AREA RICERCA E TRASFERIMENTO TECNOLOGICO
SETTORE DOTTORATI E CONTRATTI PER LA RICERCA

U. 0. DOTTORATI DI RICERCA

1,

o) PANO 2

Corso di Dottorato in Sistemi Agro-Alimentari e Forestali Mediterranei
Dipartimento di Scienze e Agrarie, Alimentari e Forestali
SSD AGR/08

Hydraulic characterization of eco-sustainable growing
substrates for urban green infrastructures

IL COORDINATORE

LA DOTTORESSA
Prof. Vincenzo Bagarello

Dott.ssa Cristina Bondi

ILCO TUTOR

IL TUTOR
Prof. Vincenzo Bagarello

Prof. Massimo lovino

CICLO XXXVII
ANNO CONSEGUIMENTO TITOLO 2023-2024

DOTTORATO

[



Acknowledgments

My deepest and most heartfelt thanks go to my family. To my mother, for never allowing me to give
up during challenging times, you are the guiding light of my life. To my sister, for sharing both my
moments of joy and worries, | hope that you can realize all your dreams. To my father, for having
faith in my abilities and for his unwavering economic support throughout this long academic journey.
To my babies, Polly and Isabella. To my grandfather Angelo and grandmother Zina, 1 miss you.
| am deeply grateful to all of you, I love you.

I extend my sincere gratitude to my colleague and dear friend, Doctor Gaetano Caltabellotta, for his
support during the PhD course.

| also thank all the people with whom | have had the pleasure of collaborating during this journey:
Doctor Sergio Andri, Doctor Nicold Auteri, Doctor Dario Autovino, Doctor Mirko Castellini,
Professor Filippo Saiano, Professor Riccardo Scalenghe, and Professor Vincenzo Bagarello, co-tutor
of my thesis and source of inspiration for research ideas.

Last, but not least, 1 would like to express my heartfelt thanks to my tutor, Professor Massimo lovino,
for the valuable guidance provided and for believing in me from the first day of my PhD. He has
been and will remain, my mentor, imparting to me the passion and knowledge essential to becoming,

I hope, a competent and dedicated researcher.

Finally, my thoughts go to all the women who, like me, dreamed as children of studying, attending
university, participating in sports, and pursuing their aspirations, but are unable to realize these
dreams due to the circumstances of their birthplace and the constraints of their society.
I hope that one day the world will open its eyes and remember you.

Until then, "Woman, Life, Freedom".



Index

YN 011 2T TP PPR TR 4
L. INEEOAUCTION ...ttt ettt b ettt e et e e bt et e e s be e et e e nneeenbeeennas 5
1.1 SPECITIC ODJECLIVES ..vveuviiiiiieiieiieitieie ettt 9
1.2 HiStOTICAL OVEIVIEW ...cuiviiiiiiiiieitie sttt sttt sttt ettt et e e et e et e e nne e 11
1.3 Types and stratification of green roofs...........coeviiiiiiiiiiiiic e 14
1.4 Substrate: functions and characteristiCs ...........cvverviriieiieiiiesee e 16
2. Soil water retention curve (SWROC) ....cuviiiiiiiiiiii s 18
2.1 Determination of the SWRC ... 20
2.2 Soil physical QUAlILY .......cccuiviiiiiiiiii 23
2.3 Effect of soil organic amendments on the SWRC..........cccocoiiiiiiiiiiiinne e 28
3. Hydrological cycle: theory and modeling..........ccccoveiiiiiiiiiiiiiiici e 34
3.1 Hydrological behavior of @ green roof...........coeviiiiiieiiiiiicie e 36
4. Hydraulic conductivity of green roof subStrates...........ccevvveriiiiieiiie i 40
4.1 METROAS ... 41
4.2 Hydraulic characterization of a commercial substrate for green roofs ..................... 45
4.2 Effect of aging on a commercial substrate for green roofs ...........cccoccveiiiiienieninns 45
5. COMCIUSIONS ...ttt et et s bt e e et e e et e nb e e e b e e s ne e e neennn e 48
0. RETEIOICES ... ittt et 52
Appendix A: Compost amendment impact on soil physical quality estimated from
hysteretic Water FEteNTION CUIVE .........uiiiieeiiiiriesee e nnn e nee s 62
Appendix B: Temporal variability of physical quality of a sandy loam soil amended with
LeT0) 401 0T 0 ] PP 79
Appendix C: Impact of vermicompost addition on water availability of differently textured
1031 TP OP P PURPPRTOTRI 91
Appendix D: Cactus pear pruning residue in agriculture: unveiling soil-specific responses
t0 €NhaNCe Water TEIETITION ....ei.viieiiiie ettt nneeen 106

Appendix E: Hydrological response of a volcanic medium as a potential substrate for green

1010} O OSSP TUPRTOTPRTPRN 119
Appendix F: Hydraulic characterization of green roof substrates by evaporation
L 0153114 1<) L PSP PR 124

Appendix G: Assessing short- and long-term modifications of steady-state water
infiltration rate in an extensive Mediterranean green roof ..........ccccovvviieniiniec e, 140



Abstract

In highly urbanized contexts, green roofs are increasingly studied and utilized as sustainable
solutions for capturing and modulating runoff to achieve hydraulic and hydrological invariance. They
reduce the total volume of runoff and mitigate the ridge flow returned to the sewer system through
two hydrological processes: rainfall retention, which is the permanent removal of stormwater, and
runoff detention, which is the transient storage of rainfall. Both processes are conditioned by the
physical and hydraulic properties of the substrate or culture medium, a key aspect that is still little
investigated. This thesis represents a contribution to fill the gap of knowledge in the field of hydraulic
characterization of substrates for green roofs, with a view to environmental sustainability and circular
economy. Through a comprehensive and multi-scalar methodological approach, this thesis assessed:
i) the effects of adding different organic soil amendments, such as compost, vermicompost, and
pruning residues, on the soil water retention curve and the related indicators of soil physical quality
(SPQ); ii) the assessment of the retention and detention capacities of a volcanic medium suitable for
green roof system under intense rainfall events; ii7) the changes in substrate hydraulic characteristics
of a prototype green roof plot throughout the lifecycle The soil water retention curve, 6(%), was
determined by the tension hanging water column apparatus and the pressure plate extractors.
Measurements of the hydraulic conductivity fuction, K(4), were conducted by either the evaporation
method and the MiniDisk Infiltrometer (MDI). A needle rainfall simulator was applied to determine
the retention/detention of green roof microcosms assembled with different drainable layers. ) a field
assessment of substrate hydraulic changes throughout the lifecycle on a prototype green roof plot.
The hydraulic conductivity curves, K(%), were determined by using the MiniDisk Infiltrometer
(MDI).

All the amendments applied demonstrated a positive impact on the hydraulic properties of the
substrates, significantly enhancing the soil water retention and improving physical quality. The
results underscore the potential of organic amendments to improve soil structure and optimize water
management, as they increased plant-available water in coarse-textured soils and improved the
air/water balance in fine-textured soils. However, soil texture and aging of the substrate proved to
influence the soil physical quality, therefore careful consideration must be given to soil texture and
the temporal variability of the beneficial effects on the soil physical quality, which tend to diminish
over time, when the selecting selection of the amendment, determining its optimal dosage, and
planning the application schedule. Moreover, the volcanic medium analyzed has demonstrated a
favorable hydrological response, thus encouraging its use in combination with amendments like
compost or vermicompost. This establishes it as an effective and sustainable choice for the mineral
component of a green roof substrate in Mediterranean climates, especially when it is combined with

a well-balanced mixture of organic materials such as compost or vermicompost.



1. Introduction

In recent decades, there has been an exponential growth in the human population. According
to recent statistics from the Statistical Office of the European Union (Eurostat), between
2001 and 2020, the population of the European Union (EU) increased from 429 million to
447 million, a growth of 4 %. This led to an increase in urban areas and urbanization
processes with the development of impervious surfaces and resulting runoff increase. Soil
sealing, caused by covering the ground with artificial impermeable materials such as
concrete or asphalt, is one of the main causes of soil degradation in EU territories, negatively
affecting the vulnerability of environmental systems and the hydrological cycle (Tobias et
al., 2018). The European Environment Agency (EEA) has highlighted that in the past
decade, impervious surfaces in the EU have increased by 5%. Soil sealing results in a
reduction of the natural hydrological processes of water infiltration into the soil and
interception by vegetation, causing a rapid transformation of rainwater into surface runoff
that, usually, is entirely loaded on the urban drainage network (Pistocchi, 2017; Scalenghe
and Marsan, 2009). These negative effects are particularly evident and disastrous in
Mediterranean regions, which are increasingly and frequently affected by intense weather
events concentrated in space and time. Recurrent and severe floods have increasingly
overloaded the urban drainage systems in recent years with consequent huge damages in
densely anthropizated areas.

On July 15, 2020, the city of Palermo was hit by an intense meteoric event that brought about
130 mm of rain over 3 hours, causing extensive damage to homes and people. Between 24
and 26 October 2021, more than 300 mm of rain fell in the city of Catania, causing landslides
and flooding. On November 26, 2022, an intense meteoric event, with about 126 mm of rain
in 6 hours, hit the island of Ischia, causing 12 victims and countless material damage in the
area. From 2 to 5 November 2023, several areas in Tuscany were struck by a devastating
flood caused by torrential rains, leading to the overflow of rivers such as the Bisenzio,
significant damage, and loss of life, prompting Tuscany to declare a state of national
emergency on November 3. Therefore, experts are wondering whether the traditional “grey”
urban drainage works will be able to cope the more and more intense rainfall events caused
by the future scenario of climate change.

Awareness of the seriousness of these problems has prompted a reconsideration of traditional
engineering solutions, aiming, instead, to maintain or reestablish as much as possible the

“natural water cycle” to ensure a good level of hydraulic-environmental protection of the



land. Interventions aimed at restoring “natural” drainage conditions, referred to as SUDS
(Sustainable Urban Drainage Systems) in English literature and LID (Low Impact
Development) in American literature, must aim to achieve both hydraulic and hydrological
invariance (figure 1).

According to the hydraulic invariance principle when a new work is constructed, the peak
flow rate of storm runoff, discharged into the sewer system, must be less than, or at most
equal to, the pre-existing one. Hydrological invariance, on the other hand, is that principle
whereby the maximum volume of stormwater runoff, discharged into the sewer system, must
be less than or, at most, equal to that returned before the intervention. Hydrological
invariance is more complicated to achieve, it can be realized through controlled stormwater

storage and release works overtime, associated with infiltration systems.

Post-Urbanizzazione

Invarianza ldraulica
LAMINAZIONE

/’ STl Invarianza Idrologica
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.
.........

Figure 1. Hydraulic and hydrological invariance.

Among the interventions known as SUDS, green infrastructures, Gls, are particularly
significant, representing an increasingly demanded and utilized sustainable solution.
Gls play a key role in the capture and modulation of runoff. The scientific literature reports
a reduction in water volume input to the urban drainage network of up to 80%, while more
uncertain is the effect on flood flow rates where peak hydrogram abatement is strongly
influenced by precipitation characteristics and those of the substrate-vegetation system
(Gregoire and Clausen, 2011; Stovin et al., 2012).

According to the European Commission (2016), Gls can be defined as “a strategically
planned network of natural, semi-natural areas along with other environmental elements,
designed and managed to provide a wide range of ecosystem services”. Unlike traditional
infrastructures, commonly called Grey Infrastructures, Gls are designed and built to benefit

the widest audience of stakeholders according to the “small loss-big gain” principle.



Naturalness and biodiversity characterize Gls, which at the same time, have other benefits
both of a material order, such as “heat island” mitigation (Santamouris, 2014), runoff
regimentation (Li & Babcock, 2014), soil and water pollution remediation (Elliott and
Trowsdale, 2007), air quality improvement (Luo et al, 2015), noise pollution mitigation (Van
Renterghem and Botteldooren, 2011), and intangible order, such as improving the quality of
life through the enjoyment of green areas and promoting urban biodiversity (Wooster et al.,
2022).

Gls are a key strategy of European spatial planning policies, constituting a possible “natural”
solution to climate change challenges. In highly urbanized contexts, Gls, which improve
natural water retention measures (NWRM) and reduce rainfall inputs, are represented by
"green roofs" or "vertical gardens”, i.e., vegetated plants made on impermeable structural
supports, such as floors, roofs, walls of buildings or, in general, in all those cases where there
is no ecological continuity between the green and the subsoil down to the parent rock.

The green roof represents an essential tool for environmental mitigation and compensation
within the urban fabrics where the high building density and the high anthropogenic
disturbance allow little space for natural dynamics (ISPRA, 2016).

The Italian Ministry of the Environment, as part of the 2013 National Conference dedicated
to the “green economy,” highlighted the importance of GIs in the management and
protection of water resources, calling for a policy of large-scale development and investment
of Gls and recognizing the great benefit of these systems to critical environmental and
economic-social issues, which are particularly serious in Italy due to the climate crisis, land
consumption, and hydrogeological disorder.

The active presence of a soil-plant system promotes, through the processes of infiltration,
retention, and evapotranspiration, the capture of water and the return to the atmosphere of
an important proportion of precipitation. The water-regulating capacity of GRs and runoff
dynamics are influenced by several factors, including construction and design characteristics
such as the number of layers and materials, type and thickness of the substrate, slope,
location, age of the roof, and roof geometry, as well as weather and climate conditions such
as the characteristics of the rainfall event and initial substrate moisture conditions
(Berndtsson, 2010). GRs reduce the total volume of runoff and mitigate the ridge flow
returned to the sewer system through two hydrological processes: rainfall retention, which
is the permanent removal of stormwater, and runoff detention, which is the transient storage
of rainfall (De Ville et al., 2017). Both processes are conditioned by the physical and

hydraulic properties of the substrate or growing medium. Specifically, the retention capacity



of the substrate is influenced by the pore size distribution while the detention capacity
depends on the hydraulic conductivity that defines the aptitude of the substrate to allow water
to pass through it. Like natural soil, a GI growing medium provides physical support and
essential nutrients for the plant. In the case of green roofs or roof gardens, the optimal growth
substrate must ensure lightness so as not to weigh down the building structures while,
hydrologically, it must allow rapid drainage of excess water to quickly restore the
unsaturated conditions necessary for the plant and to ensure an optimal thermal regime
(Charpentier, 2015). Likewise, especially in Mediterranean environments, it is desirable to
have a substrate that has good water retention capacity to store enough water to meet crop
needs.

An efficient strategy for enhancing the hydraulic and physical properties of soil involves the
use of various organic soil amendments derived from agricultural by-products, such as
compost, vermicompost, biochar, and other recycled organic materials, which generally
enhance water retention capacity, reduce bulk density, and increase overall porosity, while
also stabilizing soil structure through particle aggregation and optimizing hydraulic
conductivity, offering a sustainable solution for soil health enhancement (Aggelides and
Londra, 2000; Eden et al., 2017).

This approach is fully aligned with the principles of the circular economy, as it reduces the
reliance on external resources, minimizes waste production, and promotes the sustainable
regeneration of natural resources (Chiarelotto et al., 2021).

For stormwater management, it is often assumed that a green roof’s ability to retain and
detain runoff remains consistent over time. However, much like other natural or artificial
porous media, the growing substrate can undergo temporal changes due to a range of
biological, chemical, and physical processes, leading to notable alterations in hydraulic
properties such as permeability, hydraulic conductivity, and water retention capacity
(Cannavo et al., 2014; De-Ville et al., 2018).

The age of a green roof is expected to significantly influence its hydraulic performance,
underscoring the importance of ongoing monitoring of the substrate's evolving properties to
maintain optimal performance over time (Bouzouidja et al., 2018).

Therefore, in the construction of Gls, one of the most important challenges is represented by
the choice of growth medium. However, the aspects related to the physical and hydraulic
characteristics of the substrate used for Gls are still little investigated, perhaps due to the

limited implementation experiences in the Italian territory.



1.1 Specific objectives

This thesis aims to implement knowledge in the field of hydraulic characterization of
substrates for green infrastructure in urban areas, with a view to environmental sustainability
and circular economy. The current direction is to develop "engineered soils,”" which are
technical substrates designed to replicate the characteristics of natural soils while enhancing
their performance. These innovative and multifunctional substrates are made to balance
often antithetical physical and mechanical properties.

The primary focus of the thesis was to investigate the role of the substrate hydraulic
properties, i.e. water retention curve and hydraulic conductivity function, in determining the
hydrological behavior of a green roof in terms of rainfall retention and detention.

A comprehensive, multi-scale methodological approach was followed, encompassing
various levels of analysis to ensure a thorough understanding of the subject. The specific

objectives of the thesis (figure 2), in detail, were as:

» Determination of the water retention curve of commercial and innovative substrates
for urban green infrastructure. Experimental laboratory tests were performed on
substrate microcosms (volume of 100-1000 cm?) and the effect of adding different
organic soil amendment derived from agricultural by-products, such as compost,
vermicompost, or pruning residues, on the hydraulic characteristics of the growing

mixtures was investigated.

» Determination of the retention and detention capacity of the green roof under intense
rainfall events. Simulated rainfall tests were carried out on microcosms of green roofs
(volume of 0.004 m?) arranged in different combinations of substrate and drainage

layers.

» Analysis of the functional characteristics of a substrate-vegetation system. A field
evaluation of substrate modifications during the life cycle was conducted on the
green roof prototype (volume of 2.2 m?) at the Department of Agricultural, Food and
Forestry Sciences (SAAF) of the University of Palermo.

The experimental activity carried out during the Ph.D., is within the framework of the
PON “Ricerca e Innovazione” 2014-2020, in priority axis IV “Istruzione e ricerca per lo

sviluppo”, action IV.5 “Tematica Green”.
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Figure 2. Scheme illustrating the interconnections between the specific objectives of the thesis.
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1.2 Historical overview

The use of green infrastructures by man to cover and protect homes dates back to the birth
of great civilizations. The archaic prototype of the "green roofs" is the hanging gardens of
Babylon (figure 3), which due to their grandeur and majesty were one of the seven wonders
of the ancient world. Located in the ancient city of Babylon, near modern-day Baghdad
(Irag), they were commissioned around 590 BC by King Nebuchadnezzar 1l as a gift for his
wife Queen Amytis.

Strabo, a Greek geographer and historian of the I century AD, gave a description of the
hanging gardens of Babylon:

“It consists of vaulted terraces raised one above another, and resting upon cube-shaped
pillars. These are hollow and filled with earth to allow trees of the largest size to be planted.
The pillars, the vaults, and terraces are constructed of baked brick and asphalt. The ascent
to the highest story is by stairs, and at their side are water engines, by means of which
persons, appointed expressly for the purpose, are continually employed in raising water

’

from the Euphrates into the garden”.

