corniculatus) and L-LP (Lotus pedunculatus). 

D. Boldrin et al.                                                                                                                                                                                                                                 



Ecological Engineering 180 (2022) 106668

9

cm/cm3), after which Ks decreased. 
It remains difficult to compare the different studies on Ks changes in 

vegetated soil. While field studies operate in a complex system, resulting 
from long-term processes such as organic matter accumulation (e.g., 
4000-year-old Caledonian forest in Archer et al. (2015)), studies in 
controlled environments have the advantage to reduce variability and 
hence highlight mechanistic processes (e.g., species effect). However, 
laboratory and glasshouse studies have the disadvantage of introducing 
artificial boundary conditions associated with the use of soil cores, pots 
or soil columns (Vergani and Graf, 2016). Indeed, water flow between 
soil and container wall may differ with respect to the water flow in soil 
matrix and root channels. Moreover, the container diameter may indi-
rectly influence water flow along root channels affecting the develop-
ment of the root system. we can generally expect small root biomass, 
steeper root angles and deeper roots with the narrowing of the container 
diameter (Poorter et al., 2012). Therefore, it should be highlighted that 
our experiments were designed to make relative comparison between 
different treatments (e.g., species) under the same boundary conditions. 

The single-ring infiltration test further highlighted and confirmed 
the large differences between treatments in terms of soil hydraulic 
properties. In particular, Ks measurements and single-ring tests provided 
consistent treatment (e.g., species) ranking in terms of water infiltration 
into the soil (Fig. 1a, b). The PCA showed an association between the 
two variables (Fig. 10). Immediately after saturation, the fastest infil-
tration values were recorded in the soil vegetated with the wet meadow 
community and with L. pedunculatus (CWM and L-LP in Fig. 1b), 
consistent with the Ks measurements (Fig. 1a). As expected, infiltration 
after saturation was mainly driven by the Ks of the soil. In contrast, 
infiltration after the evapotranspiration period (i.e., unsaturated con-
ditions) may have been influenced by different factors such as soil water 
content, matric suction and large desiccation cracks. The water content 
and matric suction after ET monitoring varied largely between treat-
ments (Figs. 2 and 3) as a result of different ET rates (Fig. 2). Therefore, 
soil moisture conditions during the infiltration test were not consistent 
between treatments and the data should be interpreted as the relative 
difference in the light of information on ET and soil water status (Figs. 2 
and 3). For instance, the large infiltration difference between the dry 
and wet conditions in the dry meadow community (CDM in Fig. 1 b) 
might also be driven by large ET and matric suction induced by L. cor-
niculatus (Figs. 2 and 3). This condition can represent the response of 
soils with contrasting vegetation covers to dry periods followed by 
intense precipitations, condition that will become common with the 
intensifying of climate change (IPCC, 2013; Rummukainen, 2012). 

Although single-ring infiltration can generally provide only a relative 
measurement between treatments, it offers a validation of Ks 

measurements performed with the more accurate constant-head method 
(Mariotte bottle). In particular, it should be noted that the single ring 
setting has the advantage of not being affected by the container 
boundaries, because the test was performed on a small soil area at the 
centre of the soil surface (i.e., far from the pipe wall). However, test 
conditions, scale effect and soil heterogeneity can make measurements 
made by the constant-head method and single-ring not directly com-
parable in terms of absolute data. 

