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Climate change (higher frequency and intensity of precipitation events) and land use change (urbanization reducing soil drainage capacity) are increasingly causing stormwater problems globally, especially in cities. Nature-based solutions such as urban greenspace rehabilitation programs are gaining considerable attention for
restoring soil retention capacity and protecting cities against increasing flood risk. However, a better understanding of how effective such measures are in practice is needed to enable and promote their adoption across urban
settings.To this end, in this study, we assess the effect of soil rehabilitation measures in terms of soil compaction,
vegetation cover and unsaturated hydraulic conductivity by analysing the results of an infiltration measurement
campaign conducted across a wide range of real-world greenspaces (from recently rehabilitated, to poorly maintained, down to highly degraded) in the Italian city of Milan, one of the most urbanized areas in Europe.Our
results show that the unsaturated hydraulic conductivity varies significantly across the examined greenspaces,
due to differences in time from rehabilitation, soil compaction and vegetation cover. Specifically, we find that
the highest unsaturated hydraulic conductivity is obtained after approximately 5 years since implementation of
soil rehabilitation measures, which can be explained by the time needed (i) by the introduced vegetation to develop root systems, and (ii) by the soil matrix to develop a coherent structure that allows stable connections
between pores and thus the strengthening of preferential water pathways. Finally, our study shows that, in absence of soil and vegetation maintenance, unsaturated hydraulic conductivity may decrease rapidly after about
9–12 years.These findings provide useful information for supporting the planning of nature-based solutions in
practice, which will become increasingly important to protect our cities from climate change impacts and widespread urbanization going forwards.
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1. Introduction

The rapid and widespread urbanization of agricultural and natural
environments is severely impacting the retention capacity of soils, with
detrimental hydrological effects globally (Seto et al., 2013; Chen et
al., 2014; Masseroni et al., 2017; Recanatesi et al., 2017; Li et
al., 2018; Salerno et al., 2018; Schoener, 2018). In addition to the
initial disturbance resulting from the conversion into urban land uses,
such abrupt transformations can adversely influence physical, chemical and biological properties of the soils, affecting their infiltration capacity and undermining their role in flood prevention and ecosystem
services provision (Zhang et al., 2015; Kvočka et al., 2016; Yao
et al., 2017; Akter et al., 2018). Soil compaction resulting from urbanization can alter soils' aggregate arrangement and porosity matrix
(Yang and Zhang, 2008; Chen et al., 2014), and urban develop

Corresponding authors at: Department of Agricultural and Environmental Sciences,
University of Milan, Via Celoria 2, 20133 Milan, Italy.
E-mail addresses: andrea.galli1@unimi.it (A. Galli); daniele.masseroni@unimi.it (D.
Masseroni)
⁎

https://doi.org/10.1016/j.scitotenv.2021.147612
0048-9697/© 2021.

© 2021

ments can lead to drastic changes in soil hydraulic characteristics, with
significant reductions in terms of drainage capacity (Gregory et al.,
2006). In turn, implications may include impaired water quality, higher
runoff volumes, reduced runoff lag time and groundwater recharge, potentially leading to increases in flood risk.
While analyses under controlled conditions are common, real-world
soil infiltration capacities are still largely unexplored in urban areas,
which is a bottleneck towards providing effective decision support. Results of laboratory tests/experiments on compacted soil samples of different texture demonstrate that the surface layer of the soil can lose
up to 82% of its saturated hydraulic conductivity due to aggregate
break-downs and macropore losses (Zhang et al., 2006). This highlights how soil compaction could have severe repercussions on infiltration capacity especially for soils located in urban settings, where the levels of compaction are worsened by the movement of vehicles and pedestrian traffic. However, information on the infiltration capacity of urban
soils under uncontrolled conditions is limited, and measurement campaigns for detecting the real drainage aptitude of urban soils under different levels of natural/artificial compaction are needed to better understand the spatio-temporal variability of soil hydraulic properties and
therefore guide rehabilitation practices in cities.
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ity, gaining important insights for supporting soil rehabilitation plans
across urban areas.
2. Materials and methods
2.1. Study domain