Figure 3. The Hanging Gardens of Babylon - Maarten van Heemskerck (1498 — 1574).

Other evidence of the use of green infrastructures in ancient times is the tumulus tombs of
the Etruscans, built around the IX century BC, in which the soil, removed during the
excavation to create the tomb, was reused to cover the pseudo-dome of the tomb itself with
vegetation, protecting and isolating the entire sepulchral structure.

This practice was also maintained in Roman times, one thinks of Hadrian's Mausoleum and

the Mausoleum of Augustus (130 AD) in Rome. The Romans also employed green
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infrastructure as an integral part of their mansions, such as Villa Adriana at Tivoli (92 AD)
and Pliny the Younger's Villa Lauretina (I century AD).

During the medieval era, hanging greenery plays a functional role. It is mainly found in
monasteries, where the green infrastructure was used as a vegetable garden, and in
fortifications, where mounds of soil covered with vegetation were placed adjacent to the city
walls to protect the structures and cushion the blows of enemy offensives during battles.
From the XV century to the XIX century, the aesthetic and ornamental connotation prevailed
again, and the green roof became an almost exclusive presence of villas and noble palaces.
Examples include Villa d'Este in Tivoli (figure 4), Villa Fiesole by Giovanni de’ Medici, the
Palace of Versailles in Paris, and the Belvedere Gardens in the Vatican.

Figure 4. Villa d’Este in Tivoli.

The modern concept of hanging green dates back to 1865, the year in which the German
architect Von Rabitz wrote his first work on the subject, a treatise on the use, from a
functional and ecological point of view, of hanging green. It is seen as a means to obtain
healthy environments even in highly anthropized contexts.

In 1923, the Swiss architect, naturalized French, Le Corbusier enunciated, in his work "Vers
une architecture”, the five axiomatic points for a modern vision of architecture, among which
there is the "roof-garden”, described as follows:

“The roof-garden gives back to man the greenery, which is not only under the building but
also and especially above it. Soil is placed between the joints of the roofing slabs and grass
and plants are sown, which have an insulating function against the lower floors and make
the roof lush and livable...”.
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From this moment, green roofs have become an important element in compensation and
mitigation measures in urban areas. Beginning in the 1960s, in a climate of growing interest
in environmental issues, it became widespread in Europe, especially in Germany, a country
where, following the Second World War (1939-1945), there were vast areas of degraded
land that required reclamation. In 1975, FFL  (Forschungsgesellschaft
Landschaftsentwicklung Landschaftsbau), a scientific network of the green sector to restore
and improve the living environment, was founded in Germany. Thanks to the FFL, the first
guidelines for the design, construction, and maintenance of green roofs are obtained.

In recent years, the green roof market in Italy appears to be growing, albeit at a slower pace
than in other European countries. At the regulatory level, it was only in 2018 that the “Bonus
Verde” was established, which allows for benefits and tax breaks for interventions aimed at
the renovation of gardens and terraces, and the creation of green infrastructures and roof
gardens. At present, vertical gardens are more common in Italy, the best known of which is
the “Bosco Verticale,” a building-prototype of a green architecture, built in 2014 by architect
Stefano Boeri and located in the Milan Business Center (figure 5).

Figure 5. “Bosco verticale” in Milan.

The European project “Clever Cities,” co-funded under the Horizon 2020 research program
(the European Union's Framework Program for Research and Innovation), aims to test and
promote green infrastructure and nature-based solutions (NBS) in Milan, London and
Hamburg. NBS are defined by the International Union for Conservation of Nature (IUCN)
as “actions to protect, sustainably manage, and restore natural or modified ecosystems that
address societal challenges effectively and adaptively while providing benefits for human

well-being and biodiversity.”
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1.3 Types and stratification of green roofs

In Iltaly, the reference standard for green roof design and management is UNI 11235
“Istruzioni per la progettazione, I’esecuzione, il controllo e la manutenzione di coperture
Verdi”, issued in May 2007. It constitutes a real guideline for a workmanlike
implementation.
Green roofs are classified according to the level of maintenance required by the system
during its life cycle. Two categories can be distinguished in this regard:

= Extensive systems

* Intensive systems
Such division is crucial as the two types exhibit distinct patterns of usage and fields of
application. Extensive systems, one or two years after implantation require little
maintenance consisting of one or two operations per year. These systems are designed so
that water and nutrient supply occurs, as much as possible, through natural processes.
Plants with a high capacity for propagation and regeneration, resistant to adverse climatic
conditions such as drought or frost, including various species belonging to the genus Sedum,
are used: S.album, S. cauticolum, S. floriferum, S. hybridum, S. reflexum, S. sexangulare, S.
spurium. Many other herbaceous perennial species can be used including Festuca rubra,
Lavandula angustifolia or Origanum vulgare.
The substrate consists mainly of mineral components and has a small thickness, less than 15
cm, and a weight between 75 and 150 kg m™2 under conditions of maximum saturation.
This type of greening is used on large roofs, such as industrial buildings or parking lots, to
replace the impervious roofs made of inert materials (figure 6). Intensive systems require
more maintenance that consists of regular irrigation and fertilization but also mowing and
weeding. The intensive system makes it possible to create real usable gardens on surfaces
such as roofs or garages, having a high bearing capacity (figure 6). Thus, in these systems
there can be a variety of wind- and cold-resistant plant species and associations: turf mats,
herbaceous perennials, shrubs, or sometimes trees. Intensive systems are made with a deep
layer of substrate, usually composed of a balanced mixture of mineral and organic elements.
The thickness of the stratifications is between 15 and 60 cm and weights more than 150 kg
m-2 under conditions of maximum water saturation.
Regardless of the type, the UNI 11235 standard considers green roofs as a “roof system”

that, as such, must ensure a set of minimum requirements and performance.
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Figure 6. Example of extensive system (left) and intensive system (right).

A “roof system” is composed of the aggregation of elements or layers that are always
present, also called primary layers, and secondary layers that are present when there are
special conditions of use or climatic context.

The primary layers of a green roof (figure 7), from bottom to top, are: supporting element;
sealing element; root protection element (integrated or not); mechanical protection element;
draining element; water storage element; filtering element; substrate (or growing media);

vegetation layer.

Vegetation Layer

Growing Substrate

Protection Mat

Root Barrier

Waterproofing

Roof Deck

Figure 7. Primary layers of a green roof.
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1.4 Substrate: function and characteristics

UNI 11235 defines the substrate, or growing media, as a layer that supports the plant
development of a green cover. The substrate constitutes a key component of any green cover,
it must ensure optimal plant growth conditions.
A substrate is a three-phase system consisting of a solid phase that performs the function of
anchoring plant root systems, a liquid phase that ensures water and nutrient supply, and a
gas phase necessary for root aeration and the life of the microorganisms present (Hillel,
1998).
It is characterized by physical parameters such as density, particle size, maximum water
volume, and maximum air volume under saturated conditions, and chemical parameters such
as pH, electrical conductivity, or the amount of organic matter (OM).
There is no universal growing medium; in the design phase, it is chosen according to the
climatic conditions in which it operates and the needs of the desired plants. An optimal
growing medium must provide permanent physical support for the plants and ensure a
balance between free drainage and adequate retention of available water for the plants and
nutrients (Ampim et al., 2010). An incorrect choice of substrate can lead to compaction,
asphyxiation of the root system, drainage reduction, and alteration of nutrients (Cascone,
2019).
An optimal growth substrate for green roofs must, therefore, have the following
characteristics:

* High draining capacity;

* Good water holding capacity (WHC);

= Low weight even in conditions of maximum saturation;

= Balanced air/water ratio at maximum saturation;

= Stable physical and chemical structure;

» Very good frost resistance;

* Reduced compaction over time;

= No weeds;

* Do not allow the formation of mud in conditions of maximum saturation and during

meteoric events;
= Cost-effectiveness, possibly by encouraging the reuse of waste products from

production activities;
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These characteristics must be maintained over time, constantly guaranteeing the water and
nutritional needs of the cultivated plants. WHC can be improved by increasing the volume,
depth, and OM content of the substrate. The substrates for the construction of green roofs
are porous media obtained by mixing different components, both mineral and organic
(Sandoval et al., 2017). The composition of a substrate can vary, for example, depending on
the type of green roof (extensive or intensive), the target vegetation, the climatic conditions,
and other factors such as availability and cost of components (Ampim et al., 2010). The
mineral part of the substrate generally varies between 50% and 90% of its total volume and
it is made up of coarse fractions of volcanic materials (pumice, zeolite) or technological
products (perlite, expanded clays) chosen not only for their lightness but also for the
possibility of retaining water in the intraparticle microporosity (Stanic et al., 2020).

The organic fraction fulfills the primary purpose of fertilizing the substrate but can
contribute significantly to increasing the crop's water availability. The basic products used
in nurseries, being characterized by lightness, high porosity, good drainage capacity, and
accumulation of water and nutrients, are considered good materials (Kazemi e Mohorko,
2017). Inert minerals (expanded clay, lapilli, pumice), recycled materials (bricks, tiles), or
the products of industrial processes, are mixed with organic matter in different
concentrations depending on the design objectives. Peat has traditionally been used as an
organic component in technological substrates (Handreck and Black, 1994; Paquet et al.,
1993), however, the focus has recently shifted to eco-friendly products. In the literature,
several organic fractions with a lower environmental impact have been proposed, often
obtained from waste materials from the agri-food processing industry such as compost,
which improves water retention capacity and provides a high nutrient content (Benito et al.,
2005), vermicompost or coco coir. Several analyses have been carried out on the
improvement of different substrate characteristics including biochar and super-absorbent
polymers (Cao et al., 2014, Young et al., 2014).
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2. Soil water retention curve (SWRC)

The water content in the soil influences various hydrological processes, such as rainfall
infiltration and plant water uptakes, and mechanical properties, such as compactability and
penetrability. The soil's water content also regulates air content and gas exchange, thereby
influencing root respiration, microbial activity, and the soil's chemical state, e.g., its
oxidation-reduction potential (Hillel, 1998).

Soil water content can be expressed on a gravimetric basis or on a volumetric basis. The soil
water content, or soil moisture, expressed on a gravimetric basis, U (g g), is the ratio of the
mass of water present in the soil My, (g), to the mass of dry soil M; (g). Thus, moisture on a

gravimetric basis, U, is equal to:

1)

Instead, volumetric soil water content, 8 (m® m=), expresses the amount of water referred to
the apparent soil volume unit, and is defined as the ratio of water volume V. (m®), to total
soil volume, V (m®). Moisture on a volumetric basis, 0, is equal to:

Vw

0 =2x )

Vi

The soil water matric potential, h, is determined by the capillary and adsorption forces that
act between the solid soil matrix and the water in the pores. Water is therefore retained in
the soil, and its potential is negative (negative pressure or suction), meaning it is lower than
that of free water, which is conventionally set to zero. The smaller is the soil moisture, the
stronger is the matric potential.

The empirical relationship that links matric potential, h, and volumetric water content, 0, is
referred to as the “soil water retention curve” or soil moisture characteristic curve, SWRC
(Hillel, 1998). SWRC describes the ability of soil to store or release water and influences
various processes related to water and solute storage in soil, such as water supply to plants,
and biological processes such as, for example, seed germination, microbial activity, or
degradation of organic matter. So, knowledge of SWRC is critically important to understand
and simulate the hydrological processes that take place in a green infrastructure (Huang et
al., 2020).

18



Graphically, the SWRC can be represented by a highly nonlinear sigmoid. It is not unique
and varies significantly from soil to soil, as it strongly depends on the grain size, texture,

and structural characteristics of the soil (figure 8).
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Figure 8. Water retention curves of different textured soils (left) and hysteresis phenomenon (right), from Hillel

(1998).

For a given soil, the SWRC obtained during a drying process starting from saturated
conditions does not coincide with that obtained by wetting an initially dry soil (figure 8).
This phenomenon is called hysteresis (from the Greek votépnoic, meaning “delay”) and
highlights how the same value of matric potential corresponds to different values of
volumetric water content, 0. Specifically, the highest moisture content corresponds to the
drying process from saturation, and the lowest is related to the wetting process from the
completely dry soil condition. Consequently, two main soil water retention curves can be
defined: a main wetting curve, 6(%)w, that is always below the main drainage curve, 6(/)a.
Hysteresis can be attributable to multiple causes including, for example, pore size
unevenness, the effect of different solid-liquid contact angles during the drying or wetting
process, air trapped inside non-conductive pores, and the phenomena of swelling, shrinkage,
or aging (Hillel, 1998).

The two limiting curves or main curves of drying and wetting enclose all other possible
curves, called secondary curves, which are obtained in cases where the drying or wetting

process occurs from partially saturated or partially dry soil.
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2.1. Determination of the SWRC

The water retention curves were determined experimentally with the tension hanging water
column apparatus (figure 9), in the range of higher values of the matric potential (- 5 cm </
<-100 cm) and with the pressure plate extractors (figure 10) for the lower values of matric
potential (-100 cm < /4 <-15000 cm).

Regardless of the method used, the experiment consists of equilibrating a previously
saturated soil sample to a predetermined value of 4 and then determining its corresponding
0 value by the thermogravimetric method. To determine the water retention curve, a
succession of 4 values is applied to the same soil sample. Since the relationship (%) is
subject to the hysteresis phenomenon, its measurement depends on the increasing or
decreasing sequence of applied potentials. By convention, for agronomic purposes, when we
refer to the water retention curve, we mean the main retention curve during drying or
drainage.

In the tensiometric method (Dane and Hopmans, 2002a), the soil sample to be analyzed,
after being placed on the surface of the plate of a tensiometric funnel, is preliminarily
saturated from below, to achieve complete saturation of the sample, in four gradual steps of
24 h each, setting three successive values of matric potentials -0.2, -0.1, -0.05, followed by
complete saturation by immersion in water. After being saturated, the sample is subjected to
a monotonically decreasing sequence of matric potentials, set through the use of a burette
hydraulically connected to the funnel. All the experiments for the present study were
conducted following the same sequence of 4 values: -5.0, -7.5, -10.0, -15.0, -20.0 -25.0, -
30.0, -40.0, -50.0, -70.0, -100.0 cm.

At equilibrium with each fixed /4 value, the volume drained into the burette is recorded.
When the last potential of the sequence is reached, the sample is removed from the funnel,
weighed, and dried in an oven at 105° C for 24 h, to determine its final volumetric water
content by the thermogravimetric method. The volumetric water contents corresponding to
the revious potentials were determined backward by adding the volumes subsequently

drained to the final volumetric moisture.
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Figure 9. Tensiometric apparatus for determining the soil water retention curve in the range of higher values

of the matric potential, - 5 cm < 2 <-100 cm.

With the pressiometric method (Dane and Hopmans, 2002b) a soil sample is saturated on
the top of a ceramic porous septum that is permeable to water and not air (figure 10). The
sample is then placed inside a pressure chamber with the bottom of the porous septum
directly in contact with external pressure. A pressure greater than atmospheric pressure is
established inside the chamber. The pressure difference between the upper and lower
surfaces of the porous plate allows the water contained within the pores of the sample to
drain until an equilibrium condition in which the soil matric potential, in absolute value, is
equal to the applied pressure. The sample is considered at equilibrium when it no longer
drains for at least 24 h. When equilibrium is reached, the sample is taken and dried in an
oven at 105°C for 24 h to determine, by the thermogravimetric method, the volumetric water
content corresponding to the applied pressure head value. With this method, it is possible to
derive the points of the retention curve in the range of values of the matric potential of
greatest interest for plant water supply (-100 < h <-15000 cm).

Pressure source
C‘ Pressure cell

J Porous plate

1
Soil sample

I
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Figure 10. Pressiometric apparatus for determination of soil water retention curve in the range of lower values
of the matric potential, -100 < h <-15000 cm.
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Multiple empirical and theoretical models have been proposed in the literature to describe
the relationship 6(h) with continuous functional forms having a specific number of
parameters (Brooks and Corey, 1966; Durner, 1994; Fredlung and Xing, 1994; Kosugi,
1996; Van Genuchten, 1980). Constitutive parameters are then estimated by fitting the
assumed model to the experimental 6(h) data by non-linear fitting algorithms (Seki, 2007;
Van Genuchten et al., 1991).

The most popular and widely used model is the unimodal model proposed by Van
Genuchten, VG, (1980), the equation for which is given below:

Se=[1+ (ah)n]-m (4)
Se = pmar (5)

where 0s (cm®*cm) and 6, (cm3cm™) are the saturation volumetric water content and the
residual volumetric water content, a (cm™) is a scale parameter, and n and m with m = 1-1/n
are two dimensionless shape parameters. The latter constraint has the advantage of reducing
to two the number of parameters to be estimated to describe the water retention curve from
experimental data.

Parameter o is related to the most frequent pore diameter, parameter n, on the other hand, is
a measure of the heterogeneity of the pore size distribution. The latter can be inferred
indirectly from the water retention curve and expresses the relative abundance of each pore
size in a representative volume of soil. The derivative do/dh, represented as a function of the
average pore radius expressed through the capillarity relation, allows us to know the pore
distribution function (Reynolds, 2009). In the case of the function of VG (1980), this
relationship has a single maximum at the inflection point of the curve. The corresponding
modal diameter corresponds to the class of pores that is most frequently represented in the
porous medium. Therefore, the unimodal VG model assumes that the pore distribution in the
soil is substantially uniform, or 'monodisperse," which may be appropriate for coarse soils
but is inadequate for describing the behavior of complex structural soils that exhibit both
macro- and micro-porosity, also known as bimodal porous media.

Consequently, there is a need to model hydraulic conductivity, K (m s™) in dual-porosity
soils, where the interaction between macropores and micropores significantly influences
fluid flow (Gerke and van Genuchten, 1993; Jarvis et al., 1991; Vogel et al., 2000).
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Durner (1994) proposed modeling the water retention curve of a bimodal soil by
superimposing two characteristic curves, one corresponding to matric porosity (i.e., the
smaller pores that form within aggregates between individual soil particles), the other to
structural porosity (i.e., the larger pores that form between aggregates and, more generally,

the so-called macroporosity). The expression of the water retention curve is, in this case:

Se=wi[l + (a1h) ™1 |—"™1+w2[1 + (azh) "2 | 7™ (6)

where subscripts 1 and 2 refer to matrix and structural porosity, respectively, and w1 and wa
with wi +w = 1.

The experimental data obtained, as part of the different experimental tests, were fitted, with
both unimodal and bimodal versions of the Van Genuchten model, using SWRC Fit software
(Seki, 2007) or RETC software (Van Genuchten et al., 1991).

The performance of the water retention model used, from time to time, was evaluated
through the statisticians commonly used to quantify estimation accuracy: the coefficient of
determination, R?, the root mean square error, RMSE, the maximum deviation, the Akaike

information criterion, AlC.