4.2. Water removal by plants 

Monitoring of water loss from soil columns clearly highlights the 
major role of plants in removing water. The estimated transpiration 
represented on average between 58 ± 1% (in F. ovina) and 82 ± 1% (in 
L. corniculatus) of daily water loss (i.e., evapotranspiration) from vege-
tated columns. This is consistent with the estimated contribution of 
transpiration (about 57%) to global terrestrial evapotranspiration (Wei 
et al., 2017). The tested herbaceous species were able to remove large 
amounts of water despite the relatively small biomass. For instance, the 
total mass of transpired water by L. corniculatus during the 21 days 
period (Fig. 2) was about 90-times its aboveground biomass (11.69 ±
0.24 g). Indeed, in general more than 90% of adsorbed water by plants is 
lost by transpiration and only 1% and 5% are retained in biomass and 
tissue expansion, respectively (Lambers et al., 2008). Such inefficient 
use of water by plants, resulting from the water/carbon dioxide gradi-
ents between atmosphere and leaf mesophyll, becomes a fundamental 
feature when plants are functional components of any bioretention 
system. After heavy precipitation, the soil can reach saturation and no 
more water can be stored. Part of the water stored during the rain event 
is lost by drainage immediately after the rain event. However, drainage 
stops when soil reaches field capacity (generally between 2 and 8 kPa 
matric suction). Evaporation, even under optimal conditions (e.g., high 
vapor pressure deficit), can only dry the soil surface (Figs. 2 and 3), 
because the drop in unsaturated hydraulic conductivity limits further 
water loss from depths. In contrast, the vegetation canopy expands and 
connects the evaporative surface (e.g., leaves) well beyond the soil 
surface exposed to the atmosphere. Water is extracted at least as deep as 
the roots can penetrate (Figs. 3 and 9b, c). Indeed, while the water 
content of fallow soil remained close to field capacity (0.27 g/g) despite 
21 days of evaporation (representing a dry period), during the same 
period the water content in the vegetated soil dropped beyond the 
permanent wilting point (0.06 g/g in L. corniculatus vegetated soil). The 
regulation ability of transpiration by stomatal conductivity, was shown 
by the slowing down of the rate of water loss in L. corniculatus columns 
with the progress of drying (Fig. 2a). Indeed, in addition to the ability to 

Fig. 7. Pore volume per total core volume 
for different diameter classes associated with 
different aeration and water retention func-
tions: (i) aeration pores >300 μm; (ii) 
drainage pores 300–30 μm; (iii) slow 
drainage and retention pores 30–0.2 μm; 
(iv) < 0.2 μm pores retaining non-available 
water for plants. Total volume of soil core 
was equal to 118 cm3. Means are reported ±
standard error of mean (n = 5). Different 
letters indicate a statistically significant dif-
ference between treatments in terms of pore 
volume within diameter classes (e.g., > 300 
μm), as tested using one-way ANOVA (p- 
value < 0.001) followed by post hoc Tukey’s 
test. Acronyms: C (Control); CDM (Dry 
meadow community), CWM (Wet meadow 
community); F-DC (Daucus carota); F-GR 
(Geum rivale); G-DC (Deschampsia cespitosa); 
G-FO (Festuca ovina); L-LC (Lotus cornicula-
tus) and L-LP (Lotus pedunculatus).   
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remove water, plant selection for resilient retention systems should 
consider water use efficiency under drought. This is important because 
projected increases in temperature, atmospheric CO2 and drought due to 
climate change may differently affect contrasting plant functional types 
(e.g., C3 and C4 species) and their competitiveness (Sage and Kubien, 
2003). 

In the columns vegetated with the species mixes (i.e., CDM and 
CWM), water loss was greater than the average water loss from the three 