The study domain we focus on in our analysis comprises 49 greenspaces (specifically, street-level greenspaces such as green sidewalks,
roundabouts and median strips), located within the urban tissue of the
city of Milan, Italy.
According to the Köppen-Geiger classification (Geiger, 1961), the
study domain has a humid-subtropical climate, with a mean annual air
temperature of about 15 °C, an annual rainfall total of about 1000 mm
and average daily rainfall intensity of about 10 mm/h, evaluated over
the period from 1899 to 2016 (Ranzi et al., 2021). Recent studies carried out by the Meteorological Observatory of Milan Cathedral as part
of the ClimaMi project (www.progettoclimami.it) showed that climate
change is already heavily affecting temperature and rainfall patterns
within the study area. Specifically, since 1980, mean temperatures and
average daily rainfall intensity have increased by approximately 1.5 °C
and 14%, respectively, making the city of Milan prone to frequent heat
waves and damaging flood events (Brunetti et al., 2000, 2004; Persiano et al., 2020). Notably, based on historical data, while 2 flood
events per year were observed on average over the period 1976–2017,
flood frequency has increased up to 3 events per year in this area over
the last fifteen years (Masseroni et al., 2017).
Infiltration measurements were carried out across a sub-district of
the municipality of Milan, within a radius of about 3.5 km around the
Cathedral (city centre). This is the most ancient and urbanized area of
the city, with about 85% of impervious surfaces. Despite this sub-district
is not usually the most affected by flooding, it represents a suitable pilot area, as the ratio between impervious surfaces, buildings, streets, and
urban greenspaces is representative of the urban tissue of the entire city.
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In developed countries, urban greenspace rehabilitation measures
and programs are gaining considerable attention to restore soil retention
and drainage capacity (Chen et al., 2014). In highly urbanized areas,
traditional stormwater control measures, such as the construction of detention basins, stormwater tanks, by-pass and flood diversion channels,
are increasingly proving unfeasible due to a lack of open spaces, as well
as insufficient at mitigating effectively the higher runoff volumes linked
with climate change-driven more intense rainfall events (Mahmood et
al., 2017; Jiang et al., 2018; Mahmoud and Gan, 2018; Zhou et
al., 2018). Moreover, concerns are raising as, by accumulating and redirecting large volumes of runoff, traditional stormwater control measures
can induce hydrological disturbance and contribute to the spread of pollutants in urban and peri-urban ecosystems (Roy et al., 2008). Instead,
recent guidelines are encouraging administrations and authorities to invest in the hydraulic-hydrologic invariance development of urban areas
(Pappalardo et al., 2017; Masseroni et al., 2019), which involves
safeguarding urban greenspaces through soft-path solutions exploiting
natural retention and infiltration capacities of the soils that are already
part of the urban tissue (Pyke et al., 2011). Essentially, this entails a
shift in terms of the main purpose of urban greenspaces from an aesthetic and ornamental role towards a stormwater prevention function
(Mullaney et al., 2015).
However, a deeper understanding of the role of vegetation cover
is needed to further justify and promote the adoption of nature-based
stormwater control measures across urban settings. The use of vegetation on urban soils is expected to play a key role in improving soil permeability (Colaninno et al., 2019), and planting urban trees can help
to reduce runoff peaks by enhancing the rainfall interception (Xiao and
McPherson, 2016; Nytch et al., 2019) and the infiltration at the base
of the trunk where stemflow fluxes were funnelled (Schooling and Carlyle-Moses, 2015; Van Stan and Allen, 2020). For example, Rahman et al. (2019) observed that, in natural environments, root systems
allow the development of preferential drainage channels in the soil resulting in an increase in infiltration rate and deep percolation. However,
the impact of vegetation cover on the infiltration capacity of soils in urban contexts has not yet been investigated in detail and targeted studies
to understand its implications on hydrological factors are needed.
Therefore, in this work, we investigate how (and over which
timescales) soil rehabilitation interventions affect the infiltration capacity of soils that are disturbed by urban developments, including
how these effects may be modulated by soil compaction levels and the
presence of vegetation, using a real-world example as a case study.
Specifically, we perform in-situ infiltration measurements on greenspaces within the urban tissue of the Italian city of Milan (with about 1.3
million of resident people) and assess the effects of soil compaction, vegetation cover, and their interaction, on unsaturated hydraulic conductiv
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2.2. Characteristics of the analysed urban greenspaces
The soils characterising the examined greenspaces had different levels of vegetation cover, soil compaction, and state of maintenance, as
shown in Fig. 1. In some cases, urban greenspaces were improperly
used as parking lots and showed heavily compacted soils and no vegetation (Fig. 1a). In others, a lack of maintenance had led to a slow
degradation of soils and a very scattered presence of vegetation (Fig.
1b). Instead, other greenspaces showed rehabilitated soil (Fig. 1c). In
fact, in 2009, the Department of Green Spaces, Agriculture and Urban Design of the municipality of Milan (here in the follow DeGreSpA)
launched a rehabilitation plan to avoid the progressive degradation of
urban greenspaces consisting in the application of targeted operations,
practices, and treatments to protect and conserve urban soils and en