2.2. Soil physical quality

By determining the SWRC, several soil physical quality (SPQ) indices can be inferred.
Doran et al., (1996) defined SPQ as “the ability of soil to perform multiple functions within
the ecosystem and neighboring areas of differing use to sustain biological productivity,
maintain environmental quality, and support plant and animal growth and health.” SPQ is
affected by various factors, including soil structure, density, porosity, permeability, water
retention capacity, pH, and organic matter content (Bondi et al., 2024, Appendix B). In turn,
it influences the chemical and biological processes occurring in the porous medium (Dexter,
2004). An agricultural soil of good physical quality must stably have a good structure, allow
the anchoring of crops, limit erosion and compaction phenomena, promote root development
and proliferation of soil fauna, and have a balanced content of air, water and nutrients.

There are several parameters in the literature to assess SPQ. For example, Reynolds et al.,

(2002, 2003, 2009) proposed bulk density (BD), plant available water (PAWC), air capacity

23



(4C), macroporosity (Pmac), and relative field capacity (RFC).

Dexter (2004), on the other hand, determined an index, namely the S-index, which is based
on the value taken by the slope, S, of the soil water retention curve at its inflection point.
The bulk density of dry soil, BD (g cm™), expresses the ratio of the mass of the solid phase
to the bulk volume of the sample (Hao et al., 2008).

BD =% @)

BD can be used as an indirect indicator of aeration and the ability to store and transmit water
(Reynolds et al, 2008). It also influences soil permeability and porosity.
The plant available water capacity, PAWC (cm? cm™), is:

PAWC = 6pc — Bpwp 8

in which 6rc (cm® cm™) and 6pwe (cm® cm®) are, respectively, the volumetric soil water
content corresponding to the field capacity, (h = -100 cm), and the volumetric soil water
content corresponding to the wilting point (h =-15000 cm).

The air capacity, AC (cm?® cm™), expresses the ability of the soil to provide the necessary

aeration for root systems, and is equal to:

AC =05 — Bk ©

where s (cm® cm®) represents the saturated soil water content.
Macroporosity, Pmac (cm® cm™), expresses the soil's ability to promote drainage processes

and root proliferation. It can be defined as:

Brac =05 — 0 (10)
where 0m (cm® cm™®) is the volumetric water content of the soil when only the matrix is
saturated.

Relative head capacity, RFC, is indicative of the ability of soil to store water and air in

relation to overall porosity, expressed through 6s, and is equal to:
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RFC = < (11)

Dexter's (2004) S-index is the slope of the soil water retention curve at its inflection point
(S = tan o, in Figure 11), that is, at the point where the curvature of the SWRC is zero (it

changes from convex to concave). S is equal to:

dw
~ d(n(h)) (12)

The S-index theory is based on the premise that the shape of the SWRC is primarily governed
by the structural porosity for matric potential values (h) ranging from saturation to the
inflection point, and by the matric porosity for lower matric potential values. While the
former pore domain can be influenced by soil management practices, including the use of
amendments, the latter is largely determined by more stable soil characteristics, such as
texture (Bondi et al., 2022, Appendix A).

This index is easily and unequivocally determined, as it is based solely on the measurement
of SWRC obtained by a drying process. Since S has a negative value, for practical purposes

it is used in absolute value.
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Figure 11. The inflection point of a soil water retention curve (from Dexter and Czyz, 2007).

Considering the VG model for the soil water retention curve, the pore volume distribution
function, Sy(h), can be defined as the slope of the SWRC expressed as volumetric water
content, 6, (cm3cm3), versus In(h), and plotted against equivalent pore diameter, de (um), on

a logyo scale (Reynolds et al., 2009).
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de
Sy = d(lnh)

= —mn(6; — 0,)a”h™[1 + (ah)*]~ ("D (13)

The equivalent pore diameter, de, is estimated using the capillary rise equation (Warrick,
2002).

_ 2980

d, =22 ;

h >0 (cm); de (um) (14)
The pore volume distribution function can be normalized, S*(h), by dividing Sy(h) by the
magnitude of the slope at the inflection point, Svi. The normalized soil pore volume
distribution, S*(h), is not influenced by bulk density or porosity, making it a useful method
for comparing pore volume distributions between different porous materials being
0<S*th)<1.

Pore volume distributions can be characterized and compared by analyzing "location™ and
"shape" parameters (figure 12), where the location parameters include the modal diameter,
dmode (M), the median diameter, dmedian (LM), and the mean diameter, dmean (LM). The shape
parameters include standard deviation, SD (-), that is indicative of the spread, skewness, SK
(-), indicative of the asymmetry and kurtosis, KU (-), indicative of the peakedness (Reynolds
et al., 2009).

' \
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Figure 12. Example of normalized pore volume distribution (from Reynolds et al., 2009).

The location parameters use de described in the form:
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dy = 220, (15)

The median and modal de values, valid for the VG model, are given, respectively:

2980«

Amode = m-i/n (16)
2980
dmedian = m (17)

The geometric mean de (dmean), Standard deviation (SD), skewness, and kurtosis were
adapted from the relationships outlined by Blott and Pye (2001) for describing particle size

distributions, and are given by:

_ In d0.16+1r1 d0‘50+11'1 d0.84-
dmean = exp ( 3 (18)
Ind —Ind Ind —Ind
SD — exp ( 0.84 0.16 + 0.95 0.05) (19)
4 6.6

1 [Ind +Ind —2(Ind Ind +Ind —2(Ind
SK = - [ 0.16 0.84 —2( 0.50) 0.05 0.95—2( 0.50) (20)

2 (Indggs=Indg.16) (Indg.95=Indg0s5)

Ind —-Ind

Ku = 0.05 0.95 (21)

2.44 (Indg5-Indg 75)

where m = 1-1/n and do.os, do.16, do.25, do.s0, do.75, do.ss, do.gs, are equivalent pore diameters
(um) that can be obtained from the capillary rise equation (eq. 15) in correspondence with
predetermined values of the soil saturation degree.

The SD parameter quantifies the size range of equivalent pore diameters, or the "sorting" of
pore diameters and it can take values within the range 1 <SD <oo. An SD value of 1 indicates
that all pores are of the same diameter, while higher SD values reflect a broader range of
pore diameters, indicating a lower degree of sorting. SK can take values between
—1< SK < + 1, specifically, a SK value of 0 indicates a lognormal distribution, which is
symmetrical on the log(de) scale. Negative SK values suggest an excess of small pores

compared to a lognormal distribution, while positive values indicate an excess of large pores.
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Lastly, KU falls within the range of value 0.41 < KU <. KU =1 corresponds to a lognormal
distribution, values greater than 1 indicate a "leptokurtic” distribution, characterized by a
higher peak at the center and more pronounced tails in the extremes compared to the
lognormal curve. Conversely, values less than 1 indicate a "platykurtic* distribution, which
is flatter at the center and has less pronounced tails in the extremes than the lognormal curve.
The assessment of soil physical quality is based on comparing, for a given parameter, the
measured value against one or more threshold values that distinguish between optimal, good,
and poor-quality conditions (Reynolds et al., 2002, 2009; Olness et al., 1998; Dexter, 2004),

shown in Table 1.

Parameter Unit Optimal value Poor value References

AC cm?® cmi® >0.14 <010 Drewry, 2006

White, 2006
. >1.30 (inadequate soil aeration) Olness et al., 1998
BD gcm 3 09-12 . .
<0.90 (inadequate plant anchoring) Reynolds et al., 2007

Drewry et al., 2001

P ®em® >0.07 <0.04
mac cm-cm - - Drewry and Paton, 2005
Hall etal., 1977
3 3 > ’
PAWC cm-cm 20.20 <0.10 Cockroft and Olsson, 1997
REC i 06-07 <0.6 (“wat.er liI.nit.ed” SOil.) Skopp et al., 1990
>(.7 (“aeration limited” soil) Doranetal., 1990
. Dexter, 2004
_ - > <
S-index >0.050 <0.020 Dexter and Czyz, 2007
d mode pum 60.0 - 140.0 - Reynolds et al., 2009
d redian pum 3.0-7.0 - Reynolds et al., 2009
d mean um 0.7-2.0 - Reynolds et al., 2009
SD - 400 - 1000 - Reynolds et al., 2009
SK - -0.43 t0 -0.41 - Reynolds et al., 2009
Ku - 1.13-1.14 - Reynolds et al., 2009

Table 1. Optimal and poor values for soil physical quality (SPQ) parameters, as proposed in the literature.
2.3. Effect of soil organic amendments on the SWRC

Soil organic matter (SOM) is a dynamic component of soil, composed of detritus from both
animal and plant origins at various stages of decomposition. SOM contributes to vital soil

functions such as sustained biological activity, nutrient cycling, and crop productivity
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(Veum et al., 2014; Lal, 2021). The quantity and quality of organic matter directly affect
numerous physical properties of the soil such as water retention capacity, porosity, and
aeration (Dazzi, 2013). “Additionally, SOM is important to both soil structure and the
potential for soil erosion, to sorption of mobile plant nutrients and retention of pesticides,
and the CO; balance between agro-ecosystems and the atmosphere” (Christensen et al.,
1997).

Degradation of organic matter can compromise soil fertility and functionality, a phenomenon
that can be caused by various anthropogenic disturbances, including intensive agricultural
practices, soil tillage and compaction by agricultural machinery, deforestation, and
waterproofing interventions (Bedolla-Rivera et al., 2023). This degradation affects the soil's
physical, chemical, biological, and ecological components, leading to an overall decline in
soil quality and potentially reducing its ability to support essential ecosystem functions and
services (Albiach et al., 2001).

To counteract this phenomenon, applying organic amendments could be one of the most
effective agronomic practices. Indeed, it has been extensively proven that these amendments
positively impact soil quality and improve water availability, which in turn leads to increased
crop yields (Eden et al., 2017; Arthur et al., 2011; Kranz et al., 2020). Their application
enhances soil structure, nutrient content, and moisture retention, ultimately contributing to
more productive and resilient agricultural systems. The literature highlights a wide range of
organic soil amendments available to improve soil water availability, including various types
of animal manures, crop residues, tree leaves, grass clippings, food processing wastes, and
sewage sludges, which can be residues or by-products of both agriculture and industrial
processes (Magdof and Weil 2004). Peat, coir fiber dust, compost, and biochar, have been
shown to significantly enhance the physical-chemical soil properties (Dong et al., 2022;
Ibrahim et al., 2021; Ampim et al., 2010).

Compost types encompass a variety of materials, including sewage sludge and municipal
waste (Sadeghi et al., 2014), maize and sewage sludge (Glab et al., 2020), pruning waste
(Benito et al., 2006), farm crop residues (Ibrahim and Horton, 2021), yard waste (Curtis and
Classen, 2009), orange juice processing by-products (Palazzolo et al., 2019), as well as
various mixtures of these materials.

Glab et al. (2018) investigated the impact of adding co-composted mixtures of maize,
sewage sludge, and biochar on the hydrological and physical quality of loamy sandy soil.

Compared to the untreated control, the amended soil showed significant improvements in
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physical properties with beneficial effects that were influenced by the compost application
rate and the specific type of feedstock used.

Castellini et al. (2022) evaluated the short- and medium-term effects of compost addition on
the physical and hydraulic properties of a clay soil by considering three different compost
application rates (T): fertilizer (T2 = 1.5 kg m*2), amending (T3 = 15 kg m), and organic
(T4 =75 kg m2), all compared to a control (T1). Compost application at higher rates (75 kg
m2 and 15 kg m2) improved water retention and reduced bulk density in a clay soil, while
at the lower dose (1.5 kg m2) the effects were not significantly different from the control.
Higher compost rates also increased AC and PAWC, while decreasing RFC and BD.
Recently, vermicompost has been increasingly used as an organic soil improver, as it
supports sustainable management practices and promotes the recycling of organic waste.
Vermicompost, also called worm humus, is the result of the bio-oxidation and stabilization
processes of organic material (e.g., food waste, horticultural waste, poultry droppings, food
industry sludge, and so on) operated by earthworms, which makes it possible to obtain an
organic material that is highly rich in humic acids thus representing a sustainable source of
macro- and micro-nutrients. Several positive effects are documented in the literature, such
as the constitution of a sustainable source of macro- and micro-nutrients (Zhao et al., 2017),
promoting the survival of soil bacteria and reducing the number of soil fungi (Hou et al.,
2023), increase in total porosity (Hallam et al., 2021), improvement of water infiltration
(Fischer et al., 2014), decrease in bulk density (Baghbani-Arani et al., 2021), improvement
of water use efficiency (Ebrahimi et al., 2021). However, only a few studies have fully

explored the effects of adding vermicompost on soil water retention (Ma et al., 2022).

Pruning wastes have recently been utilized as organic soil amendment, though practical
experience and studies in this area remain limited (Benito et al., 2006; Auteri et al., 2022).
The pruning waste from cactus pear (Opuntia ficus-indica (L.) Mill.) paddles, resulting from
agricultural activities, presents notable advantages due to its local availability, which
contributes to its cost-effectiveness and sustainability. This species thrives in many semi-
arid regions and is highly widespread in Central America and the Mediterranean basin,
currently resulting in the disposal of 13-15 t ha'® of biomass per year (Enea, 2017).

Cactus pear cladodes are succulent plant organs consisting of chlorenchyma, the outer layer
in which photosynthesis occurs, and parenchyma, the innermost layer whose main function
iIs to retain water. Both layers contain mucilage, a hydrocolloid that forms stable

(honeycomb-like) lattices capable of holding large amounts of water. This feature allows
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Cactaceae to thrive in harsh climatic conditions, making cactus pear an interesting and

valuable agricultural by-product with potential as an organic soil amendment.

A point that has not been investigated in detail is related to the effect of the soil water
retention curve hysteresis on soil pore volume distribution functions and capacitive soil
physical quality (SPQ) indicators. Generally, the estimation of these parameters has been
conducted based on data 6(h) obtained from desorption experiments, under the simplified
assumption that hysteresis can be neglected in field conditions, as its influence is often
masked by heterogeneity and spatial variability (Haverkamp et al., 2002).

The desorption SWRC reflects the soil's ability to store water and transfer it from wet to dry
periods, across a relatively long-time scale. Instead, the adsorption SWRC, i.e., the soil water
retention curve determined during a wetting process, can provide valuable insights into the
soil's capacity to store water over shorter time scales related to the infiltration process.
However, to the best of our knowledge, the wetting SWRC has never been employed to
determine SPQ.

With this premise, Bondi et al. (2022; Appendix A) investigated the reliability of capacity-
based indicators of SPQ and pore size distribution parameters in assessing the effectiveness
of compost amendments on sandy loam soil. They evaluated the effects of water retention
hysteresis on the estimation of SPQ.

A 5-months-aged compost from orange juice processing wastes (75%) and garden cleaning
(25%), previously sieved at 2 mm and dried, was mixed to a sandy-loam soil in 7 different
proportions by weight: 0% (or soil without amendment), 10%, 20%, 30%, 50%, 75% and
100% (or pure compost). Fourteen samples were prepared, and obtained by compacting the
dry mass into metal cylinders with a diameter and height of 5 cm.

A typical hysteretic behavior has been found in the wetting—drainage water retention curves,
which has affected the estimation of capacity-based indicators of SPQ and pore volume
distribution parameters of a sandy-loam soil amended with compost. Compost amendment
was effective in modifying the soil pore distribution system as the water entry potential
increased and the air entry potential decreased at increasing the percentage of compost.
Therefore, compost has a positive effect on the hydrological and agronomic response of the
soil, as it favors both water infiltration during wetting and water retention during drying,
increasing in both cases the availability of water for crops as also detected by RFC and

PAWC that increased with the percentage of compost added to soil.
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Understanding the temporal persistence of the benefits of compost amendment is a crucial
aspect for planning the most effective soil management practices. At this aim, a further
investigation was conducted by Bondi et al., (2024; Appendix B) to evaluate the short-term
effects of compost amendment on the physical and hydraulic properties of sandy loam soil.
A total of forty-two samples were prepared according to the same procedure outlined in
Bondi et al. (2022, Appendix A). In November 2021, soon after preparation, 14 samples,
two for each mixture, were analyzed to determine the soil water retention curve at time MO.
The remaining samples were placed directly on the surface of the extensive green roof plot
at the University of Palermo, exposing them to atmospheric agents, and analyzed after six
(M6) and twelve months (M12).

Temporal variability affected all assessed SPQ indicators, revealing significant differences.
The maximum benefits were noted in the first six months. In particular, the compost
application dose negatively affected SPQ indicators related to macro- and mesoporosity,
such as Pmac and AC, while positively influenced SPQ indicators linked to plant water
availability, such as PAWC and RFC. Compost also reduced soil compaction and modified
the porosity system, resulting in smaller and less heterogeneous pores, thus improving the
soil's water retention capacity.

In Castellini et al. (2024, Appendix C) the short-term effects of vermicompost addition on
the water availability of five different textured soils, from sandy loam to clay loam, were
analyzed. Soils were preliminary air-dried and sieved at 2-mm, mixed at 19 different
amendment proportions by weight: from 0 (i.e., soil without amendment) to 43%. A total of
95 repacked soil samples were prepared, compacting the dry mass into metal cylinders with
a diameter and height of 5 cm. Preliminarily, the hydrophobicity of vermicompost was tested
by the water drop penetration time, WDPT, test. It was found that the water repellency
depended on the initial moisture conditions, being easily wettable at field capacity but
strongly to severely hydrophobic at lower moisture levels. Anyway, soil water repellency
was negligibly affected by vermicompost in real field conditions.

Soil physical quality was effectively affected by vermicompost addiction with different
results depending on soil texture: greater water availability for plants in coarse soils and a
more balanced air/water ratio in fine soil. Minimal effects were found in the intermediate
soil.

A further study by Bondi et al. (2024, Appendix D) explores the impact of adding powdered
cactus pear pruning waste (PCPPW) on the hydraulic properties of benchmark soils, aligning

with the principles of a circular economy. Two soils with different textures (sandy loam and
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clay loam), previously air-dried and sieved to 2 mm, were mixed in 13 different proportions
of amendment by weight: from 0 to 50%. 26 repacked soil samples were prepared,
compacting the dry mass into metal cylinders with a diameter and height of 5 cm.