contrasting species in the mix. For instance, the total water loss from the 
dry meadow community was 28% greater than the expected average 
water loss from the three contrasting species (D. carota, F. ovina and L. 
corniculatus). Therefore, this represents an emergent property of the 
more biodiverse system, where more demanding and competitive spe-
cies may optimize water use benefiting from less competition between 
diverse plants. In the case of the dry meadow community (CDM), 
L. corniculatus might have increased its transpiration compensating for 
the small water usage of D. carota and F. ovina. Encouragingly, based on 
our results, there is no tradeoff between engineering functionality and 
plant biodiversity as it is possible to enhance biodiversity without 
compromising the engineering services (e.g., water removal). Indeed, 
when all treatments (i.e., control soil; contrasting species; contrasting 
plant communities) are considered for key functions in bioretention 
systems such as hydraulic conductivity, water retention and evapo-
transpiration, plant community can be generally ranked in the three top 
positions for their performance (1stCWM for Ks (Fig. 1a); 3rd CWM for 
daily water loss (Fig. 2a); 2nd CWM for soil strength (Fig. 4); 1st CWM 
and 3rd CDM for soil PAW (Fig. 6d)). Similarly, a study by Lundholm 
(2015) on green roofs found that species mixtures can outperform 
monocultures for multiple ecosystem services including stormwater 
retention. Our results will contribute towards biodiverse plant selection 
for bioretention systems and hence the promotion of biodiversity in built 
environment. Indeed, functional advantage (i.e., service provisioning) of 
biodiversity may be desirable in constructed ecosystems also on cost 
grounds. Long-term, monospecific vegetation have generally a limited 
ability to adapt to environmental fluctuations and changes. Contrasting 
responses of diverse species to environmental factors (e.g., extreme 
climatic events or pests) contribute to ecosystem resilience, particularly 
in a changing environment and climate. In ecology, this has been 
explained using the concepts of functional redundancy and functional 
insurance (Diaz and Cabido, 2001). Functional redundancy makes sys-
tems more resilient, as several species may have similar function (e.g., 
ecosystem service). Functional insurance is determined by the func-
tional richness, which increases the probability that some species will 
respond positively to a perturbation. Ideally, plant screening for long- 
term resilience of retention systems should identify different species 
with similar function (e.g., high transpiration) as well as species with 
different temporal and spatial responses to environmental perturbations 
(i.e., functional insurance). Functional diversity limiting interspecific 
competition may be more important for ecosystem resilience than sim-
ple species diversity (i.e., number of species) alone. The matric suction 
induced by soil drying differed greatly between treatments, soil depth 
and time (Fig. 3). While in the shallow soil, all species were able to 
induce large matric suction values, in the deeper soil layers (> 0.2 m) 
large matric suction values were recorded after a longer time period, and 
not all species were able to induce high values of matric suction (e.g., 
F. ovina). Differences in the induced matric suction down the soil profile 
appear to be the result of different root depths and densities in the soil 
vegetated with contrasting species. For instance, Figs. 9b and c show an 
exponential decrease in both root biomass and length down the soil 
profile of F. ovina columns. Our results are in contrast with the study by 
Ng et al. (2013), where the vertical influence zone of suction was up to 
four-times the root zone for the grass C. dactylon. However, it should be 
noted that the root zone in Ng et al. (2013) was only 50 mm deep and 
suction monitoring was limited to shallow soil (≈ 0.2 m). The low water 
uptake by D. carota (Figs. 2 and 3) can be explained by the poor 
development of fine roots for water uptake, while most of the biomass in 
the taproot has a storage function (Fig. 9). Similar observations on 
induced matric suction and root growth in depth have been reported for 
contrasting woody species by Boldrin et al. (2018). Knowing the root 
zone of influence in the soil (e.g., depth of plant water uptake) is key for 
optimizing species selection and the design of bioretention barriers. For 
example, planting species with a shallow root system on a thick bio-
retention barrier will result in an inefficient system, because water 
cannot be removed from the deeper soil layers and the water storage 

Fig. 8. Penetration resistance measured in soil cores tested for water retention 
at (a) 5 kPa, (b) 20 kPa and (c) 300 kPa matric suction. Tests were performed 
vertically penetrating the soil core with 0.95 mm cone diameter. Means are 
reported ± standard error of mean (n = 5). Different letters indicate a statis-
tically significant difference between treatments, as tested using one-way 
ANOVA (p-value <0.001) followed by post hoc Tukey’s test. n.s. indicates a 
lack of significant difference between treatments (p-value >0.05). Note that y- 
axis scales differ between figures a, b and c. Acronyms: C (Control); CDM (Dry 
meadow community), CWM (Wet meadow community); F-DC (Daucus carota); 
F-GR (Geum rivale); G-DC (Deschampsia cespitosa); G-FO (Festuca ovina); L-LC 
(Lotus corniculatus) and L-LP (Lotus pedunculatus). 
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capacity will be recharged only in the shallow rooted soil. Therefore, our 
results on water uptake and induced matric suction down the soil profile 
can assist species selection to implement efficient bioretention earth 
barrier systems. 

4.3. Soil strength gain 

Soil strength varied greatly between treatments during both wet (i.e., 
after saturation) and dry (after ET monitoring) conditions (Fig. 4). In 
particular, an abrupt strength gain was recorded after the drying period 
(e.g., up to 12-times in L. corniculatus soil). Indeed, the penetration 
resistance (i.e., soil strength) recorded after ET monitoring showed a 
positive correlation with daily evapotranspiration (Fig. 11b). 