Fig. 1. Variety of urban greenspaces examined: (a) highly degraded soil, (b) poorly maintained soil, (c) rehabilitated soil.
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2.3. Measurement campaigns

(1)

where C1 (m/s1/2) and C2 (m/s) are the two calibration parameters
mainly related to soil sorptivity and unsaturated hydraulic conductivity.
The value of K (cm/s) was calculated using Eq. (2).
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Measurement campaigns involved assessments of unsaturated hydraulic conductivity, soil moisture, soil compaction, and vegetation
cover, as detailed below.
Soil infiltration capacities were determined directly in-situ by measuring the unsaturated hydraulic conductivity of the soil (K) using a
Mini-Disk Infiltrometer (MDI) (METER Group Inc., 2020). The MDI
is a highly portable and inexpensive tension infiltrometer developed
by METER Group Inc. USA (Fig. 2). Infiltration measurements were
performed following the protocols described in the MDI user manual (freely accessible at www.metergroup.com/environment/products/
mini-disk-infiltrometer). In particular, the MDI was used to measure cumulative infiltration with a pressure head (suction) of −2 cm, which is
adequate for most soils - as reported in the MDI manual. Before placing the MDI, the soil surface was cleaned and delicately levelled using a

trowel and scissors to avoid the overturning of the device during measurements, as well as to allow a perfect adherence between the sintered
filter of the instrument and the soil surface. To ensure the contact between the sintered disk and soil surface, a thin layer of sand (about
0.5 cm thick) was added, as suggested in the manual. The variation of
water level inside the minidisk water reservoir was manually recorded
at regular time intervals of 30 s, for a total of about 7 min for each test.
At each measurement point, 3 to 9 repetitions were carried out (depending on the variability of the recorded measurements in each trial), for a
total of 192 infiltration measurements performed over the period February–October 2020.
The unsaturated hydraulic conductivity was derived by combining
the obtained cumulative infiltration measures with knowledge of van
Genuchten's soil parameters (van Genuchten, 1980) using Zhang's
method (Zhang, 1997).
The cumulated infiltration, I (mm) versus time, t (s) data were fitted
by Eq. (1).
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hance both their ornamental and hydraulic functions, the latter specifically connected to the improvement of infiltration capacity. Despite not
always following a specific protocol, soil rehabilitation mainly consisted
in (i) carrying out a surface soil tillage (from 8 to 15 cm of depth),
(ii) laying a new surface layer (10–15 cm) of fertile topsoil (organic
matter >4%), (iii) sowing grass species easily available on the market such as Festuca arundinacea, Poa pratensis, Lolium perenne, Agrostis
stolonifera and lastly (iv) planting, where feasible, shrubs species such
as Berberis vulgaris, Euonymus latifolius, Pittosporum tobira, Arbustus menziesii, Buxus sempervirens. Usually, crop water requirements were satisfied by fixed time-based drip-irrigation systems, whereas low fences
were built around rehabilitated greenspaces to prevent compaction and
soil detriment caused by vehicle and pedestrian passage. Lastly, grass
cutting and shrub pruning were carried out sporadically without specific
scheduling.

3

(2)

where A2 is a parameter depending on (i) van Genuchten parameters,
(ii) soil texture, (iii) suction level and (iv) infiltrometer radius according
with Eqs. (3) or (4).
(3)

(4)

where r0 is the infiltrometer's radius (equal to 2.25 cm), n and α are
the van Genuchten retention parameters depending on soil texture as reported in Table 1, and h0 is the suction level (set to - 2 cm).
For determining van Genuchten's parameters (n and α), soil texture
was assessed by collecting soil samples at each measurement point at a
depth ranging from 0 to 15 cm, which represents the soil layer involved
in the prevention of surface and hypodermic runoff (Pitt et al., 1999;
Rahman et al., 2019). Soil samples were processed in the Soil Analysis Lab of the Department of Agricultural and Environmental Sciences
Table 1
Van Genuchten's parameters α and n in function of soil texture (based on MDI user manual).