In both soils, bulk density significantly decreased with the increasing percentage of soil
conditioner. Similarly, the drainable water content decreased as the amount of soil
conditioner increased in both cases. In sandy loam, the PAWC increased to a maximum of
0.26 cmécm-3 with a content of r = 20%. A similar trend was observed in clay loam, where

the maximum PAWC of 0.23 cm3cm-3 corresponded to content of r = 30%.
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3. Hydrological cycle: theory and modeling

The water present in the terrestrial globe describes a closed cycle, called the water cycle or
hydrological cycle. It originates from the continuous water flow between the land and the
atmosphere, during which it undergoes state transformations and qualitative changes while
keeping its global mass constant in practice. The water cycle consists mainly of three phases:
precipitation, evapotranspiration, and condensation (Paci, 2011). The energy contribution of
solar radiation activates the processes of formation and transport of steam, the formation of
runoffs from precipitation is, on the other hand, a process of an essentially gravitational
nature.

The hydrological balance constitutes the mathematical schematization of the principle of
conservation of mass that is, a quantitative evaluation of natural flows and stocks in the
different forms (liquid, solid, gaseous) in which water manifests itself in its cycle on earth,
(Munafo, 2022).

Therefore, in a given time interval the change in water content stored in a given volume of

soil must be equal to the difference between water inputs and losses:
AW = Wiy — Woue (22)

The hydrological balance is regulated by several variables (precipitation, atmospheric
humidity, solar radiation, wind, soil, vegetation) and can be schematized through the

following equation:
AW=P+I+U)—(R+S+E+T) (23)

where AW is the change in water content in the active layer of soil explored by the roots, P
is the precipitation water, / is the water supply through irrigation, U is the capillary rise, R
represents the surface runoff, S is the amount of water that is loss by deep percolation
(drainage), E is the evaporation from the soil, 7 is the transpiration by vegetation. All
variables are expressed, for the time interval considered, in terms of volume per unit area
(mm).

In the traditional approach to soil water balance modeling, the complex dynamics of water
movement and distribution within the soil profile are overlooked. This approach typically

models the soil as a static reservoir, representing water storage by a simple range between
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two fixed limits. The permanent wilting point, generally assumed as the volumetric water
content corresponding to h =-150 m, defines the lower boundary, which is the minimum soil
moisture level at which plants can no longer extract water, leading to physiological stress
and, ultimately, wilting. The upper boundary is determined by the field capacity, generally
assumed as the volumetric water content corresponding to 4 = -1 m, represents the maximum
amount of water soil can hold after gravitational drainage ceased. Therefore, this constitutes
a one-dimensional approach, in which water flows are predominantly vertical. The
Thornthwaite reservoir model (Thornthwaite, 1948) represents the first complete and
formalized hydrological balance.

Afterward, the reservoir model gained traction and has been included in the FAO’s
guidelines for estimating crop evapotranspiration under conditions of water stress, as
outlined in FAO Irrigation and Drainage Paper No. 56 (Allen et al., 1998). This approach
has also been incorporated into the AquaCrop model, which simulates the effects of water
availability on crop growth and performance.

More recently, a reservoir model concept has been adopted by Kasmin et al. (2010), who
proposed a process-based rainfall-runoff model for simulating retention and detention in a
green roof (figure 13). Rainfall retention refers to the permanent removal of stormwater,

while runoff retention refers to the transient storage of rainfall (De Ville et al., 2017).
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Figure 13. Schematization of the reservoir model (from Kasmin et al., 2010).

The Kasmin model is developed to estimate the temporary water storage capacity of a green
roof by employing a straightforward storage routing approach, the equation for which is

outlined below:

h’t = ht—l + antAt - QouttAt (24)
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in which Qi and Qout represent, respectively, the flow of rainfall into and out of the growing
medium layer, and h represents the stored moisture depth. Qout IS given by:

Qoutt = kh?—l (25)

in which k and n are the reservoir routing parameters, representing the scale and exponent,
respectively. In egs. (24) and (25), h is expressed in mm, Q in mm mint, while k is expressed

in mm®™ min" and n is a dimensionless parameter.

3.1. Hydrological behavior of a green roof

The hydrological behavior of a green roof is strongly conditioned by the water holding
capacity, i.e. the ability to temporarily store incoming rainwater, resulting in a delay and
reduction of the peak flood output. The water holding capacity of a green roof is a significant
aspect of the potential contribution of green infrastructure to stormwater management (Yio
et al.,2013). It is a phenomenon conceptually analogous to that of "lamination" exerted by a
storage capacity.

The water holding capacity can be estimated using physically-based models (e.g.:
HYDRUS-1D) based on an accurate hydrological parameterization of the stratified system
consisting of the crop growth substrate and the underlying drainage element, or it can be
determined experimentally through simulated rainfall tests. The latter possibility has been

analyzed and studied in the framework of the present thesis.

To this end, several green roof microcosms were constructed using cylindrical samples with
a diameter of 20 cm. These were created by combining various commercial substrates with
different drainage systems.

The meteoric events were simulated using an experimental installation consisting of two
load cells for the continuous monitoring of the water content of the microcosm and for the

measurement of the drainage volume and by a needle rain simulator (figure 14).
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Figure 14. Experimental installation: at the top the needle simulator, on the counter, and at the bottom the two

load cells for measuring the water content and volumes drained from the microcosm of the green roof.

The two load cells (AZ 0-10) used are of the preamplified type with 0-10 Vdc output signal
and full scale of 100 kg (measurement error on the f.s. <+ 2%). The signal acquisition was
carried out automatically through a CR1000 datalogger, manufactured by Campbell
Scientific® (figure 15).

Calibrazione Load Cell 1 incrementie
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Figure 15. Load cell and acquisition system. On the right the experimental calibration report for cell no. 1.

The calibration report allows the electrical output signal to be transformed into a weight
value. For the experimental determination, masses of known weight in the range 0 - 60 kg

were used, detecting the corresponding voltage value (mV) at the output of the datalogger.
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The relationship between the two quantities was linear with the values of the coefficient of
determination R? = 1 and the value of the Root Mean Square Error (RMSE) less than 0.017
kg. The calibration reports for the two cells were as follows:

Cell n.1 y = 1.84431x + 0.21724 (26)

Cell n.2 y = 1.8881x - 0.0085 (27)

The rain simulator consists of an airtight chamber, fed by a height-adjustable loading tank
(figure 14), on the bottom of which there are n = 45 hypodermic needles, distributed over an
area of 314 cm?. The diameter of the drop can be adjusted by varying the size of the needles.
In the case in question, 22 G-type needles with a nominal external diameter of 0.7 mm were
chosen.

The calibration of the simulator was carried out preliminarily, to determine the relationship
between the rainfall intensity, i (mm ht), and the water head established in the loading tank,
H (cm). The previously calibrated No. 1 load cell was used for the measurement of rainfall
intensities.

Several tests were carried out in which increasing/decreasing sequences of water heads (0 <
H < 12 cm) were applied to explore rainfall intensity values up to 180 mm h*. The explored
range of rainfall intensity includes the maximum rainfall intensity in the duration of 10 min
recorded in the period 2002-2021 for the Palermo area (figure 16).

The calibration report was linear with a coefficient of determination, R?, equal to 0.9986.
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Figure 16. Maximum rainfall intensity (mm h-?) for the duration of 10 min recorded in the period 2002-2021

at Palermo Uditore weather station managed by Sistema Informativo Agrometeorologico Siciliano (SIAS).
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Through simulated rainfall experiments, Bondi et al. (2023, Appendix E) evaluated the
hydrological response of a volcanic medium, VM, derived from ash deposition following
recent volcanic eruptions of Mount Etna (Italy). Owing to its lightweight properties and
sustainability, this material seems well-suited for the development of "engineered soils" that
can serve as substrates for green roofs. Simulated rainfall experiments were carried out on

microcosms (V ~ 3000 cm?®) to evaluate the detention and retention capacities of the VM

under dynamic conditions. Three drainage layers were considered: a preformed stratified
system called "MediDrain MD 25" (MD), a layer of expanded clay balls (EC), and a mineral
layer consisting of expanded perlite (EP). The microcosms underwent infiltration tests with
a constant rainfall intensity of 60 mm h, applied for one hour. The first rain event was
conducted on an air-dried sample to assess the hydraulic performance of a green roof under
very dry summer conditions. A second rain event, conducted 24 hours later, aimed to
investigate the hydrological response of the green roof under wet conditions, approaching
field capacity. Furthermore, to enhance the physical and hydraulic properties of the VM, the
particle size distribution was adjusted by artificially increasing or decreasing the coarse
fraction, and the effects on pore size distribution were evaluated from the experimental
assessment of SWRC.

Under initial dry conditions, the green roof was able to detain between 19.3% and 46.0% of
the total rainfall, consistent with findings reported in the literature. The delay in the runoff
formation was found to be maximum, i.e. 0.38 h, for the VM-EC combination. When starting
from initially wet conditions, the detention capacity decreased but still accounted for
approximately 10% of the total rainfall. Finally, reducing the coarse fraction of the VM
decreased macroporosity and increased mesoporosity, thereby improving the drainable
water capacity, which positively impacted the substrate's detention capacity.

In conclusion, VM can be considered an effective and sustainable mineral component that,
when combined with organic materials such as compost or peat, forms an ideal substrate for

extensive green roofs in Mediterranean climates.
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4. Hydraulic conductivity of green roof substrates

A crucial property of a green roof substrate is its hydraulic conductivity. Hydraulic
conductivity, K (m s™), expresses the substrate's ability to transmit water.

The saturated hydraulic conductivity of porous media governs the partition of rainfall into
infiltration and surface runoff, playing a crucial role in effective stormwater management by
directly influencing the substrate’s detention capacity and its rate of water absorption and
retention.

It primarily depends on the geometry of the pores, including their size, shape, and
interconnections, as well as the soil's water content (Hillel, 1998).

When the soil is fully saturated, meaning all pore spaces are filled with water, the hydraulic
conductivity reaches its maximum value, known as saturated hydraulic conductivity, Ks.
This condition represents the soil's highest potential for water transmission, as the
continuous liquid phase allows for the most efficient water flow. Thus, Ks constitutes a key
parameter for describing water fluxes and solute transport within the soil (Rienzner and
Gandolfi, 2014).

However, in most cases, the soil is only partially saturated. Under these conditions, the
conductivity decreases, as air fills some of the pore spaces, disrupting the continuity of the
water flow. The hydraulic conductivity of partially saturated soil is thus dependent on its
moisture content, which varies with environmental conditions such as rainfall, evaporation,
and plant uptake. As the water content decreases, and consequently the soil’s matric
potential, h, drops, hydraulic conductivity decreases due to the draining of larger pores.
Typically, under saturated conditions, K is higher in coarse-textured soils and/or highly
porous, or well-aggregated soils, while it is lower in fine-textured, compacted, and dense
soils. However, due to the sorting of conductive pores, the unsaturated hydraulic
conductivity of a coarse soil may drop well below that of a fine soil at water contents close
or below the field capacity.

Accurate estimation of hydraulic conductivity is crucial for simulating water flow by
physically based models, like HYDRUS model, which solves the non-linear Richards
equation (1931) for water fluxes into the vadose zone (Haverkamp et al., 1994).
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4.1. Methods

Among the multiple methods available for measuring soil hydraulic conductivity, which
vary on the basis measurement scale (laboratory vs. field), the geometry of flux (1D vs. 3D)
and the flow process (steady-state vs. transient), the focus has been put on three techniques:
the MiniDisk Infiltrometer (MDI), the evaporation method, and steady-state unit hydraulic
gradient (UHG) method.

The MDI, manufactured by Decagon (Decagon Devices, Inc., Pullman, WA), is a simple,
cost-effective, portable miniaturized tension infiltrometer, making it highly practical for
field use. It enables fast and accurate measurements, providing valuable data on soil water
movement without the request for complex equipment or extensive setup. It needs small
amounts of water, approximately 135 mL, to function, which makes it particularly efficient
and suitable for field settings where water resources may be constrained. The MDI is handy
for studying water infiltration in soils, offering insights into the hydrological behavior of
various substrates in real-world conditions.

It consists of a single plexiglass tube, approximately 3 cm in diameter and 30 cm in height,
divided into two chambers by a sealed partition (figure 17). The upper chamber, or bubble
chamber, controls the pressure head via a suction control tube, while the lower chamber, or
water reservoir, is designed like a graduated cylinder, and contains 95 mL of water, which
infiltrates into the soil at the selected pressure head, h, through a porous sintered stainless-
steel disk, with a diameter of 4.5 cm, located at the bottom of the infiltrometer (figure 17).
To ensure proper hydraulic connection between the disk and the soil, a layer of contact fine
material is often placed beneath the infiltrometer.

When the MDI is placed on the soil surface, the rise of the first air bubble into the reservoir
indicates the start of the infiltration process. Following a transient phase, where the
infiltration rate initially decreases, the flow stabilizes, reaching a constant steady-state
infiltration rate, is (mm h). The water flow rate is then monitored by observing the water
level on the graduated scale of the reservoir.
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Figure 17. Scheme of MiniDisk Infiltrometer (by Decagon Devices, Inc., Pullman, WA).

The evaporation method, also referred to as the Wind method (Wind, 1968), is a well-
established and extensively applied technique for simultaneously determining the hydraulic
conductivity and the water retention properties of unsaturated soils in the matric potential
range of 0 to -8 m.

The experimental setup consists of a precision balance for determination of the sample's
weight, along with two or more porous microtensiometers, with a diameter between 2 and 6
mm, connected to pressure transducers for the measurement of matric potential.
Additionally, the system includes an automated data acquisition and recording system,
ensuring precise and continuous monitoring of the experimental parameters throughout the
testing process (figure 18).

The experiment involves subjecting a soil sample, initially saturated or nearly saturated, to
a controlled evaporation process. Following saturation from below, the sample is allowed to
drain freely for a minimum of twelve hours, with the upper end covered to prevent
evaporation (Bagarello and lovino, 2010). It is recommended to initiate the experiment at a
matric potential slightly below zero, as this ensures the continuity of the air phase within the
sample (Wendroth et al., 1993). The sample is sealed at the bottom and placed on the

balance, with the top surface exposed to the atmosphere.
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It is important to consider that the evaporation process occurs at a rate influenced not only
by the hydraulic properties of the soil but also by the environmental conditions under which
the test is conducted. For this reason, it is recommended to conduct the experiment under
controlled temperature and humidity conditions to make the results from different samples

comparable.
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Figure 18. Experimental setup for the Wind evaporation method (from Autovino et al., 2024).

During the transient phase, simultaneous measurements are taken at various time intervals
to monitor both the matric potential at different depths and the total water content of the
sample. The analysis of the measurements is conducted in two stages: first, the water
retention curve, 0(h), is determined using an iterative procedure considering the sample
weight and the average pressure head readings of the microtensiometers, and then the
hydraulic conductivity function, K(h), is calculated through a modified version of the
instantaneous profile method, which assumes knowledge of the average water content of the

entire sample, ensuring a comprehensive characterization of the soil's hydraulic properties.

The steady-state unit hydraulic gradient (UHG) method enables the laboratory determination
of hydraulic conductivity near saturation. A steady-state water flow condition is established
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in a soil sample which is subjected to the same predetermined pressure head value at both
the surface and the bottom of the soil sample.

The equipment described by Bagarello et al., (2007) was utilized. The lower end of the
sample is placed in contact with a porous ceramic plate having an air entry value of —400
mm, connected to an outflow tube (figure 19), which can be adjusted in height to ensure a
uniform distribution of the pressure potential along the sample, i.e., unitary hydraulic
potential gradient. The upper pressure head is maintained by the porous disk of a tension
infiltrometer device. As a result, the flow occurs solely due to gravity. Under steady-state
conditions, the sample hydraulic conductivity is equal to the flow density measured a the

tension infiltrometer reservoir.
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Figure 19. Experimental setup for the steady-state unit hydraulic gradient (UHG) method (from
Bagarello et al., 2007).

The assumption is that, under steady-state conditions, the pressure head remains constant
along the vertical axis and over time, allowing the measured value of K to be associated with
an unequivocally determined value of h. The knowledge of the soil water retention curve,
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independently determined for the same soil, enables the association of the measured K value

with the corresponding volumetric water content of the soil, 6.

4.2. Hydraulic characterization of commercial substrates for green roofs

Two commercially available substrates for green roof realizations, Terra Mediterranea
(TMT) and AgriTERRAMR (ATV), produced respectively by Harpo Verdepensile (Harpo
spa, Trieste, Italy) and Perlite Italiana srl (Corsico, Milan, Italy), were hydraulically
characterized in a study conducted by Autovino et al. (2024, Appendix F). The first
substrate is composed of a mixture of 80% mineral materials, including lapillus, pumice, and
zeolite, and 20% organic materials, such as peat and compost. The second substrate
comprises a mineral fraction (75-80%) that includes lapillus, pumice, and expanded perlite,
while the organic fraction (20-25%) consists of peat, bark, coconut fiber, and organic
conditioners.

The water retention curve, 0(h), and hydraulic conductivity curve, K(h), were determined
using a laboratory procedure consisting of a transient evaporation experiment combined with
a steady-state UHG test.

Both direct and inverse estimations of K(6) and 6(h) relationships in the form of unimodal
or bimodal VVan Genuchten (VG) models were performed. For the numerical inversion of the
transient evaporation experiments, Hydrus-1D was applied.

The results highlighted that the evaporation method, whether direct or inverse, is inadequate
for estimating the near-saturated hydraulic conductivity of heterogeneous pore media like
the substrates under study.

A significantly more accurate description of the K(h) function was achieved only when the

inverse method was coupled with UHG data and the bimodal VG model was considered.

4.3. Effect of aging on a commercial substrate for green roofs

Hydraulic conductivity exhibits significant spatial and temporal variability, even in areas of
limited surface extent, stemming from a complex interaction of factors that influence water
movement through porous media (Bagarello and lovino, 2010; Deb and Shukla, 2012).
According to Nielsen et al. (1973), hydraulic conductivity is primarily influenced by intrinsic
factors related to soil formation, affecting long-term variability, and by extrinsic factors such

as land use and management practices, which typically drive short-term changes. Intrinsic
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variability, driven by pedogenesis, is often characterized by regionalization, with nearby
areas exhibiting greater similarity than those located further apart (Dane and Topp, 2002).
In contrast, extrinsic variability can manifest more rapidly and may not follow a regionalized
pattern. Among the extrinsic factors, fluctuations in moisture content are significant, as they
alter the degree of saturation within the soil or substrate, thereby affecting its permeability.
Additionally, changes in pore structure play a crucial role in determining hydraulic
conductivity. For instance, root growth can lead to local compaction, thereby reducing pore
volume, whereas the decay of dead roots can create channels that increase pore space,
enhancing hydraulic conductivity (Schwen et al., 2011). The process of self-filtration,
involving the mobilization and re-deposition of particles within the porous medium, can lead
to a more compact and less conductive lower layer (Dikinya et al., 2008).

Environmental conditions, such as temperature, precipitation patterns, and seasonal cycles,
also contribute to dynamic variations of soil hydraulic conductivity.