The strength gain upon drying was driven by the large values of 
matric suction (and hence effective stress) induced by plant water up-
take (Figs. 2 and 3). Transpiration-induced suction has been recognised 
as one of the main reinforcement processes (increase in apparent 
cohesion) in soil to resist shearing (Simon and Collison, 2002). This soil 
reinforcement can play a major role in stabilising a water retention 
barrier on a slope (Leung et al., 2017; Rahardjo et al., 2014; Yildiz et al., 
2019). Although after saturation the strength differences between con-
trol and vegetated columns were smaller compared to the values 
observed after ET, the strength gain of the vegetated soil during wet 
conditions (i.e., no suction effect) can be of greater interest for the sta-
bility of bioretention systems targeting flood mitigation. Soil vegetated 
with D. carota and Lotus spp. was more than 2.5-times stronger than the 
control soil. We hypothesise that this strength gain is the result of soil 
structural changes induced by root growth and water uptake (e.g., 
wetting-drying cycles) (Jin et al., 2017), as well as mobilisation of root 
tensile strength (also known as, root mechanical reinforcement) in the 
root-soil composite (Comino et al., 2010). In particular, the strength 
gain in the D. carota vegetated soil can be explained by soil densification 
induced by the radial growth of thick C. carota tap roots (Supplementary 
Fig. 4g–i) (Bruand et al., 1996). Changes in soil structure were also 
highlighted by the significantly greater wet aggregate stability in 
vegetated soil (Fig. 5) in agreement with the literature (Tisdall and 
Oades, 1979; Tisdall and Oades, 1982). The compression induced by 
root water uptake (e.g., wetting-drying cycles) forms aggregates that are 
denser and of greater strength than those in unvegetated soils (Jin et al., 
2017). Moreover, exudates released by roots can increase aggregate 
stability (Angers and Caron, 1998), as well as soil hardness and elasticity 
(Naveed et al., 2018). For example, Naveed et al. (2018) showed an 
increase of both hardness and elasticity of sandy loam soil with 
increasing exudate concentration from both Hordeum vulgare and Zea 
mays. The intrusion of the roots of herbaceous species may also form a 
root-soil composite with enhance mechanical properties such as resis-
tance in tension (Comino et al., 2010; Loades et al., 2010). Mechanical 
reinforcement differences between contrasting species, such as those 
tested in the present study, can be explained by root length density in 
soil, root-system architecture and root biomechanical properties (Bol-
drin et al., 2021; Comino et al., 2010; De Baets et al., 2008; Loades et al., 
2010). For instance, Comino et al. (2010) reported a shear strength gain 
of 10.2 ± 3.4 kPa (% increase = 693) in soil vegetated with 
L. corniculatus when compared with fallow soil. Therefore, the large 
strength gain of soil vegetated with L. corniculatus in the present study 
could be explained by the mobilisation of soil-root interface friction and 

(caption on next column) 

Fig. 9. (a) Above-ground biomass; (b) root biomass; (c) root length; and (d) 
specific root length measured down the soil profile (three depth ranges in soil 
columns). Means are reported ± standard error of mean (n = 5). Letters indi-
cate a statistically significant difference between treatments, as tested using 
one-way ANOVA (p-value <0.001) followed by post hoc Tukey’s test. Acro-
nyms: C (Control); CDM (Dry meadow community), CWM (Wet meadow 
community); F-DC (Daucus carota); F-GR (Geum rivale); G-DC (Deschampsia 
cespitosa); G-FO (Festuca ovina); L-LC (Lotus corniculatus) and L-LP (Lotus 
pedunculatus). 
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hence the root mechanical reinforcement (Fig. 4). However, it should be 
noted that in addition to this, soil strength gains driven by changes in 
soil structure (e.g., aggregate stability) could have also contributed to 
the penetration resistance differences after saturation. 

In our study, aggregate stability was the greatest in the soil vegetated 
with F. ovina, where more than 30% of aggregates did not disperse in 