Fig. 2. Example of in-situ application of a Mini-Disk Infiltrometer and its components.

Soil texture

α

n

Sand
Loamy sand
Sandy loam
Loam
Silt
Silt loam
Sandy clay loam
Clay loam
Silty clay loam
Sandy clay
Silty clay
Clay

0.145
0.124
0.075
0.036
0.016
0.020
0.059
0.019
0.010
0.027
0.005
0.008

2.68
2.28
1.89
1.56
1.37
1.41
1.48
1.31
1.23
1.23
1.09
1.09
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tree morphological data on soil cumulative infiltration capability of soils
and therefore we considered it appropriate also for the goals of our
case study. In all cases, the differences were considered to be significant
when p-values were below 0.05.
3. Results and discussion

3.1. Soil texture of the examined urban greenspaces

The soil texture of the examined urban greenspaces was found to be
homogenous across the study area, with no significant spatial pattern
(results of the soil analysis are reported on the USDA texture diagram in
Fig. 4). Overall, the soils were sandy loam (for about 75% of samples),
followed by loamy sand (15% of samples) and loam (10%).
From a visual inspection, soil samples presented scarce organic matter and a clear destructured nature. Usually, urban soils include
macro-aggregates, rock, or crushed paving material, already from surface layers (Vodyanitskii, 2015), whereas our samples (taken from 0
to 15 cm of depth) mostly looked like a miscellaneous of fine-grained
soils, both in rehabilitated and degraded greenspaces. The percentage of
gravel (i.e. of particles larger than 2 mm in size) was less than 5% in
every sample.
3.2. Spatial variability of unsaturated hydraulic conductivity across the
urban greenspaces
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(DiSAA) of the University of Milan and soil texture was determined using the pipette method (Gee and Bauder, 1986; Indorante et al.,
1990; Moshrefi, 1993), following international standards ISO 11277
(2009).
Soil moisture was measured using a ThetaProbe ML3 sensor (Delta-T
Devices, UK, 2017), by inserting the probe into the ground in five
different points and averaging the readings for each site. Infiltration
measurements were only carried out where soil moisture was below
0.35 m3m−3, in order to avoid a strong influence of initial soil moisture
conditions on unsaturated hydraulic conductivity results (Zhou et al.,
2008; Bhave and Sreeja, 2013; Matula et al., 2015).
Soil compaction was measured through a hand-held cone penetrometer with a metal conical tip of 4.12 cm2, which provides an estimate of
the Cone Index (CI) – that can be read directly on the instrument's dial –
as an indicator of soil compaction (Carrara et al., 2007; Veronesi et
al., 2012; Agustín-Alesso et al., 2017). The cone was inserted up to
15 cm of depth in five different points and the average of readings was
considered for the following analyses.
Three digital pictures took orthogonally over the ground at a distance of about 1 m were used for assessing the fractional vegetation
cover at each site (Coy et al., 2016). A white reference target of 4 cm2
was inserted in the picture during the post-elaboration of the image to
calculate the vegetation cover area. The Otsu (1979) threshold method
allowed separating vegetation from other objects in the image, including bare soil (Fig. 3). The fractional vegetation cover was obtained as
the ratio between the vegetation cover area and the ground surface photographed by the camera (approximately 1.75 m2).
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2.4. Data analysis

Measurements of unsaturated hydraulic conductivity were grouped
into different classes of soil rehabilitation, soil compaction and vegetation cover to investigate the effects of these factors on soil infiltration capacity of urban greenspaces. Specifically, four classes of soil rehabilitation, soil compaction and vegetation cover were identified, as
reported in Table 2. These were identified together with DeGreSpA
technicians by combining their field experience with the requirement
of having a minimum of 20 infiltration measurements in each class,
to guarantee statistical significance of the data samples. Values of K
in each class were analysed by using boxplots (which show five statistics: minimum, maximum, the sample median, the first and third quartiles, plus outliers plotted as individual points). The mean value of K in
each class was calculated excluding outliers. To investigate the difference between classes, one-way ANOVA on ranks with the non-parametric Kruskal-Wallis test (Kruskal and Wallis, 1952) was applied. This
type of test was already proposed in previous studies (Rahman et al.,
2019) to assess the influence of measured meteorological, edaphic and