Aging of a green roof substrate, marked by the gradual degradation of its physical, chemical,
and biological properties, alters its hydraulic conductivity, leading to reduced water retention
and detention capacity due to compaction, changes in porosity, nutrient depletion, and
organic matter accumulation, ultimately compromising the roof’s efficiency in stormwater
management (Berndtsson, 2010). In their comprehensive review of green roof literature, Li
and Babcock (2014) found that few studies have examined the impact of green roof aging
on hydrological performance, a gap partly due to the lack of long-term data and the influence
of climatic variability on observed changes.

Therefore, all these factors must be carefully considered when assessing the hydraulic
behavior of such systems. An accurate assessment is essential to understand how the
substrate performs under different humidity conditions and to optimize its performance in

various climates and operative scenarios.

It is in this context that the study conducted by Bondi et al. (2023, Appendix G) fits in,
aiming to address the knowledge gap regarding the processes underlying the short-term
changes in green roof detention capacity. The study was conducted in the extensive green
roof plot established at the University of Palermo established in 2019. This plot was
constructed using the Terra Mediterranea (TMT) supplied by Harpo Verdepensile (Harpo
spa, Trieste, Italy), the same commercial substrate characterized by Autovino et al., (2024,
Appendix F). Seasonal variations in the saturated and near-saturated hydraulic conductivity,

corresponding to h values of -0.5 and -3.0 cm, were investigated using the MiniDisk
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Infiltrometer (MDI), which allows for a relatively simple, rapid, and cost-effective
measurement of the infiltration rate with minimal disturbance to the surface layer, also
preserving the functional connection of the conductive pore system with the surrounding
medium.

Field infiltration experiments were conducted on the experimental plot in December 2017
(T0), October 2018 (T1), and summer 2022 (T2) to assess short- and long-term variations in
infiltration characteristics. The steady-state infiltration rate, is (mm h™!), was estimated from
the slope of the regression line fitted to the linear portion of the cumulative infiltration, |
(mm), versus time, t (s), curve. A minimum of five consecutive data points for | vs. t were
used for the regression. From TO to T1, is increased by a factor of 2.4 under near-saturated
conditions and by a factor of 1.9 under quasi-saturated conditions.

From measurements of bulk density and texture carried out at the same time, at different
depths of the substrate, it was possible to ascertain that the increase in infiltration speed is
attributable to the washing away of the finest particles from the surface of the substrate
towards the deeper layer. After five years (T2), the hydraulic characteristics of the substrate
continue to evolve, although at a reduced rate. Specifically, the steady-state infiltration rate
under unsaturated conditions tends to decrease, approaching values closer to those observed
at the beginning (is = 51.9 mm h* for T2 versus is = 37.5 mm h* for T0). In contrast, the
steady-state infiltration rate under saturated conditions continues to increase, reaching
approximately twice the initial value (is = 267.7 mm ht for T2 versus is = 147.8 mm h* for
T0).

The experiment detected changes in the steady-state infiltration characteristics of the
growing substrate resulting from particle self-filtration induced by rainfall.

Over the lifespan of the green roof, the contribution to flow from macropores (larger than 1
mm) increases, while that from smaller pores decreases, due to pore occlusion caused by

root development and hydrophobicity from vegetation exudates and decaying materials.
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5. Conclusions

The increasing spread of soil sealing has significantly disrupted the natural hydrological
processes of water infiltration and interception by vegetation. This has led to a rapid
transformation of rainfall into surface runoff, typically diverted entirely into urban drainage
systems. Soil sealing also contributes to the loss of organic matter, a critical component for
maintaining soil health and productivity. In Mediterranean regions, this phenomenon has
been a driving force behind disastrous events caused by intense rainfall. Addressing this
issue requires urgent attention and the implementation of sustainable urban planning
practices to mitigate the environmental and societal risks associated with altered
hydrological processes. In urban environments, green infrastructures (GI) are an increasingly
sought-after solution for enhancing the resilience of urban areas by capturing and regulating
runoff. However, one of the key challenges in its implementation is the selection of an
appropriate substrate, which is critical to its overall effectiveness and sustainability.

The main objective of this thesis was to investigate the hydraulic properties of the substrate
through a comprehensive, multiscale methodological approach, specifically focusing on the
water retention curve and hydraulic conductivity function, both of which influence the
hydrological response of green roofs being closely connected to, respectively, the substrate’s
retention and detention capacities. The retention capacity refers to the substrate's ability to
permanently store incoming rainwater whereas the detention capacity pertains to transient
storage of rainfall. Both of them contribute to delaying and reducing peak flow of stormwater

events.

In the first part of the thesis, the effects of various organic soil amendments derived from
agricultural by-products, such as compost, vermicompost, and pruning residues, were
evaluated with regard to soil water retention curves and soil physical quality. All the
amendments studied demonstrated a positive impact on the hydraulic properties of the
substrates. As found in the Appendix A, , the incorporation of compost effectively alters, in
the short term, the pore distribution of sandy loam soil with an increase of the fraction of
structural porosity (i.e.,macropores) and a decrease ofthe fraction of textural porosity (i.e.,
micropores). This amendment positively impacts the soil's hydrological and agronomic
responses by promoting water infiltration during wetting and retention during the drying
process, thereby increasing water availability for crops. From Appendix B it can be deduced

that all SPQ indicators were affected by temporal variability with the maximum benefits that
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were obsereved in the first six months of application. Specifically, indicators linked to the
macro- and mesoporosity (Puac and AC) decreased with the compost amendment dose
whereas indicators linked to plant water availability (PAWC and RFC) increased.
Furthermore, compost has reduced, over time, soil compaction and modified the porosity
system, resulting in smaller and less heterogeneous pores, thus improving the soil's water
retention capacity.

Vermicompost also positively influenced the physical quality of five amended soils of
varying textures (from sandy loam to clay loam) studied in Appendix C, with effects
differing by soil texture. Specifically, it increased water availability in coarse-textured soils
and improved the air-to-water ratio in fine-textured soils, while minimal and not statistically
significant results were observed in soils of intermediate texture. Vermicompost also
exhibited hydrophobicity that depended on the initial moisture conditions; it was found to
be wettable at field capacity but strongly hydrophobic when air-dry. However, when
incorporated into soil even at the highest application ratio (r = 43%), vermicompost
minimally influenced hydrophobicity thus concluding that its effect on water availability can
be considered negligible in practice.

As illustrated in Appendix D, the amendment with the powdered cactus pear pruning waste
was investigated in the perspective of a circular economy approach aiming at reusing the
residues of crops widespread in Sicily. It effectively reduced the bulk density of both
amended sandy loam and clay loam soils and increased the water availability for plants,
enhancing the overall soil quality for cultivation.

The selection of the soil amendment, its optimal dosage, and the timing of applications
should carefully consider soil texture and the temporal variability of its beneficial effects,
which tend to diminish over time. Furthermore, each soil improver has shown the capacity
to enhance one or more physical quality parameters of the soil while potentially being less
effective for others.

In conclusion, all these findings underscore the potential of organic amendments to
significantly enhance the soil structure and improve water retention.. Their short-term effects
offer valuable insights for increasing the fraction of water available for crops in arid
environments or during extended dry periods, such as those that occur in the summer months

of the Mediterranean regions.

In the second part of the thesis, the hydrological behavior of the green roof substrate was

assessed, focusing on its retention and detention capacities. Particular attention was given,
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in Appendix E, to evaluating the hydrological response of a volcanic medium collected from
street sweeping on Mount Etna. This material, which meets the principles of a circular
economy, demonstrated a favorable hydrological behavior under different types of drainage
layer and initial moisture conditions. Therefore, it can be recommended as an effective and
sustainable choice for the mineral component of a green roof substrate in Mediterranean
climates, especially when it is combined with a well-balanced mixture of organic materials

such as for example, those considered in this thesis: compost and vermicompost.

The last part of the thesis is focused on the laboratory and field determination of the substrate
hydraulic conductivity which is closely linked to the detention capacity of a green roof. An
accurate experimental determination of the hydraulic conductivity curve, K(h), was found
to be highly dependent on the laboratory methodology and the data fitting model applied. In
Appendix F, it is demonstrated that combining several techniques, in this case, the UHG
method with the inverse evaporation method, yields the highest accuracy.

Hydraulic conductivity is a dynamic property of the porous medium that may be influenced
by environmental conditions such as temperature, precipitation patterns, and seasonal cycles.
The assessment of seasonal variations in saturated and near-saturated hydraulic conductivity,
conducted in Appendix G, highlighted short-term changes in the steady-state infiltration
characteristics of the growing substrate. These changes were attributed to the particle self-
filtration induced by rainfall and to the reduction in the bulk density of the upper layer,
overall resulting in a more conductive porous medium. After five years of green roof
operation, field conductivity did not increase further, indicating that the washout/clogging
process was either completed within a season or counteracted by other processes, such as
root development and hydrophobicity.

Field monitoring of infiltration is an essential tool for detecting changes in water detention
properties, which could compromise the environmental benefits of green roofs by reducing

stormwater mitigation and water storage capacity.

In conclusion, the set of results obtained in this thesis contribute to move forward the
knowledge on the hydraulic functioning of growing substrates for urban green infrastructure.
A thorough assessment is essential to understand the substrate's behavior under varying
moisture conditions and optimize its performance across different climates and operational
scenarios. Organic amendments have proven to be highly effective in enhancing the overall

physical quality of the soil and mitigating the loss of soil organic matter. Their performance
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can be further optimized by incorporating strategically selected mineral components to
improve the substrate's hydrological response. However, a deeper understanding requires
further investigation, particularly on the influence that plants may play in the hydrological

response of green roofs.
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Abstract: Capacity-based indicators of soil physical quality (SPQ) and pore distribution parameters
were proposed to assess the effects of compost amendment but their determination was limited
to desorption water retention experiments. This study also considered the pore size distribution
obtained from adsorption experiments to establish the effectiveness of compost amendment in
modifying the physical and hydrological attributes of a sandy loam soil. Repacked soil samples
with different compost to soil ratios, r, were subjected to a wetting-drying cycle, and the water
retention data were fit to the van Genuchten model to obtain the pore volume distribution functions.
The soil bulk density was minimally affected by the wetting—drying cycle but a significant negative
correlation with r was obtained. The sorption process involved larger and more heterogeneous pores
than the desorption one thus resulting in an estimation of the air capacity SPQ indicators (P, and
AC) that were higher for the wetting-water retention curve (WWRC) than the drying one (DWRC).
The opposite result was found for the water storage SPQ indicators (PAWC and RFC). In general, SPQ
indicators and pore distribution parameters were generally outside the optimal range but estimates
from the DWRC were closer to the reference values. The water entry potential increased and the air
entry potential decreased with an increase in the compost rate. Significant correlations were found
between the SPQ indicators estimated from the DWRC and r but the same result was not obtained for
the WWRC. It was concluded that compost addition could trigger positive effects on soil hydrological
processes and agronomic service as both water infiltration during wetting and water storage during
drying are favored. However, the effectiveness of the sorption process for evaluating the physical
quality of soils needs further investigation.

Keywords: soil structure; pore volume distribution function; bulk density; macroporosity;
air capacity; plant available water capacity; relative field capacity; S-index

1. Introduction

Application of compost is one efficient way to increase soil organic matter level and
indirectly improve soil structure and hydrological functions [1,2]. A large number of studies
have documented positive effects of compost application on different soil physical and
hydrological attributes: total porosity [3], bulk density [4], soil resistance to penetration [5],
pore size distribution [6], aggregation and aggregate stability [1,7,8], water retention capac-
ity [9,10], and saturated and unsaturated hydraulic conductivity [11,12]. As a consequence
of improved water retention capacity, compost addition increases the plant available water
capacity (PAWC) of soils [13]. Comparative analysis of twenty-five studies showed that
compost incorporation had positive effects on degraded urban soils in terms of reduced
compaction, enhanced infiltration and hydraulic conductivity, and increased water content
and PAWC [14].

The above-mentioned positive effects depend on the compost application rate but also
on the feedstock type, compost maturity, and compost quality. Application rate usually
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ranges from 30 to 150 Mg ha~1 [3,6,10] but values up to 750 Mg ha~! have been reported [12].
A variety of organic wastes have been proposed as soil amendment materials, also with
the aim to find sustainable disposal for urban and agricultural byproducts. Compost types
include sewage sludge and municipal waste [15,16], maize and sewage sludge [9], pruning
waste [17], farm crop residues [18], yard waste [3,19], orange juice processing wastes [20],
and mixtures of these materials. As an example, Glab et al. [21] reported the effects of
co-composted maize, sewage sludge, and biochar mixtures addition on the hydrological
and physical quality of a loamy sandy soil. Compared with the control soil, the physical
properties of the amended soil were significantly improved with beneficial effects that
were dependent on the rate of compost application and the type of feedstock. Likewise,
Rivier et al. [22] investigated the effect of compost and vermicompost on soil structure,
water retention, aggregate stability, and plant water use efficiency, compared with that of
mineral fertilizers and food-waste digestate.

Binding primary particles into stable aggregates, organic matter influences attributes
of soil pores such as size, distribution, shape, and connectivity [18]. The soil-water retention
curve (SWRC), relating volumetric water content, 0, to pressure head, /1, provides an indirect
method to estimate soil porosity and, therefore, to assess the effectiveness of compost for
improving the conditioning of soil. A complete description of the pore volume distribution
function can be obtained by fitting appropriate semi-empirical functions to 8(i2) data [23,24].
Reynolds et al. [25] classified pore size distribution on the basis of selected “location” and
“shape” parameters and proposed optimal ranges for each parameter. Another approach
relies on estimation of capacity-based indicators of soil physical quality (SPQ) accounting
for soil ability to store air and water [23,26]. In any case, comparison of measured pore
distribution parameters and SPQ indicators with optimal ranges deduced from literature
allows a straightforward assessment of compost application effects [27,28]. To date, such
an approach has proved useful for studying different agro-environments and evaluating
their sustainability [29-34].

The SWRC is not unique because of hysteresis [35]. Briefly, hysteresis is a phenomenon
depending on several factors, including non-uniformity in pore cross-sections, variation
of dynamic contact angles in the advancing or receding water-air interface menisci, and
entrapped air effects, air volume changes, and aging phenomena [36]. Due to hysteresis,
the soil water content at a given pressure head is higher during the drying than the wetting
process. Nevertheless, estimation of pore distribution parameters and capacitive SPQ indi-
cators has been generally conducted from 0(/7) data obtained from desorption experiments
under the simplified assumption that hysteresis can be neglected in field conditions be-
cause its influence is often masked by heterogeneities and spatial variability [37]. Another
reason for using desorption SWRC is that capacity-based SPQ indicators are generally
associated with the soil’s ability to store water and transfer it from wet to dry periods, i.e.,
across a relatively long temporal scale. Adsorption SWRC, i.e., the water retention curve
determined for a wetting process, can give additional information on the soil’s ability to
store water over the shorter time scale related to the infiltration process. However, to the
best of our knowledge, wetting SWRC was never used to determine SPQ nor the effects of
compost addition on water retention hysteresis evaluated.

The study investigates the reliability of capacity-based indicators of SPQ and pore
size distribution parameters for assessing the effectiveness of compost amendment on a
sandy loam soil. With the aim to move forward from the traditional approach based on the
analysis of the desorption SWRC, the effects of water retention hysteresis on the estimation
of soil physical quality were evaluated. The assumed hypothesis was that analysis of the
pore distribution system obtained from the wetting SWRC could complete our knowledge
of active porosity under different hydrological processes.
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2. Materials and Methods
2.1. Sample Preparation and SWRC Measurement

Soil samples were collected in a citrus orchard at the Department of Agriculture and
Forestry Sciences of the University of Palermo, Italy (UTM 33S 355511E-4218990N). The
soil (Typic Rhodoxeralf) was classified as sandy loam with a relatively high gravel content
(13% by weight) [38] and moderate organic carbon content at the time of sampling (Table 1).
The soil samples were air-dried, gently crushed, and passed through a 2 mm sieve before
mixing with compost.

Table 1. Physicochemical attributes of soil and compost.

Soil Compost
Clay (%) 176 pH 73]
Silt (%) 29.8 EC (dS/m) 054
Sand (%) 526 C (%) 991
OM (%) 21 N (%) 0.64
pH 78 P (%) 045
EC (dS/m) 0.48 Ash (%) 825
CEC (cmol Kg—1) 2531 C/N ratio 15:1

The amending compost consisted of 5-months-aged compost from orange juice process-
ing wastes (75%) and garden cleaning (25%) [20]. Agro-industrial wastes were composed
of about 60% peel, 30% pulp, and 10% pips, while garden cleaning contained triturated
pruning residues and mown grasses. The characteristics of the used compost are reported
in Table 1. Compost was preliminarily screened through a 2 mm sieve to eliminate large
vegetal residues.

Air-dried compost was mixed with soil in five different proportions by weight:
10% (M10); 20% (M20); 30% (M30); 50% (M50); and 75% (M75). For comparative pur-
poses, the two unmixed matrices, i.e., 100% soil (M0) and 100% compost (M100), were also
considered. It is worth noting that the highest compost to soil ratios, r, are far above the
maximum usually applied in the field [3,39]. However, the choice to also use high compost
application rates was considered reasonable given the ash content of the compost is above
and the total carbon content is below the average values for usual food waste and/or dairy
animal manure composts [3,18].

Replicate samples of each mixture were obtained by compacting into 5 cm diameter
by 5 cm height cylinders a dry mass of the two constituents given by:

V BD:BDs

M, = ——2c30s M, = rM; 1
= BD. + rBD; w21, @

in which M. (g) and M; (g) are the dry masses of compost and soil, respectively, BD; (g cm~3)
and BD, (g cm—3) are the dry bulk densities of the two constituents [40], V (cm?) is the
sample volume, and r is the compost to soil ratio. The air-dried masses were corrected to
account for the initial soil water content and then gently mixed for 5 min by means of a
mechanical sieve to obtain a homogeneous mixture. Sample compaction was conducted
in four successive steps by beating the mixture with five strokes from a height of 5 cm
followed by five rotations with a pestle at each increment. The same treatment was applied
to M0 and M100 to avoid any artifacts due to sample preparation. The samples were then
weighted to check that the measured initial bulk density was the same as the theoretical
one determined from Equation (1). This sample preparation procedure allowed to obtain
highly replicable results even with a limited sample number (1 =2).