water. In contrast, less than 5% of aggregates were stable in the control 
soil (Fig. 5). The greatest number of stable aggregates in the F. ovina 
vegetated soil can be explained by its dense fibrous root system (Figs. 9c, 
d and Supplementary Fig. 3m–o). The increase of stable aggregates in 
soil vegetated with F. ovina further strengthens the argument for bio-
diverse vegetation incorporating several desirable functions: whilst 
other species outperformed F. ovina in terms of hydraulic conductivity 
(Fig. 1) and evapotranspiration (Fig. 2), F. ovina induced greater ag-
gregates stability (Fig. 5). Indeed, fine roots are largely responsible for 
the improvement of soil aggregate stability (Pohl et al., 2012). Aggre-
gate stability enhances soil resistance to erosion (Andreu et al., 2001), as 
well as soil porosity and hence hydraulic conductivity (Bronick and Lal, 
2005). However, in our study we did not identify any clear relation 
between aggregate stability and soil hydrological or hydraulic proper-
ties. Longer time (e.g., several growing seasons) may be necessary to 
appreciate the gradual evolution of hydrological and hydraulic changes 
induced by soil aggregation, as well as significant species effects. 
Moreover, while Ks was tested on the entire soil volume, soil for 
aggregate stability was tested only for shallow soil. In a bioretention 
system (e.g., earth barrier system), soil stability and high Ks are desirable 
properties driving faster infiltration and a greater resistance to extreme 
climate events (e.g., less sediment washout in the drainage system). 

4.4. Water retention properties 

The relationships between soil water content and matric suction (aka 
soil water retention curves) varied between treatments (Fig. 6) and 
significant differences were found between water contents of different 
treatments equilibrated to the same matric suctions. Vegetated soil, with 
the exception of grass-vegetated soil, showed a significantly greater 
water content at field capacity (i.e., at 5 kPa; Fig. 6b). It is interesting to 
notice that species belonging to the same plant functional type showed 
similar and consistent effects on soil water retention properties. For 
instance, when we consider different parameters estimated from SWRCs 
(Fig. 6b,c,d), the soil vegetated with the two grass species (D. cespitosa 
and F. ovina) showed a small effect (i.e., values close to control soil) 
compared with other plant functional types (e.g., legumes). It should be 
noted that the two contrasting grasses clearly differ in plant traits 
(Fig. 9). The consistent lack of an effect in the grass-vegetated soil can be 
explained by the fibrous root system, where no thick roots are present 
(Supplementary Figs. 3m-r and 4m-r). Indeed, the intrusion of fine roots 
without radial growth (i.e., no secondary development) probably had 
little effect in terms of rhizosphere densification and loss of voids, while 
on the contrary soil particles are rearranged in stable aggregate by these 
dense fibrous roots-systems and their exudates (Fig. 5). In contrast with 
grasses, the air content at field capacity and the volume of aeration pores 
(Figs. 6c and 7) showed a remarkable drop in soil vegetated with plant 
communities and D. carota. The loss of macropores (e.g., aeration pores) 
in the soil vegetated with plant communities can be explained by a more 
efficient occupancy and manipulation of soil voids in a species mix, 
where contrasting root morphologies were present. Similarly, the large 
radial growth of D. carota tap roots (Supplementary Fig. 4g–i) might 
have resulted in a soil densification and hence loss of large voids, in 
agreement with the observations by Bruand et al. (1996) on rhizosphere 
soil. The densification of soil in the cores vegetated with D. carota and 
tested for SWRC is also supported by the greater penetration resistance 
compared to other treatments (Fig. 8a). The theoretical plant available 
water (PAW), estimated by SWRCs, was negatively correlated with 
specific root length (SRL) of contrasting species (Fig. 11 c). Therefore, 
soil colonised by fine and dense root systems (e.g., grasses) was asso-
ciated with smaller values of PAW when compared with soils colonised 
by root systems characterised by thick and more diameter-heterogenous 
roots. This observation can be explained by the relative changes in the 
volume of macro- and mesopores storing available water, as well as 
changes of micropores storing unavailable water at permanent wilting 
point (see calculation of PAW in Materials and Methods). For instance, 