Results of the measurement campaigns showed high variability in
unsaturated hydraulic conductivity across examined urban greenspaces.
Overall, observed values ranged from a minimum of 0.28 mm/h to a
maximum of 131.91 mm/h, with a mean of 20.06 mm/h (Fig. 5).
Infiltration measurements were carried out in six different parts of
the city and Fig. 5 shows the spatial variability of K values. Despite
there is not a clear pattern of the unsaturated hydraulic conductivity on the study domain, measurements in the eastern part of the city
(mainly in Via Bronzetti, Via Cadore and Via Filippetti) are characterized by a reduced variability of K values, i.e. the difference between
third and first quartile of each group of measurements is found to be
below 10 mm/h, whereas in the western part of the city (i.e. Via Washington, Via Elba, Via Procida, Via Buonarroti and Via Ravizza, except
Via Ricciarelli) the variability is important, and above the 25 mm/h.
Moreover, the unsaturated hydraulic conductivity in the eastern part of
the study domain is on average is 2 times lower compared to the western one. The explanation of these results is in good agreement with
the effects of the envisaged rehabilitation actions performed by DeGreSpa in the last decade. In particular, urban greenspaces in the western parts were in general rehabilitated more recently than the eastern
ones (about from the year 2018), and they are still characterized by
high variability of vegetation cover and an incoherent structure of soils

Fig. 3. Example application of the Otsu threshold method (1979) to calculate the fractional vegetation cover at each site. (a) RGB image acquired by a Xiaomi smartphone 12 Mpixel
(3000 × 4000) camera. (b) Grass cover after application of the Otsu method.
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Factor

Variable

Class

Code

Number of
infiltration
measurements

Rehabilitation period

Year

Not
rehabilitated
Rehabilitated
from year
2009 to
2012
Rehabilitated
from year
2013 to
2016
Rehabilitated
from year
2017 to
2020
<0.4

NR

45

C1

64

0.4–0.8
0.8–1.2
>1.2
<15

C2
C3
C4
V1

39
59
30
85

15–50
50–80
>80

V2
V3
V4

36
21
50

Soil compaction

Percentage
(%)

R13–16 48

R17–20 48

Firstly, considering the classification of observed K values into two
soil macro-classes “Not-Rehabilitated (NR) and “Rehabilitated” (R), the
latter regardless of the year of the intervention, the effect of rehabilitation appears to be a significant increase in unsaturated hydraulic
conductivity (p-value<0.01). Specifically, an increase of about 70%
(p-value<0.02) was found in the mean unsaturated hydraulic conductivity (i.e. from 9.42 mm/h to 16.04 mm/h) when moving from NR to R
soils (Fig. 6). In general, 75% of the K values are below 15 mm/h when
considering the NR class, and below 27 mm/h when looking at the R
class.
Secondly, considering a more detailed classification of rehabilitated
soils according to the year of rehabilitation, a gradual increase in unsaturated hydraulic conductivity was found from NR soils to soils rehabilitated between the years 2013 and 2016 (R13–16) (Fig. 7). In particular,
the mean value of K increases from 9.42 mm/h to 20.18 mm/h when
moving from NR to R13–16 soils and then decreases again to 12.46 mm/
h for the class R17–20. Significant differences between classes are confirmed by the p-values, which are below 0.04. The maximum upper
quartile of K (i.e. 35 mm/h) is found for R13–16 soils, i.e. about four
years before the last soil rehabilitation intervention carried out by DeGreSpA technicians on the urban greenspaces. The same increasing pattern of mean values of K is found in the third quartile of each group,
ranging from 15 mm/h in NR to 35 mm/h in R13–16 and then decreasing to 24 mm/h in R17–20. Extreme values of K (i.e. those below 5 mm/
h or above 50 mm/h, according to the American Society of Civil Engineering and Soil Conservation Service standards) were found, on the one
hand, where levels of soil compaction were very high and, on the other
hand, where careful and effective soil rehabilitation measures had been
carried out.
A parabolic-like behaviour is observed in the mean values of unsaturated hydraulic conductivity when considering them as a function of
soil rehabilitation timing (Fig. 8). In particular, unsaturated hydraulic
conductivity values increase until up to five years after the soil rehabilitation intervention, most likely as a consequence of an increase in pore
connectivity, favoured by soil settling (i.e. natural compaction without
the influence of anthropic factors such as vehicle movement or pedestrian traffic) and by the development of root systems of the introduced
vegetation (Kodesova et al., 2011; Aschonitis et al., 2013). After
five years, the unsaturated hydraulic conductivity tends to decrease, potentially as a consequence of the lack of soil and vegetation maintenance
(e.g. soil tillage, addition of soil and organic amendments). Considering
the best soil conditions found in our entire domain (i.e. a mean K of
about 20 mm/h in the R13–16 class), the unsaturated hydraulic conductivity decreases below 10 mm/h after approximately twelve years since
rehabilitation. These results suggest that soil rehabilitation plans should
be implemented over a period of nine to twelve years in order to avoid
significant reductions in the infiltration capacity of the soil, with unsaturated hydraulic conductivity dropping below the initial value of about
12 mm/h (i.e. after about 1 year since rehabilitation).
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Fractional vegetation
cover