The water retention curve was determined by the tension hanging water column
apparatus [41] for pressure head, /i (m), values ranging from —0.01 to —1 m, and the
pressure plate extractors [42] for /i values ranging from —1 to —150 m. Each sample was
placed on the porous plate of a glass funnel and saturated from the bottom by progressively
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raising the water level in a graduated burette that allowed to measure the volume of water
adsorbed by or drained from the sample. Initial saturation was obtained in four equilibrium
steps of 24 h each at /1 values of —0.2, —0.1, and —0.05 m followed by submersion. Then,
the sample was drained by lowering / in several successive steps of 24 h each and finally
equilibrated at 1 = —1 m.

The water retention curve was measured by applying a wetting/drainage cycle con-
sisting of a sequence of 14 / values applied in ascending/descending order (1 = —0.01 m,
—0.02m, —0.03 m, —0.05 m, —0.075 m, —0.10 m, —0.15 m, —0.20 m, —0.25 m, —0.30 m,
—0.40 m, —0.50 m, —0.70 m, and —1 m). At each / level, the volume of water adsorbed or
drained from/into the burette was recorded. The volumetric water content, 0 (rr\3m_3 ), at
each equilibrium stage was calculated by adding the drained or adsorbed volumes to the
final 6_; value determined at # = —1 m by weighting the sample after oven-drying at 105 °C
for 24 h. The sample height was measured at the end of the experiment (# = —1 m) and the
sample dry soil bulk density, BD (g cm~3) was calculated from the oven-dried weight of
the soil sample [43]. Additional replicate samples (1 = 3), prepared by the same procedure
using only soil (M0) and compost (M100), were intensively monitored during the water
retention experiment to evaluate changes in bulk density due to swelling or consolidation
processes. At this aim, the sample height was measured at nine fixed points of the sample
surface by using a gauge with a precision of 0.5 mm and an average value was determined
by the arithmetic mean. Measurements were conducted after sample preparation (HO), at
initial saturation (HS), at the initial equilibrium pressure head & = —1 m (H1), at the end of
the wetting process when the sample was equilibrated at # = —0.01 m (H2), and at the end
of the drainage process for the final equilibrium pressure head / = —1 m (H3).

Water retention data at pressure heads of —1 m, —3.3m, —10m, —30m, and —150 m
were determined in pressure plate extractors on three replicated samples of 5 cm diameter
by 1 cm height. For each of the seven considered mixtures, the dry masses of compost and
soil were calculated from Equation (1) to obtain the same theoretical bulk density value
of the 5 cm by 5 cm samples. Determination of volumetric water content at # = —1 m was
included in pressure plate experiments for comparison with the 6 value measured at the
same potential in the tension apparatus. All the measurements were conducted under
temperature-controlled conditions at 22 4- 1 °C.

2.2. SWRC Parameterization
Experimental data were fitted by the van Genuchten [24] model (VGN):

8(h) = 6, + (85 — 6) (1 + |ah|") ™ @

in which 65 (m®m~3) and 0, (m®m™3) are the saturated and residual volumetric water
contents, respectively, « is a scale parameter, and # and m with m = 1-1/n are shape
parameters. Equation (2) was fitted to experimental data by the SWRC Fit software [44].
Separate fitting was conducted for the two replicates of a given mixture and for the wetting
(WWRC) and drainage (DWRC) water retention data. In the second case (DWRC), both the
tension and the pressure plate data (n = 19) were considered given the latter were obtained
for a drainage process. The VGN model shape and scale parameters («, 1, 05, and 8,) were
estimated without any constraint to their possible range. For the WWRC, only the tension
data (n = 14) were considered and the VGN model was fitted to the data with 6, fixed
at the value determined for the DWRC. The reliability of estimates was evaluated by the
coefficient of correlation, R, the mean error, ME, and the root mean square error, RMSE [45]:

£(0i=0)(P, - P)

R = 3
¥ (0, - 0)* L (P, - P)? @
ME — Z;Ll(llz— Oi) @
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2 (5—0)

RMSE = N (@)

in which P; is the value of the volumetric water content at a given pressure head estimated
from Equation (2), O; is the corresponding measured value, and P and O are, respectively,
the mean of estimated and measured 0 values. Only the van Genuchten model was
considered in this investigation as a preliminary visual analysis of the 6(/1) data highlighted
a typical S-shaped curve that could be adequately fitted by a unimodal water retention
curve model.

2.3. Estimation of Soil Physical Quality

The fitted VGN water retention curves were used to estimate the following capacity-
based indicators of soil physical quality [25,27,28,46]:

Macroporosity Pmac = Ts — Tm (6)

where 0,;, (m®m~?) is the saturated volumetric water content of the soil matrix ( = —0.1 m).
The Pyac parameter gives the volume of large (macro) pores (i.e., >300 um equivalent pore
diameter) indirectly indicating the soil’s ability to quickly drain excess water:

Air capacity AC =Ts — TFC (7)

where 0pc (m®m™3) is the field capacity water content (1 = —1 m). The AC parameter is an
indicator of soil aeration:

Plant — available water capacity PAWC = TFC — TPWP 8)
where 8ppp (m?m—3) is the permanent wilting point corresponding to /1 = —150 m:
Relative field capacity RFC = TFCTs 9)

that expresses the soil’s capacity to store water (and air) relative to the soil’s total pore
volume (as represented by 6;):

S —index Sindex = —n(Us— Ur)[1+1m] — (m+1) (10)

where Us (g g~ 1) and U, (g g ') are the gravimetric saturated and residual water content
that, under the assumption of rigid soil, can be calculated from 685 and 6,. The S0y
represents the magnitude of the slope of the SWRC at the inflection point when the curve is
expressed as gravimetric water content versus a natural logarithm of the pressure head [23].
The theory of the S;,4.y is based on the premise that the shape of the SWRC is controlled
primarily by structure pores for i values from saturation to the inflection point and by
matrix pores for lower i values. While the former can be modified by soil management
(including amendments), the latter mainly depends on more stable soil properties, such
as texture.

Optimal soil physical quality conditions require [25,31,47]: Pygac > 0.07 m3m~3,
AC > 0.14m3m 3, PAWC > 0.20 m®m~3, and 0.60 < RFC < 0.70; S > 0.050.

The pore volume distribution function, S;(/), may be defined as the slope of the SWRC
expressed as volumetric water content versus In(h), and plotted against equivalent pore
diameter, d, (um) [25]:

So= % = —mn(0s — 0,)a" " [1 + (ah)"] "™ a1

The capillary rise equation was used to estimate the equivalent diameter
dp, = 2980/h (um) with i expressed in cm. The pore volume distribution function was
normalized by dividing S, by the magnitude of the slope at the inflection point, S,;. Note
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that S, is given by S,; = (BD X Sj,4.) for a rigid soil. The normalized soil pore volume
distribution, S*(/), provides a means for comparing among different porous materials being
0 < S§*(h) < 1. Pore volume distributions can be characterized and compared using “loca-
tion” and “shape” parameters, where the location parameters include the modal diameter,
dyode (M), the median diameter, d,y04i0, (M), and mean diameter, dyeqy pm). The shape
parameters include standard deviation, SD (-), skewness, SK (-), and kurtosis, KU (-). For
brevity reasons, the expressions for estimating the location and shape parameters are not
given here but the reader is referred to Reynolds et al. [25]. The optimal ranges for these
indicators are: dyegiay = 3-7 um; dyoge = 60-140 pum; dyean = 0.7-2 pm; SD = 400-1000; SK:
from —0.43 to —0.41; and KU = 1.13-1.14.

The flow chart in Figure 1 depicts the procedures and the calculations used to estimate
the SPQ indicators and the pore volume distribution functions.

Sandy Loam
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Figure 1. Flow chart of the procedural steps to estimate capacity-based indicators of SPQ and pore
distribution parameters.
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2.4. Data Analisys

For each considered variable and soil property, mean and associated coefficients of
variation (CV) were calculated according to the assumed cumulative frequency distribu-
tion. Specifically, sample height, BD, Py, AC, PAWC, RFC, Siudex, dmode, and dyredian, Were
assumed to be normally distributed whereas, according to Reynolds et al. [25], the other
data (dpean, SD, SK, and KU) were assumed to be In distributed.

Comparison of means was conducted by the HSD Tukey test (p = 0.05). The influence
of compost addition was investigated by assessing the significance of the regression coef-
ficients between the considered soil variables (i.e., BD, VGN parameters, SPQ indicators,
and pore distribution parameters) and the compost to soil ratio,  (p = 0.05).

3. Results and Discussion
3.1. Soil Bulk Density

The average height of the samples after preparation under air-dried conditions, HO, varied
between 3.99 cm for MO and 3.92 cm for M100 (Figure 2). The corresponding bulk density
values were characterized by the coefficient variations (CV) of 0.29% and 2.14% that
are far below the limit of 15% considered acceptable for the properties of this soil [48],
thus confirming the reliability of the sampling preparation procedure. Following initial
saturation (HS), the mean sample height increased to 4.21 cm for MO (+5.6%) and 4.49 cm
(+14.4%) for M100. Moreover, the CV of the M100 increased following saturation thus
showing a higher susceptibility of the amended soil to undergo particle rearrangement as
a consequence of the saturation process. According to an HSD Tukey test, the difference
in sample heights between preparation and saturation was significant (p = 0.05) for both
MO and M100. After equilibration at the initial pressure head of # = —1 m (H1), the mean
sample height significantly decreases to 4.09 cm (M0) and 4.26 cm (M100). Therefore, initial
saturation followed by the first drainage cycle modified the original bulk density of the
laboratory packed samples probably as a consequence of inter-particle bonds relaxation
during wetting followed by settling during drainage. The M100 samples showed higher
and more variable heights than M0 samples thus indicating a greater sensitivity to such
modifications (Figure 2).

5.0

MO 4.8 M100

sample height (cm)
S
w

= 4.0 A b
b C C 73
cd d ac 4
a 3.8 a
T T 3.5 T T T T
HO HS H1 H2 H3 HO HS H1 H2 H3

Figure 2. Sample height measured for MO and M100 samples after preparation (HO0), at initial
saturation (HS), at the beginning of wetting (H1), at the end of wetting (H2), and at the end of
drainage (H3).

In the subsequent wetting—drainage cycle, the samples were subjected to much fewer
height modifications. For M0, height increased by a not significant 0.6% during wetting
and decreased by 1.75% during drainage. The height after the wetting—drainage loop
(H3 = 4.04 cm) was not statistically different from H1 measured at the same equilibrium
pressure head, and it slightly increased only for the higher pressure head of the sequence
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(H2). For M100, the mean height was practically the same (H1 =4.26 cm, H2 = 4.27 cm, and
H3 =4.23 cm) being the differences well within the precision of the measurement technique
(Figure 2). Therefore, provided a preliminary wetting-drainage cycle had been performed,
the sample bulk density was not influenced by subsequent sorption—-desorption processes
and the soil samples can be considered rigid independently of the applied pressure head
in the range —1 < h < —0.01 m. It is worth noting that the mean height of the M100
samples is on average 1.04 times the mean height of the M0 samples. The results of this
preliminary investigation allow us to conclude that the laboratory repacked samples may
undergo changes in particle configuration as a consequence of the applied sequence of
pressure head values. These changes, however, tend to be negligible after the first wetting—
drainage loop, at least in the range of / values that are requested for estimating the SPQ
indicators. Therefore, the hypothesis of rigid porous medium was considered reasonable
and, following the suggestion by Reynolds et al. [25], the BD measured at# = —1 m was
assumed to assess the effects of compost amendment.

The BD values measured at the end of the wetting—drainage cycle (H3) ranged from
1.03 to 1.14 g cm 3 with a mean value of 1.08 g cm 3 (CV = 3.10%). Independently of the
compost to soil ratio, the soil BD was always within the range of BD values considered
as optimal for field crop production (0.90 < BD < 1.2 g cm™>) [31,43]. A significant
negative correlation (p < 0.005) was found between the sample bulk density and the
compost percentage (Figure 3). Similar results were reported by Khaleel et al. [49] and
Eden et al. [39] in their review articles on the long-term effects of organic waste recycling in
agriculture. Mandal et al. [4] obtained a linear decreasing BD relationship for a silt loam
soil amended with composted poultry litter up to 40% v/v. However, a closer examination
of the plot also highlights that a threshold type behavior for BD vs. r relationship could be
supposed. In particular, compost addition seems to have no effect on BD until a threshold
value of r = 30% is reached. Afterward, the soil BD decreases at increasing r value. Such a
different soil response was observed, among others, by Reynolds et al. [26] for the short-
term effects of a single high rate addition of yard waste compost to a clay loam soil. They
found significant differences only at the highest compost rate application, i.e., 300 t ha?,
whereas 75 tha™! and 150 t ha~! produced negligible or small improvements relative to
the control. Similarly, Brown and Cotton [50] observed significant changes of a loamy soil
BD only for application rates higher than 168 t ha=?.
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Figure 3. Relationship between soil bulk density and compost to soil ratio.
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3.2. Soil Water Retention and Pore Volume Distribution

The wetting—drainage water retention curves exhibited a typical hysteretic behavior
with volumetric water content at a given pressure head that was always lower for the
wetting curve, By, than the draining one, 6. As an example, Figure 4 compares the wetting
(WWRC) and draining (DWRC) water retention curves obtained for M20 and M75 mixtures.
The two curves were practically coincident close to saturation (4 > —0.05 m). At lower h
values, the differences between 0p and Oy first increased up to a maximum 0.156 m’m~3
at i = 0.50 m and then tended to decrease but remained as high as 0.135 m®m ™2 at the
lowest /1 value measured with the tension apparatus (= —1 m).

0.60 0.60
M20 9 & M75
0.50 %o " oso 1 ©8 Uég oo
Qg 83 3538&& 8 x
0.40 A ' R 0.40 A & X
T 8, “x T 898
'é 030 A % X '§ 0.30 A 88
= %, x b Xy
0.20 4 ° X 0.20 - %
X
X X
0.10 A 0.10
0.00 T T T T 0.00 T T T T
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
h(m) h (m)
Figure 4. Measured water retention data for the wetting (WWRC) and draining (DWRC) curves of
M20 and M75 mixtures.

The statistics of the estimated VGN model parameters and the indices of the fit-
ting quality (R, ME, and RMSE) for both the wetting and the drainage WRC are listed
in Table 2. A complete dataset of the estimated parameters is provided in the
Supplementary Materials, Table S1.

Table 2. Minimum, maximum, and mean value of the estimated van Genuchten parameters for the
wetting and draining water retention curve. The statistics of coefficient of correlation, R, mean error,
ME, and root mean square error, RMSE, for the estimated water retention curves are also listed.
o n 05 0, R ME RMSE
Wetting water retention curve WWRC
Min 0.0613 1.406 0.457 0.110 0.9954 —654x107%  6.00x 103
Max 0.1203 1.894 0.536 0.161 0.9976 3.83 x 107 9.00 x 1073
Mean 0.0871 1.639 0.500 0.138 0.9962 —-3.14x 106 7.57 x 10-3
Draining water retention curve DWRC
Min 0.0088 1458 0.443 0.110 0.9931 470 x 10~ 590 x 1073
Max 0.0231 1.998 0.508 0.161 0.9985 113x107% 158 x 1072
Mean 0.0149 1.726 0.479 0.138 0.9959 262 x 1072 1.11 x 1072

The VGN model adequately fitted the water retention data as detected by the high R
and low ME and RMSE values. The mean o value for the WWRC was 5.8 times higher than
for the DWRC. This oy / xp value is above those usually reported (xy / ap ~ 2) [35]. The
mean n parameter of the WWRC was 0.95 times that of the DWRC (Table 2). A significant
negative correlation (R? = 0.544) was found between ny and np thus indicating that, for the
considered soil-compost mixture, estimation of the n parameter for one of the two branches
of the water retention curve is also able to retrieve information for the other one. The
estimated saturated water contents for the wetting, Osw, and drying, 6sp, branches were
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highly correlated (R? = 0.917) but the slope of the regression line was significantly different
from one thus indicating that the water contents close to saturation for the WWRC were
higher than for the DWRC (Figure 3, Table 2). The reason for the observed discrepancies
between 05 and O,p is unknown but could be associated to the observed variability of
sample height during the sorption and desorption processes (Figure 2). In any case, these
differences can be considered negligible for the aims of estimating the SPQ given they were
always lower than 0.033 m®*m 3 and equal to 0.020 m®*m~> on average.

The scale parameter « decreased and the shape parameter n increased in the passage
from the WWRC to the DWRC (Table 2). Generally, the « and 1 parameters are positively
correlated (e.g., [51,52]); therefore, the observed inverse relationship is a sign that active
soil pore classes are different in the two processes. Comparison between the pore volume
distribution functions confirms that the sorption process (WWRC) involves larger and more
heterogeneous pores (Figure 5). Therefore, different information is provided by the two soil
water retention curves and, consequently, by the respective estimates of the SPQ indicators.
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Figure 5. Normalized pore volume distribution functions for the wetting and draining processes.

3.3. Influence of Hysteresis on Soil Physical Quality

The capacity-based indicators linked to the macro- and mesoporosity (Pac and AC)
calculated for the WWRC were generally higher than for the DWRC (Table 3). In particular,
the maximum values of P, and AC obtained from the DWRC (P,;5c = 0.012 m®m~3 and
AC =0.146 m®>m~3) were lower than the minimum values of the same parameters obtained
from the WWRC (P = 0.047 m®m 3 and AC = 0.224 m3m_3). Differences were also
observed for indicators linked to the plant water availability (PAWC and RFC) but, in this
case, the WWRC yielded lower values than the DWRC one. According to these results,
use of the WWRC in spite of the DWRC yielded larger estimates of SPQ indicators related
to soil aeration and lower estimation of those related to water storage. These findings
were not entirely predictable and, to the best of our knowledge, they were experimentally
assessed for the first time in this study. Similar estimates of the S;,7.x were obtained by the
two sets of water retention data (Table 3), probably because of the observed compensation
between the two domains (macro- and micropores) involved in its calculation.
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Table 3. Statistics of the considered SPQ indicators obtained from wetting and draining SWRC and
correlation coefficients between SPQ indicators and the compost ratio r. The suggested optimal range
for each SPQ indicator is also shown.

" Wetting Water Retention Curve Draning Water Retention Curve .
SPQ Units Min Rax Mean R e Mae | Mean Optimal Range
Pisac m’m3 0.047 0.087 0.072 0.1439 0.001 0.012 0006  —0.8508 >0.07
AC m’m 2 0224 0.306 0.267 —0.2528 0.085 0.146 0116  —0.9505 >0.14
PAWC m’m~3 0.051 0.272 0.102 0.6419 0.185 0.255 0.216 0.9580 >0.20
RFC - 0.354 0571 0.464 0.5322 0.696 0.831 0.756 0.9790 0.60-0.70
S-index - 0.077 0.125 0.101 —0.4651 0.074 0.132 0.104 0.8001 >0.05
e edian pm 51.4 130.9 94.7 —0.3660 15.1 24.1 17.8 —0.7754 37
i16dé pm 102.3 168.4 14238 —-0.1191 185 331 25.7 —0.9523 60-140
s pm 36.8 116.9 78.3 —0.4141 121 20.7 15.0 —0.5329 0.7-2
SD - 37 11.7 6.1 0.5079 33 9.2 5.1 —0.6303 400-1000
SK - -0.29 -017 -0.22 —0.5725 -0.27 -0.16  —021 0.7285 —043to —0.41
Ku - 1.14 1.16 1.15 0.5919 1.14 1.16 115 —0.7699 1.13-1.14

Values in bold indicate statistically significant correlation (p = 0.05).