Fig. 10. Variables factor map (a) and individual factor map (b) of the principal 
component analysis (PCA) of plant traits and soil hydro-mechanical parameters 
on the plane represented by the first two dimensions of the principal component 
analysis (Dim1: 38.76% of variation; Dim2: 17.60% of variation). Acronyms of 
plant traits, soil parameters and treatments: S.BM (Shoot biomass, see Fig. 9a); 
R.BM (root biomass, see Fig. 9b); RL (root length, see Fig. 9c); SRL (average 
specific root length, see Fig. 9d); Ks (saturated hydraulic conductivity, see 
Fig. 1a); Inf_Sat (infiltration after saturation, see Fig. 1b); Inf_ET (infiltration 
after evapotranspiration period, see Fig. 1b); PR_Sat (penetration resistance at 
saturation, see Fig. 4); PR_ET (penetration resistance after evapotranspiration 
period, see Fig. 4); WL_d (daily evapotranspiration, see Fig. 2); FC (water 
content at field capacity of soil, see Fig. 6b); AC (air content at field capacity, 
see Fig. 6c); PAW (plant available water, see Fig. 6d); P0300 (pores with 
diameter > 300 μm, see Fig. 7); P300_30 (pores with diameter between 300 and 
30 μm, see Fig. 7); P30_02 (pores with diameter between 30 and 0.2 μm, see 
Fig. 7); P02 (pores with diameter < 0.2 μm, see Fig. 7); WSA (water stable 
aggregates, see Fig. 5); CDM (Dry meadow community), CWM (Wet meadow 
community); FDC (Daucus carota); FGR (Geum rivale); GDC (Deschampsia ces-
pitosa); GFO (Festuca ovina); LLC (Lotus corniculatus) and LLP (Lotus 
pedunculatus). 
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the increase of pores within the 30–0.2 μm diameter-class and the 
decrease of micropores smaller than 0.2 μm can translate in an overall 
increase of PAW. 

The changes in water retention curves induced by roots have been 
rarely investigated in the literature, particularly when considering 
contrasting species. Our results (Fig. 6) are in agreement with previous 
observations by Leung et al. (2015b) on soil vegetated with a Schefflera 
heptaphylla tree. Leung et al. (2015a, 2015b) found greater matric suc-
tion (per given water content) in vegetated soil compared to fallow soil. 
Indeed, rhizosphere soil (small soil volume surrounding the root) has 
been shown to present distinct hydrological properties and dynamics 
compared to bulk soil (Bengough, 2012). Carminati et al. (2010) showed 
a distinct, hysteretic and time-dependent water retention curve of the 
rhizosphere soil. This water retention property changes with root 
ageing, facilitating water uptake (Carminati and Vetterlein, 2013). The 
distinct water retention properties of rhizosphere soil have been 
explained with soil structural changes (Koebernick et al., 2019; Whalley, 
2005) and chemical properties of root exudates (Read et al., 2003). 
Therefore, it can be hypothesised that changes at rhizosphere scale can 
also influence the water retention properties of vegetated soil. 
Furthermore, although organic matter concentration did not differ be-
tween treatments (e.g., control and vegetated soil) after one growing 
season in this study (data not shown), it can be hypothesised that after 
several growing seasons and notable turnover of plant materials (litter 
and roots), organic matter can accumulate in soil to influence the water 
holding capacity. Indeed, in long-term, organic matter can have major 
effects on water retention properties of soils because of its effect on 
water holding capacity, hydrophobicity and the associate influence on 
soil structure (Tivet et al., 2013). 

The estimated volume of pores with key functions for soil hydrology 
further highlighted consistent effects induced by plants belonging to the 
same plant functional type (Fig. 7). Grasses and legumes showed 
opposite trends in terms of the increase or decrease in pore volume 
(compared with control soil) when the pore-diameter classes “300 – 30 
μm” and “< 0.2 μm” were considered. The fibrous root system of grasses 
had a small influence compared with other plant functional types (i.e., 
values close to the control soil). Furthermore, the differences in the 
volume of drainage pores (300–30 μm) between treatments showed 
similar trends to soil penetration resistance (Fig. 8a). This similarity 
supports the hypothesis that the observed differences in water retention 
properties resulted from structural more than chemical changes induced 
by root growth. 

Coarse root systems have previously been found to increase soil 
macro-porosity by 30%, while species with dense fine root systems 
enhanced mesopore volume (Bodner et al., 2014). In contrast, our study 
did not find an increase in macropores in the presence of coarse roots (e. 