Cone
index
(MPa)

R09–12 51

3.3. Effect of soil rehabilitation on unsaturated hydraulic conductivity
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Table 2
Classification of examined soils based on rehabilitation period, compaction level and vegetation cover.

Fig. 4. Characteristics of examined soil samples (in red) within the USDA soil texture diagram. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

which makes much variable unsaturated hydraulic conductivity in the
measurement points. On the contrary, in the eastern part of the study
domain, the soils were rehabilitated before the year 2015 on average,
and they are characterized by a general slow degradation of soils and a
scattered presence of vegetation which leads to low but uniform values
of K.

5

3.4. Role of vegetation cover and soil compaction on unsaturated hydraulic
conductivity
The unsaturated hydraulic conductivity results to be significantly affected by vegetation cover (p-value<0.01), as reported in Fig. 9a. The
mean value of K increases from 9.50 mm/h to 33.55 mm/h when moving from the class with fractional vegetation cover below 15% (V1) to
that with vegetation cover above 80% (V4).
The increase observed in unsaturated hydraulic conductivity with
vegetation cover confirms expectations, as a larger vegetation cover
will be associated with the progressive development of root systems
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Fig. 5. Spatial variability of the unsaturated hydraulic conductivity within the study domain.

Fig. 6. Comparison of unsaturated hydraulic conductivity values for Not-Rehabilitated (NR)
vs. Rehabilitated (R) soils. The mean for each class is represented as a red dot. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Unsaturated hydraulic conductivity values classified based on the year of soil rehabilitation. The mean for each class is represented as a red dot. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

(Schwartz et al., 2000; Chen et al., 2009; Nieber and Sidle, 2010;
Wu et al., 2016; Gadi et al., 2017; Beck-Broichsitter et al., 2020).
In particular, root systems work in near-surface and deep parts of the
soil supporting the formation of macropores and the connectivity among
large pores, thus favouring the flow of water across subsurface soil
layers (Scanlan and Hinz, 2010; Kodesova et al., 2011; Beven
and Germann, 2013; Chen et al., 2014; Wu et al., 2016). In Mu

nich (Germany), Rahman et al. (2019) found that the presence of
urban trees and shrubs of different species on urban soils can lead to
an increase of K from 2 to 5 times that obtained on bare or near-bare
soils, which is in line with our findings (i.e. approximately a 3-fold increase in the mean value of K from the first to the fourth vegetation
cover class). The increase of K with vegetation cover is also associated
with an increase in the variability of K in each vegetation cover class, as

7
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Fig. 8. Evolution of the mean unsaturated hydraulic conductivity as a function of time since the soil rehabilitation intervention. Blue dots represent mean values of rehabilitation classes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Classification of K values based on fractional vegetation cover level (a) and compaction level expressed by the Cone Index (b). The mean for each class is represented as a red dot.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

shown by the size of boxes presented in Fig. 9a. Such variability, which
ranges from about 9 mm/h (in classes V1 and V2) to about 46 mm/h (in
class V4), may be attributed to different interactions between root systems and the porosity of urban soils (Scanlan and Hinz, 2010; Kodesova et al., 2011). In our case, the shrub species found on top of grass
cover on vegetated soils (e.g. Berberis vulgaris, Euonymus latifolius, Pittosporum tobira, Arbustus menziesii, Buxus sempervirens) are known to increase infiltration rates through their dense root system, as reported for
example by Wu et al. (2017).