According to the observed differences between the pore volume distribution curves,
the location parameters (d,edian, Amode, aNd dyyean) obtained from the WWRC were larger
than the DWRC. In particular, the median diameter of water-filled pores during sorption
(d yiedian = 95 um) is larger than the draining ones (d,e4i; = 18 m) in agreement with the
hysteresis theory (Figure 5). Indeed, during a drainage process, the soil holds water in
relatively smaller pores whereas the water entry process takes place, on average, at lower
suction heads (i.e., larger pores). The shape parameters of the pore volume distribution
functions were more similar but a tendency to increase SD and decrease SK for the WWRC
was observed (Table 3). The mean pore volume distribution function was in both cases
skewed towards small pores (SK < 0) whereas the two curves were classified as leptokurtic,
i.e., more peaked in the center and more tailed in the extremes than the lognormal curve
(KU > 1) [25].

According to the literature suggestions for optimal soil physical quality [23,25,31], the
mean values of capacity-based SPQ indicators and pore distribution parameters were gen-
erally outside the optimal range but estimates from the DWRC were closer to the reference
values (Table 3). The only exception was for Py;,c and AC estimated from the WWRC that
fell in the optimal range whereas the corresponding indicators estimated from the DWRC
signaled an aeration deficit for soil. Location and shape parameters of pore volume distri-
bution were always non-optimal. The observed discrepancies were not surprising given the
soil samples considered in this investigation were laboratory repacked (i.e., structureless)
whereas the literature guidelines for optimal SPQ were generally obtained from undis-
turbed soil samples. A recent study conducted on repacked soil samples of a loamy sand
amended with crop residues and dairy manure compost [18] yielded location parameters,
Ayiedians Amoder AN d ey, Of 21-26 um, 28-32 um, and 19-23 um, respectively, and shape
parameters, SD, SK, and KU of 3.1-3.9, —0.18 to —0.15 and 1.14, respectively. These values
were outside the optimal range reported by Reynolds et al. [25] and closer to the mean
values obtained in the present study from the DWRC (dedign = 17.8 pm, d,y040. = 25.7 um,
dpean =15.0 um, SD = 5.1, SK = —0.21, and KU = 1.15) thus confirming that the existing
guidelines for optimal pore size distribution parameters need to be applied with caution
to repacked soil samples. Furthermore, estimation of the SPQ indicators, as well as the
definition of their optimal intervals, was almost exclusively conducted considering des-
orption data and our results show that different information can be obtained if sorption
data are considered. Providing specific experimental information on the effect of water
retention hysteresis on repacked soil samples is essential to fill the knowledge gap and
provide recalibrated values for the current optimal SPQ guidelines.
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3.4. Influence of Compost Amendment on Soil Water Retention and Physical Quality

The lack of reference values for the SPQ indicators obtained from the WWRC does not
allow drawing of definitive conclusions about the reliability of such an approach. However,
an indirect validation could be gathered from the analysis of compost amendment effects on
the VGN model parameters as well as the related capacity-based SPQ indicators and pore
size distribution parameters obtained by the two approaches (i.e., WWRC and DWRC).

Compost amendment influenced the shape and the scale parameters of the SWRC
to different extents depending on the considered wetting or draining process (Table 4).
In particular, o increased with r for the WWRC and decreased for the DWRC. However,
only the latter relationship was statistically significant. Symmetrically, the n parameter
decreased with r for the WWRC and increased for the DWRC. The « parameter is related to
the inverse of the water or air entry potential. As expected from the hysteresis theory, the
absolute value of the water entry potential (i.e., the inverse of o) is lower than the air entry
potential (i.e., the inverse of ap) (Table 2). However, at increasing the compost content,
the water entry potential tended to decrease (Table 4) thus meaning that the compost
amendment facilitates the water entry into the soil during a wetting process or, in other
words, that infiltration is favored. On the contrary, the air entry potential tended to increase,
that is, water loss is impeded during the soil drainage. The observed modifications have
positive effects on soil hydrological and agronomic response under dryland agriculture
as either infiltration is promoted during rainfall periods or storage enhanced during dry
periods, in both cases, increasing the water availability for crops.

Table 4. Correlation coefficients between the van Genuchten model parameters (i.e., &, 11, 65, and 6,)
and compost ratio r.

« n 0, Or
WWRC 0.3376 —0.5773 0.8188 n.d.
DWRC —0.8909 0.7785 0.7905 0.7367

Values in bold indicate statistically significant correlation (p = 0.05).

Compost addition tended to decrease the shape parameter n for the WWRC and to
increase it for the DWRC. As the n parameter is related to the slope of the water retention
curve at the inflection point, it means that due to amendment, the WWRC tended to be
less S-shaped and the DWRC more S-shaped. In other words, not only did the wetting or
the draining processes activate different pore systems but the compost addition seems to
influence them in a different way, i.e., increasing the active pore assortment for the WWRC
and decreasing it for the DWRC. Independently of the considered process (wetting or
draining), Osw, 8sp, and 8,p were positively correlated with r indicating that the compost
amendment was effective in increasing the water content of the considered sandy loam soil
at, or close to, saturation as well as at the dry end of the SWRC (Table 4).

The significant correlations between the capacity-based SPQ indicators estimated
from the DWRC and the compost ratio, r, strengthened the reliability of the procedure that
estimates the soil physical quality from the water release experiments (Table 3). A significant
reduction in P,,,,c and AC and an increase in PAWC, RFC, and S;,4,, was observed (Figure 6)
that was attributed to an increase in micropores and a decrease in macropores associated to
the modification of pore volume distribution. Similar results were observed in literature
with PAWC that increased [18] or was practically unaffected by compost addition [3]. On
the other hand, many studies showed long-term benefits on AC that increased up to 26%
in a fine-textured soil [26] and 15% in a loamy sand [3] when food waste compost was
used. Our results lead to the conclusion that short-term organic matter incorporation
probably increased micropore volume as a consequence of compost mineral residue (13.7%
of particles less than 2 um in diameter) but had negative effects on macroporosity.
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Figure 6. Regressions between the capacity-based SPQ indicators derived from the DWRC and the
compost ratio.

The highly significant negative correlation observed for dyedian, dmodes and dpean
(Table 3) confirmed that amending was effective in modifying the pore systems. Ibrahim
and Horton [18] reported a similar result that was also attributed to filling of loamy sand
pore spaces by amendment material. Shape parameters were likewise significantly affected
by compost amendment (Table 3). In particular, as the compost percentage increased, the
pore distributions were less sorted (decreasing SD) and shifted toward large soil pores (in-
creasing SK). Moreover, KU was affected by compost addition even if the range of variation
was limited (Table 3). Al-Omran et al. [53] showed that SD and SK increased by 18% and
12%, respectively, whereas KU values were practically unaffected by compost amendment.

The results obtained from the DWRC data clearly show that compost had a positive
effect on soil water storage. These results are in agreement with the extensive literature
showing how the use of compost improves the physical properties of the soil. However,
information is lacking for hysteretic soil water retention. Our data showed that, in most
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cases, correlations between SPQ indicators obtained from the WWRC and r were not
significant indicating that the sorption process is probably less recommended for the aim of
SPQ evaluation. The only exception was for the PAWC that exhibited a positive, even less
strong (R = 0.642), correlation with r (Table 3). Determination of the wetting branch of the
SWRC is more affected by experimental errors due, for example, to soil hydrophobicity [54],
air entrapment [55], and slaking or swelling of soil aggregates [56]. Therefore, it is possible
that one, or all these factors, hampered the sensitivity of the estimated SPQ to compost
addition. On the other hand, there are signs that also support the use of the WWRC for
soil physical quality evaluation. For example, the circumstance that a negative, despite not
significant, trend with r was observed for AC and the location parameters. It is also worth
to note, that the relationship between S;,4.x and r (Table 3) followed the same trend found
for the shape parameter 1 (Table 4). Skewness and kurtosis had a contrasting behavior with
compost amendments, that is, a negative correlation was found for the WWRC when it was
positive for the DWRC and vice versa.

Dynamic indicators of SPQ were not considered in this investigation, but our results
suggest that the use of compost could also affect them, depending on the wetting or
drainage phase considered. More in-depth analysis is therefore desirable to investigate the
effect of hysteresis on dynamic indicators of SPQ, including number and volume of the
hydraulically active pores [32,57]. As an example, Bagarello et al. [58] identified a clear
hysteresis effect on soil water retention of a sandy loam soil that also affected soil hydraulic
conductivity data [59]. Consequently, different estimates of the dynamic indicators are
expected, depending whether the wetting or drying process is considered.

Another point that requires further investigation is the use of repacked soil samples
that could be non-representative of field conditions. Many researchers hypothesized that
incorporation of compost would influence soil structure and, consequently, soil hydraulic
properties in the short term (among others, [1,22]). The addition of compost to sieved
soil, to obtain a repacked laboratory sample, can be likened, to some extent, to the real
soil shortly after compost incorporation followed by tillage. Further investigations are
necessary to test the adopted methodology after several wetting-drainage cycles with the
aim to study the combined effects of compost and the soil structural restoration.

4. Conclusions

Hysteresis of the water retention curve affected the estimation of capacity-based
indicators of SPQ and pore volume distribution parameters of a sandy loam soil amended
with compost obtained from orange juice processing wastes and garden cleaning. The
sorption process involved larger and more heterogeneous pores thus resulting in capacity-
based indicators linked to soil aeration (Psc and AC) that were generally higher and plant
water availability indicators (PAWC and RFC) were generally lower than those determined
from desorption data. The SPQ indicators estimated from the DWRC were closer to the
reference literature values that were usually retrieved from the same desorption process.

The absolute value of the water entry potential decreased and the air entry potential
increased at increasing the percentage of added compost. In terms of the SPQ response to
compost amendment, all the selected indicators estimated from the DWRC were sensitive
to compost amendment. The same result was not obtained for the SPQ indicators estimated
from the WWRC. In this case, the correlations with compost percentage were generally not
significant thus indicating that the sorption process is probably less recommended than the
desorption one for evaluating the physical quality of soils.

Overall, the results showed that compost amendment was effective in modifying
the soil pore distribution system and the related SPQ indicators. In particular, compost
addition could trigger positive effects on soil hydrological processes and agronomic services
as both water infiltration during wetting and water storage during drying are favored. Itis
necessary to extend this investigation to other soils exploring to what extent the observed
modification in pore volume distribution could also affect hydrodynamic indicators of
soil quality directly related to the soil’s ability to transmit water down into the profile.
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The perspectives opened by these studies could help to improve our understanding of the
effects of organic matter (compost) incorporation on soil structure, hydrological functions,
and physical quality.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390 /w14071002/s1, Table S1: Estimated values of the van
Genuchten parameters for the wetting and draining water retention curve and corresponding
fitting statistics.
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Abstract

Compost can enhance the soil's ability to retain water, resulting in an overall improvement of soil physical quality (SPQ).
The purpose of this study was to evaluate the temporal variability of physical and hydraulic properties of a sandy loam soil
amended with a compost obtained from orange juice processing wastes and garden cleaning. The soil water retention curve
of repacked soil samples at varying compost to soil ratios, r, was determined at the time of compost embedding (MO) and
after six months (M6), and twelve months (M 12). Indicators of SPQ linked to soil water retention curve such as air capacity
(AC), macroporosity (P,,,.), plant available water capacity (PAWC), relative field capacity (RFC) and Dexter S-index (S),
were estimated. The effect of compost addiction of the pore volume distribution function was also evaluated.

The elapsed time from compost application influenced all SPQ indicators but the maximum beneficial effects of compost
amendment were achieved within approximately the first six months. Indicators linked the macro- and mesoporosity (P,,,.
and AC) decreased with r whereas indicators linked to plant water availability (PAWC and RFC) increased with r. The com-
bined effect of time and rate was statistically observed only for P,,,., PAWC and S.

Compost addiction reduced the soil compaction and modified the pore system, as the fraction of structural porosity (i.e.,
macropores) decreased and the fraction of textural porosity (i.e., micropores) increased. It was concluded that even a single
application of compost could have a significant impact on soil water retention and microstructure with positive implications
for soil health, precision agriculture and crop productivity.

Keywords Compost amendment - Soil physical quality (SPQ) - Soil water retention - Temporal variability

Introduction process, i.e., the aerobic, thermophilic decomposition

of organic wastes by different species of microorganisms

In sandy soils, organic amendments are mainly used for  under controlled conditions (Parr et al. 1978). The process

enhancing the organic matter levels of the soil and improving  of decomposition transforms potentially toxic organic matter

its physical and chemical properties (Garbowski et al. 2023).  into a stabilized state that can be used to improve soil condi-
In this regard, compost is undoubtedly an effective and  tion for plant growth.

sustainable organic soil amendment that can increase humus Regarding the soil physical properties, numerous studies
content, improve soil fertility, and boost the soil's ability to  have highlighted various benefits of using compost as an
retain water and nutrients, thereby enhancing the soil physi-  organic soil amendment, such as: improvement of aggrega-

cal quality (SPQ) (Ampim et al. 2010; Paradelo etal. 2019;  tion and aggregate stability (Annabi et al. 2007; Dong et al.
Wang et al. 2022). Compost is the result of the composting 2021; Sarker et al. 2022), increase in total porosity (Arthur
et al. 2011; Wallace et al. 2019), decrease in bulk density
(Somerville et al. 2018; McGrath et al. 2020), improvement
of pore size distribution (Aggelides and Londra 2000),
increase in water retention capacity (Logsdon et al. 2017;
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! Department of Agricultural, Food and Forest Sciences, Schmid et al. 2017; Glab et al. 2020). Compost can also
University-of Palermo, 90128 Palermo, Ttaly enhance soil air permeability, reduce compaction, and pro-

2 Council for Agricultural Research and Economics—Research vide a favorable environment for plant root growth (Olson
Center for Agriculture and Environment (CREA-AA), Via et al. 2013; Maskova et al. 2021). Apart from the speciﬁc
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climatic characteristics of each environment which drive the
degradation rate of the soil organic matter, the impact of
compost can vary over time depending on various factors
such as the quality and the quantity of the compost used, the
soil texture and the soil management adopted (Rupasinghe
and Leelamanie 2020; Kranz et al. 2023).

The soil physical properties play a crucial role in deter-
mining the interactions between soil, water, and plants,
thereby influencing the growth and germination of plants
(Dexter 2004). The physical, chemical, and biological pro-
cesses occurring in the plant root zone are mainly driven
by the SPQ. It primarily refers to soil strength, water and
air transmission, and storage characteristics (Topp et al.
1997). Physical quality is closely related to the soil water
retention curve, which expresses the volumetric water con-
tent, 0, as a function of the pressure head, h. The soil water
retention curve provides an indirect method for estimating
pore size distribution (Hillel 1998) and can be used to deter-
mine capacity based SPQ indicators directly linked to the
soil's ability to retain and supply water and air to plants.
These indicators, that can be used in practical applications,
include air capacity (AC), macroporosity (P,,,.), plant avail-
able water capacity (PAWC), relative field capacity (RFC)
(Reynolds 2002, 2003). Dexter (2004) introduced a concep-
tually different SPQ indicator, namely the S-index, which
provides information on the distribution of soil pore sizes.

SPQ is affected by various factors, including soil struc-
ture, density, porosity, permeability, water retention capac-
ity, pH, and organic matter content. Soil quality world-
wide has been declining due to multiple reasons, including
improper land use, poor agricultural management, exces-
sive use of pesticides and fertilizers, soil compaction due
to machinery, erosion, loss of organic matter, and climate
change (Mojiri et al. 2012; Ferreira et al. 2022). Soils with
poor physical characteristics generally exhibit high com-
paction or low porosity with limited water retention and
slowed fluid transmission (Dexter 2004). This can result
in inadequate root development and reduced soil aeration,
both of which can hinder plant growth and productivity.
Conversely, excessively high porosity can cause anchor-
ing problems for crops or plants. Accordingly, the rational
use of compost can be a valuable support to cultivation
techniques for improving SPQ.

The duration of beneficial effects of compost amendment
is not fully investigated as most of the studies focused the
long-term effects that implies repeated inputs, generally
every year, whereas very few studies have addressed the
effects of a single input of organic matter (Cannavo et al.
2014; Sax et al. 2017). To the best of our knowledge, there
is a limited number of studies focused on the use of SPQ
indicators for evaluating the effects of compost amendment
(Reynolds et al. 2009, 2015). Arthur et al. (2011) quanti-
fied the long-term effects of adding three different types of
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compost on the physical properties of a sandy soil by SPQ
indicators. Castellini et al. (2022) evaluated the short- and
medium-term effects of a compost addition on the physical
and hydraulic properties of a clay soil. They reported that
soil water retention and bulk density can be enhanced when
high rates of compost, equal to 15 and 75 kg m, were used.
Bondi et al. (2022) assessed the reliability of SPQ indicators
and pores size distribution parameters to evaluate the effec-
tiveness of compost amendment on a sandy loam soil. They
found that the addition of compost effectively altered the
soil pore distribution system and associated SPQ indicators,
resulting in possible positive effects on soil hydrological
processes and agronomic services. Existing studies proved
that SPQ indicators can be valuable tools for assessing the
impacts of compost on soil.

The objective of this study was to assess the short-term
effects of compost amendment on the physical and hydraulic
properties of sandy loam soil. In particular, the temporal
effect of a single application of compost at different rates
was evaluated through measurements of SPQ indicators con-
ducted at the time of embedding and after six and twelve
months. Information on the temporal persistence of the ben-
efits of compost amendment is crucially important for plan-
ning the most effective soil management practices.

Materials and Methods
Sample preparation

A sandy loam soil was amended with 5-months-aged com-
post derived from orange juice processing waste (75%) and
garden cleaning (25%). Orange juice processing waste were
composed of about 60% peel, 30% pulp and 10% pips, while
garden cleaning contained triturated pruning residues and
mown grasses (Palazzolo et al. 2019).