(caption on next column) 

Fig. 11. Scatter plots of significant relationships identified in the PC Biplot 
(Fig. 10). (a) Correlation between average specific root length (SRL; see Fig. 9d) 
and saturated hydraulic conductivity (Ks; see Fig. 1a) (n = 5). Dashed line 
represents the linear regression model and trend of correlation [Ks =

− 1.47e− 7*SRL + 5.29e− 5; R2 = 0.52; p-value<0.001]. Dotted line gives the 
average value recorded in control columns (fallow soil). (b) Correlation be-
tween average daily water loss (WLd) and penetration resistance (PR; see Fig. 4) 
recorded after the water loss monitoring. Average daily water loss was calcu-
lated averaging the water loss between consecutive recordings (see Fig. 2) 
during the 21 days monitoring (n = 4). Dashed line represents the linear 
regression model and trend of correlation [PR = 4.18*WLd-1.10; R2 

= 0.77; p- 
value<0.001]. Mean values of daily evapotranspiration are reported ± stan-
dard error of mean. (c) Correlation between average specific root length (SRL; 
see Fig. 9d) and plant available water (PAW; see Fig. 6d) (n = 5). Dashed line 
represents the linear regression model and trend of correlation [PAW = -2.00 
e− 4*SRL + 0.2572; R2 = 0.49; p-value<0.001]. Dotted line gives the average 
value recorded in control columns (fallow soil). Acronyms: C (Control); CDM 
(Dry meadow community), CWM (Wet meadow community); F-DC (Daucus 
carota); F-GR (Geum rivale); G-DC (Deschampsia cespitosa); G-FO (Festuca ovina); 
L-LC (Lotus corniculatus) and L-LP (Lotus pedunculatus). 
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g., soil vegetated with D. carota). Formation of macropores (e.g., aera-
tion pores) might have been limited due to little root turnover (i.e., root 
decay) during a single growing season. Furthermore, the soil cores for 
SWRCs and porosity estimation (≈ 4% of soil column volume) might 
have been too small to represent the spatial heterogeneity of root 
channels and cracks. Indeed, the differences and variability of SWRCs 
(Fig. 6) were smaller compared to those of soil hydraulic conductivity 
(Fig. 1). Changes in soil structure and water retention properties induced 
by vegetation are generally ignored in the design and assessment of 
nature-based solutions (e.g., bioretention systems). However, our results 
highlight a significant vegetation effect on soil structure and retention 
properties, which may be included in future designs. Improving water 
retention of soil can enhance the system resilience against extreme 
weathers events by increasing both water holding capacity (resilience 
against intense rain events) and water availability for plants (i.e., 
resilience against drought). Indeed, climate change has already been 
leading to variable weather with increased frequency of both floods and 
droughts (Hanlon et al., 2021; Herring et al., 2018; IPCC, 2022; Rakovec 
et al., 2022). 

5. Conclusions 

This study highlighted and quantified multiple soil-plant interactions 
that can benefit soil bioengineering solutions, such as earth barrier 
systems for flood mitigation. The use of vegetation can provide several 
engineering and ecological services at the same time, in contrast with 
traditional engineering solutions. For instance, the hydraulic conduc-
tivity of vegetated soil was generally larger than that of control fallow 
soil. However, the tested species significantly differed in their effect. 
Interestingly, the legume L. corniculatus induced the greatest increase in 
hydraulic conductivity (compared to the control), as well as the fastest 
water removal rate by transpiration (i.e., recharging the storage capacity 
of soil). Furthermore, notable changes in soil structure (e.g., aggregate 
stability), strength (e.g., penetration resistance) and water retention (e. 
g., SWRCs) were found to vary in relation to plant functional type. The 
species mix (biodiverse vegetation) highlighted emergent properties 
such as a greater transpiration rate (i.e., water removal) compared with 
the simple average of single species in the mix. Therefore, biodiverse 
vegetation maximised both functionality and resilience of nature-based 
solutions. 

This study focused on soil-plant interactions in soil columns main-
tained under controlled conditions (glasshouse) during one growing 
season (i.e., summer). Future work is needed to study these soil-plant 
interactions under full-scale bioretention systems for a range of soil 
types and for both summer and winter rainfall events. Indeed, service 
provisioning by vegetation depends on season (Boldrin et al., 2018). For 
example, water removal by transpiration can be small during autumn 
and winter due to plant dormancy and low vapor pressure deficit in the 
atmosphere. In the long-term, other factors, such as organic matter 
accumulation, can alter the water retention properties of vegetated soil. 
Furthermore, assessment of flood-mitigation by retention system should 
include climatic factors such as rainfall intensity, return period and the 
time before consecutive rain events. For instance, the water retention 
capacity of the barrier cannot be fully re-established if successive rain 
events occur in a short period of time, even if plants with high water- 
demand are used. 
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