On the other hand, our results show that the unsaturated hydraulic
conductivity is also significantly affected by soil compaction characterized by the Cone Index, as shown in Fig. 9b (p-value < 0.01).
The highest values in terms of mean and third quartile (21.03 mm/
h and 37.17 mm/h, respectively) are found within class C2, which is
characterized by a medium level of soil compaction. In comparison,
lower values of K are found for both lower (below 0.4 MPa, C1) and
higher compaction levels (above 0.8, C3). For example, the mean value
of K was 12.48 mm/h for class C1 and 8.67 mm/h for class C4. On the
one hand, with regards to what we observe for high compaction level
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when a good balance between moderate soil compaction and vegetation
cover occurred, i.e. after about five years for soil rehabilitation (class
R13–16).
4. Conclusions
Urban greenspace rehabilitation programs are gaining considerable
attention for restoring soil retention capacity and protecting against increasing flood risk linked with climate change and urbanization. However, a better understanding of how effective such measures are in practice is needed for decision support.
Our work, which analyses results from a measurement campaign
conducted across a wide range of degraded vs. rehabilitated greenspaces
in the Italian city of Milan, taken as a case study, shows that the infiltration capacity of urban soils can vary significantly due to differences in
time from rehabilitation, soil compaction and vegetation cover.
Specifically, while, as expected, rehabilitated soils show higher conductivity than not re-qualified ones overall, further analysis indicates
a parabolic-like behaviour of mean conductivity as a function of time
since rehabilitation, with the best outcome in terms of conductivity levels obtained after approximately 5 years from rehabilitation.
We find that the reason why it is not the most recently rehabilitated
ones to have the highest conductivity is that it takes time 1) for the introduced vegetation to develop root systems, and 2) for the soil matrix
to develop a coherent structure that allows stable connections between
pores and thus the strengthening of preferential paths for water to flow.
Finally, our study shows that, in absence of soil and vegetation
maintenance, conductivity may decrease rapidly after about 9–12 years,
which is useful information for planning nature-based solutions to
stormwater problems in practice, which will become increasingly important to adapt to climate change impacts and rapid urbanization rates
across areas.
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classes (C3 and C4), it seems that -on our domain- a Cone Index value
of 0.8 MPa acts as a threshold beyond which the urban soil loses much
of its infiltration capacity. This can be attributed to the partial collapse
of macropores and their physical connections when high levels of compaction are reached (Horton et al., 1994; Schäffer et al., 2007).
In particular, only “relict pores” may remain in the soil (Bruand and
Cousin, 1995), which are not connected in any way, and therefore
prevent the easy flow of water through the soil, thus limiting infiltration processes (Richard et al., 2001). On the other hand, with regards to class C1, interestingly, we see that soils with low levels of
compaction (i.e. below 0.4 MPa, found mainly in recently rehabilitated
greenspaces), have approximately the same level of unsaturated hydraulic conductivity of compacted soils (e.g. close to those found for
classes C3–C4). This can be explained as the soil matrix of recently rehabilitated soils may have not yet developed a coherent structure that
allows the realization of stable connections between pores and thus the
strengthening of preferential paths for water to flow through micropores (Strudley et al., 2008). Indeed, pore connectivity is considered
one of the key features that regulate unsaturated flow across micropores
(Guérif et al., 2001; Lipiec and Hatano, 2003; Lipiec et al., 2009).
The result of this soil incoherence affects soil hydraulic proprieties, including unsaturated hydraulic conductivity, which, in our domain, decreases on average by 65% from class C2 to class C1.
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3.5. Effects of soil rehabilitation on vegetation cover and soil compaction

By the previous results, we expect significant relationships when
linking fractional vegetation cover and Cone Index values to soil rehabilitation levels. Fig. 10 shows that recently rehabilitated urban greenspaces are characterized by high levels of vegetation cover (on average
above 70%, Fig. 10a) and low levels of compaction (on average below 0.5 MPa, Fig. 10b), as a direct consequence of the rehabilitation
process which entails the tillage of the soil surface layer and then the
seeding of grass. In particular, the vegetation cover decreases from a
mean value of 71% (in R17–20) to 6% (in NR) (p-value<0.01), while
the Cone Index increases from 0.45 MPa (in R17–20) to 1.34 MPa (in
NR) (p-value<0.05). Intermediate values of fractional vegetation cover
and soil compaction were found for classes R 09–12 and R 13–16. Specifically, in R09–12 the mean value of fractional vegetation cover is 35%,
which is very close to that found for class R 13–16, whereas the Cone
Index is approximately 0.7 MPa in R 09–12 and 0.5 MPa in R 13–16.
These results corroborate the trends reported in Fig. 8. Specifically,
the optimal soil conditions (i.e. where K is maximum) were achieved
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