The sandy loam soil, classified by Alagna et al. (2018) as
a Typic Rhodoxeralf, was sampled in a citrus orchard at the
Department of Agriculture and Forestry Sciences of the Uni-
versity of Palermo, Italy (UTM 33S 355511E, 4218990N).
Physicochemical attributes of soil and compost are shown in
Table 1, taken from Bondi et al. (2022). Both components,
before being mixed, were sieved through a 2 mm sieve, and
air-dried.

Compost was blended with soil in five different rates by
weight: r = 10%, 20%, 30%, 50%, and 75%. Additionally, for
comparative purposes, the two unmixed matrices were also
considered: i.e., the not amended soil (» = 0) and pure com-
post (r = 100%). In total, 42 samples were prepared, with
two replicates for each compost rate and each duration of the
compost embedment. The samples were prepared by com-
pacting the dry mass of soil and compost into metal cylin-
ders having diameter and height of 5 cm with a porous nylon
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Table 1 Physicochemical attributes of soil and compost (from Bondi
etal. 2022)

Soil Compost

Clay (%) 17.6 pH 72
Silt (%) 29.8 EC (dSm™) 0.54
Sand (%) 52.6 C (%) 991
OM (%) 2.1 N (%) 0.64
pH 78 P (%) 045
EC (dSm™) 048 Ash (%) 82.5
CEC (cmol kg'l) 25.31 C/N ratio 15.1

cloth at the bottom. The packing methodology described
by Bondi et al. (2022) was used that proved to be effective
in obtaining replicable results as showed by coefficients of
variation, CV, for bulk density and water retention far below
the acceptable limit of 15% (Warrick 1998).

Use of a limited number of replicates (i.e., N = 2-3) is
a frequent option when operating with repacked soil cores
(Arthur et al. 2011; Reynolds et al. 2015; Ibrahim and Hor-
ton 2021) given the variability due to natural aggregation
is loss in these samples. On the other hand, using repacked
samples is preferable in studies aimed at estimating the
effects of soil amendments rate as they allow to compare soil
physical and hydraulic characteristics associated to exactly
the same amendment dose.

In November 2021, soon after preparation, 14 samples,
two for each mixture, were analyzed to determine the soil
water retention curve at time MO. The remaining samples
were placed directly on the surface of the extensive green
roof plot at the University of Palermo and analyzed after
six (M6) and twelve months (M12). The samples were sub-
jected to meteoric events, thus undergoing natural drainage

and wetting cycles, with variation of soil moisture content,
which also caused swelling and shrinkage phenomena in
the samples.

Rainfall and temperature data, during the embedding
period were recorded by a weather station of the Servizio
Informativo Agrometeorologico Sicialiano (SIAS), located
about 3 km far from the green roof. The thermopluviometric
chart for the study period is showed in Fig. 1.

In May 2022 and in November 2022, i.e., respectively
after six and twelve months from compost embedding, deter-
mination of soil water retention curve were repeated, follow-
ing the same experimental procedure.

Soil water retention curve measurement
and parameterization

The soil water retention curve was determined experimen-
tally by the hanging water column apparatus (Dane and
Hopmans 2002a), for pressure head, 7 (m), values ranging
from —0.01 to —1 m, and by the pressure extractor method
(Dane and Hopmans 2002b) for lower / values ranging from
—1 to —150 m. With the hanging water column technique,
the soil samples were placed on the surface of the porous
plate of a glass funnel and saturated from below by applying
four successive equilibrium steps of 24 h each at & values
of —0.2, —0.1, and —0.05 m followed by submersion (i.e.,
h = 0). Starting from saturation, soil samples were drained
by imposing a decreasing sequence of 11 & values: —0.05,
-0.075, -0.10, —0.15, —0.20, —-0.25, —0.30, —0.40, —0.50,
—0.70 and — 1 m. For each equilibrium / value, the volume
of water drained was recorded and these volumes were added
backwards to the equilibrium volumetric water content, 0
(m*m3), determined at h = —1 m by weighting the sample
after oven-drying at 105 °C for 24 h.

Fig1 Thermopluviometric 250.0 35.0
chart of the weather station
in Palermo (50 m a.s.l., UTM 30.0
EDS50 353448E, 4221667N) 200.0
£ 250 O
E =
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At the end of the experiment (k2 = —1 m), the height of
the sample was measured at nine fixed points on sample
surface by using a gauge with a precision of 0.5 mm and an
average value was determined through the application of the
arithmetic mean. This value was used to calculate the sample
volume, V (cm®), and, consequently, the sample dry soil bulk
density, BD (g cm™).

For the pressure head values of —1, —10, —30 and —150
m, the water retention data were determined in pressure plate
extractors on two replicated samples of 5-cm-diameter by
1-cm-height, prepared at the same bulk density value of the
larger samples. Determination of volumetric water content
at h = —1 m was included in pressure plate experiments for
comparison with the 6 value measured at the same potential
in the tension apparatus. All the measurements were con-
ducted under temperature-controlled conditions at 22 + 1
°C. The van Genuchten’s empirical unimodal model (1980)
was used to fit the experimental water retention data:
0(h) =0, + (6, —6,)(1 + |ah|")™ (1)
where 6; (m* m~3) and 0, (m* m~?) are the saturated and
residual volumetric water contents, respectively, o (m™') is
a scale parameter, and n and m with m = 1—1/n are shape
parameters. The water retention data were fitted separately
for the two replicates of each mixture by using SWRC fit
software (Seki 2007). The shape and scale parameters («,
n, 0, and 0,) were estimated without any constraint to their
possible range. The reliability of the estimates was assessed
by common statistical indicators such as the correlation coef-
ficient, R, the mean error, ME and the root mean square
error, RMSE (Bondi et al. 2022).

Estimation of SPQ indicators

Bulk density, BD (g cm™), is an indirect indicator of aera-
tion, strength, and ability to store and transmit water (Reyn-
olds et al. 2008):

; M
Bulk density BD = —

where M, (g) is oven-dry soil mass and V,, (cm®) is the cor-
responding bulk soil volume.

From the fitted van Genuchten water retention curves, the
following capacity-based indicators of SPQ were calculated
(Reynolds et al. 2002, 2003):

Air capacity AC = 0; — O¢ 3)
Macroporosity P,,,. =0, -0, 4)
Plant available water capacity PAWC = Orc —Opyp  (5)
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C _ Orc
Relative field capacity RFC = )

5

(6)

where 87 (m* m™) is the volumetric water content corre-
sponding to so-called field capacity (h = -1 m), 6,, (m> m™)
is the volumetric water content of the soil matrix (h = -0.1
m), and Opyp (M> m) is the volumetric water content cor-
responding to the permanent wilting point (A = -150 m).

Air capacity, AC (m* m™), is expressive of the ability of
the soil to ensure the necessary aeration to the root systems.
Macroporosity, P, (m* m™), is representative of the vol-
ume of macropores (i.e., >1300 pm equivalent pore diam-
eter) of the soil and, indirectly, provides an indication of the
soil’s ability to favor the drainage processes and the root pro-
liferation. Plant available water capacity, PAWC (m> m™), is
expressive of the soil's ability to store and provide water that
is available to plant roots. Relative field capacity, RFC (-),
indicates the soil’s ability to store water and air in relation
to the total porosity which is assumed to be expressed by 0.

Dexter (2004) proposed to evaluate SPQ from the slope
of the retention curve at the inflection point when the curve
is expressed as gravimetric water content, U (g g“), versus
the natural logarithm of /.

1 ]—( 1+m) )

S—index S =-n(U,=U,) - [1+ -

m
where U, (g ¢") and U, (g g™') are the gravimetric saturated
and residual water contents that, under the assumption of
rigid soil, can be calculated from 0, and 9,.

The judgment on SPQ is made comparing the measured
value of a given SPQ indicator with the classification range
proposed in the literature (Olness et al. 1998; Reynolds et al.
2002, 2009; Dexter 2004).

The pore volume distribution function, S,(h), may
be defined as the slope of the soil water retention curve
expressed as volumetric water content versus In(h), and plot-
ted against the equivalent pore diameter, d, (um). To allow
comparison of different porous materials, Reynolds et al.
(2009) proposed a normalized soil pore volume distribution,
S*(h) being 0 < S*(h) < 1.

Evaluation of SPQ involves comparison of “location” and
“shape” parameters, derived from the normalized pore vol-
ume distribution, with optimal values suggested by Reynolds
et al. (2009).

Location parameters are the mode diameter, d,,, 4, (um),
the median diameter, d,,,4;,, (Mm), and mean diameter, d,,,,,,
(um), shape parameters are standard deviation, SD (-), skew-
ness, SK (-), and kurtosis, KU (-). For brevity reasons, the
expressions for estimating the location and shape parameters
are not given here but the reader is referred to Reynolds
et al. (2009).



Biologia

Statistical analysis

A pairwise t-test was applied to establish statistical compari-
sons between two datasets corresponding to different times
from compost application date. The influence of compost
addition on the considered SPQ indicators was evaluated by
analyzing the significance of Pearson correlation coefficient,
R, calculated between each SPQ indicator and the compost
to soil ratio, . A two-way ANOVA was employed to assess
the individual and combined effects of time and compost
rate on the SPQ indicators. All statistical tests were carried
out with Microsoft Excel at a significance level p = 0.05.

Results and discussion

Influence of time from compost application on SPQ
indicators

The water retention data were adequately fitted by the uni-
modal model of van Genuchten as showed by the high values
of R and the low values of ME and RMSE (Table 2).

The average values of SPQ indicators obtained at the
three sampling dates are reported in Table 3 whereas mean
and standard deviation values corresponding to the differ-
ent soil-compost rates are listed in Table S1 (supplementary
material). The coefficients of variations for the soil bulk den-
sity and the capacity-based indicators of SPQ were generally
within the limit of 15% considered acceptable for these soil
properties (Warrick 1998) with the only exception of P,,,,.
and AC that were respectively characterized by mean CV val-
ues in the range 20.9-36.8% and 5.0~17.3%, depending on
the sampling time. Variability of replicated measurements
also tended to increase with time from compost application
(Table SI).

For all the considered indicators, statistically significant
differences were observed between the value at the time of
compost embedment and the values measured after six (M6)
and twelve (M12) months, respectively. This indicated a
clear temporal effect that influences the soil's physical prop-
erties and pore distribution, which ultimately impact plant
growth and overall soil health.

In particular, the SPQ indicators associated to total poros-
ity or macro-porosity (BD, AC, P,,.) decreased whereas

Table 2 Statistics of coefficient of correlation, R, mean error, ME,
and root mean square error, RMSE, for the estimated water retention
curves

R ME RMSE
Min 0.9307 -1.52x 107 4.04 x 107
Max 0.9996 1.26 x 107 1.03 x 107
Mean 0.9930 340x 10° 7.12% 107
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Table 3 Mean values of SPQ indicators obtained for MO, M6 and
MI12. Mean values followed by the same letter did not differ signifi-
cantly according to Student’s t-test (p < 0.05). Values in parentheses
were standard deviations (N = 2)

MO M6 Mi2
BD 1.07a (0.02) 1.17¢ (0.04) 1.13b (0.05)
AC 0.12¢ (0.02) 0.09a (0.03) 0.10b (0.02)
P 0.006¢ (0.003)  0.001a (0.001) 0.003b (0.002)
PAWC 0.22a (0.03) 0.29b (0.04) 0.30b (0.03)
RFC 0.76a (0.04) 0.82b (0.006) 0.80b (0.05)
S-index  0.10a (0.02) 0.16¢ (0.03) 0.13b (0.01)

SPQ indicators associated to the smaller pore size domain
(PAWC and RFC) increased. Also, the S-index, which is rep-
resentative of the entire pore size distribution, increased.
No statistically significant differences were observed in the
mean values of PAWC and RFC between M6 and M12. The
other indicators showed significant differences between M6
and M12 that, however, were of opposite sign compared to
the differences observed between MO and M6. This result
indicates that the maximum benefits of compost amendment
was achieved within six months whereas the soil physical
quality remained unchanged or regressed in the following
six months. Our results are consistent with those of Weber
et al. (2007) who observed short-term beneficial effects of
compost on soil water retention. Specifically, they observed
that total porosity and plant available water increased only
within the first five months after compost application. The
short-term effects of adding compost to the soil were evalu-
ated in another study by Guo et al. (2019) on a tomato crop
in China that showed improved soil structure, increased
water retention capacity, and enhanced soil fertility six
months after the compost application. Therefore, it can be
inferred that the positive effects of compost on soil water
availability may not last for more than approximately six
months and it will require regular application to maintain the
benefits over time. The temporal effects of a single compost
application on soil bulk density and water retention were
modelled by simple asymptotic and exponential functions by
Cannavo et al. (2014). According to their published data for
a compost made of sewage sludge and wood chips applied
at 40% v/v rate to an urban soil, BD is expected to increase
by 7.2% after 6 months, P, and AC to decrease by 18%
and 5%. Our results are in good agreement with the short-
term effects observed by Cannavo et al. (2014). However,
while their results suggest that the soil physical properties
are monotonically increasing or decreasing even after the
first six months, signs of inverted trends were observed in
the present study. A possible factor of discrepancy could
be the influence of root system that, under field conditions,
could contrast the effects of soil compaction and compost
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decomposition thus extending over time the benefits of soil
amendment.

Compost rate effect on SPQ indicators

Table 4 shows the Pearson's correlation coefficients, R,
between the SPQ indicators and the compost to soil ratio, r.
In Fig. 2 the regression lines between the SPQ indicators and
1, are plotted together with classification ranges according to
criteria found in the literature (Reynolds et al. 2002, 2009;
Dexter 2004; Agnese etal. 2011).

The soil BD showed a significant negative correlation
with r only at M6 and M 12 sampling dates. At MO, the com-
post rate did not statistically influenced BD as the densities
of the compost and the soil were similar (i.e, soil BD =
1.07 g cm™, compost BD = 1.04 g cm™, see supplementary
material Table S1). Differently, at M6 and M12, compost
amendment was effective in contrasting the soil compaction
due to the mechanical effects of rainfall that was observed
for low compost rates (r < 20%) (Fig. 2a). For both dates, the
BD decreased at increasing the compost rate thus indicating
that less compacted conditions were maintained over time
in amended soils. This result is in line with the conclusions
of Khaleel et al. (1981), Sax et al. (2017), Somerville et al.
(2018) and Castellini et al. (2022), who suggested that the
use of compost decreases the soil bulk density and, conse-
quently, reduces soil compaction.

Specifically, the dry BD values ranged from 1.04 to
1.12 g cm™ with a mean value of 1.07 g cm™ (coefficient
of variation, CV = 2.09%). After six months (M6), BD
increased with values ranging from 1.12 to 1.24 g cm™
and mean value equal to 1.17 g cm™? (CV = 3.40%). After
twelve months (M12), the BD values decreased slightly,
although remaining greater than the initial values (MO),
with a range of values between 1.06 to 1.21 g cm™ with
a mean value of 1.13 g cm™ (CV = 4.53%). Differences
in BD values observed across the three sampling dates
were mainly due to compaction phenomena caused by
the impacts of raindrops that break soil aggregates (Vaezi
et al. 2017). Indeed, a seasonal trend could be observed

Table4 Pearson’s correlation coefficients between SPQ indicators
and the compost to soil ratio, r. Values in bold indicate statistically
significant correlation (p < 0.05)

MO M6 Mi2

BD -0.467 -0.578 -0.682
AC -0.951 -0.498 -0.774
P -0.851 -0.232 -0.667
PAWC 0.958 0.874 0.723
RFC 0.979 0.623 0.775
S-index 0.800 0.319 0.566
@ Springer
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in BD with compaction mainly occurring in the first six
rainy months (M0-M6) followed by a partial recovery dur-
ing the dry season (M6-M12) (Fig. 1). It is worth to be
remarked that the study neglects the role of vegetation
that can contribute to maintain a loose soil structure due
to the effect of roots system as well as to protect soil sur-
face by raindrop compaction (Curtis and Claassen 2009).
However, regardless of the time period and r, the soil BD
values remained, generally, within the range considered
optimal for field crop production, i.e., 0.9-1.2 gcm™, as
suggested by Agnese et al. (2011).

At MO and M12, the capacity-based indicators linked
to the macro- and mesoporosity (P,,,. and AC), exhibited
significant negative correlations with r. At the intermediate
sampling date (M6), the correlations were similarly nega-
tive despite not significant. In any case, classification of soil
physical quality according to P,,. and AC was always non-
optimal (Fig. 2). This finding was not unexpected since the
soil samples used in this study were repacked in the labora-
tory, resulting in a structureless samples.

The plant available water capacity (PAWC) was always
positively correlated with r (Table 4) thus showing that,
independently of the sampling date, the compost amendment
determined more favorable conditions for plant as already
showed by several studies (Celik et al. 2004; Sax et al. 2017,
Seker et al. 2020; Rivier et al. 2022) that reported how
compost addition can increase soil water retention, thereby
increasing the PAWC. For a sandy loam soil amended at
25% by volume with a windrowed yard waste compost,
Curtis and Claassen (2009) observed a PAWC increase of
32% compared to 21% estimated from the regression line in
Fig. 2 (MO). Overall, the results of the present study further
support previous findings showing that compost application
yielded PAWC values that were all above the optimal thresh-
old suggested in the literature (Fig. 2).

The relative field capacity (RFC) was significantly
influenced by the compost rate with RFC values that, inde-
pendently of the sampling date, increased at increasing r.
The values of this SPQ indicator remained always outside
the optimal range recommended in the literature (Fig. 2),
indicating that the soil has a relatively high field capacity
compared to total porosity. Given the results were obtained
on repacked structure less samples, this condition high-
lights how the loose of natural aggregation may lead to
limited soil aeration with negative impact on plant growth.

The values of S always increased at increasing the com-
post rate (Fig. 2) and were consistently above the optimal
threshold value of 0.05 indicating the presence of a well-
defined microstructure as suggested by Dexter (2004).

Overall, the rate of compost application tended to
decrease the macro- and mesoporosity and to increase the
microporosity thus improving the availability of water
for plant. At the time of compost embedment (MO0), the



Biologia

1400
a)
1300 Poor
A Good
1200 mmmmm de
e —y— -— A
L] L] ——
= 1100 ° ®
: =
- timal
S 100 Op
0900
Good
0800
-
0700
0 10 20 30 40 SO 6 70 8 9% 100
0100
0.0% <)
imal
0,080 Optimal
0070
= 0060
= Intermediate
E 000
uz 0040
-
Critical
0020
0010 B
-
0000 ¥ == —
0 10 20 30 4 SO 6 70 8 9 100
120
d L “Air limitated” soil
100
090
050 W
3
070
= Optimal value
o 060
&
050
040
030 "Water limitated” soil
020
0.00

30 40 S0 60 100

Compost to soil ratio, r (%)

70 80 2

b)

020 Good
015
E
£ L'\ Intermediate
2 010 = -

B =
& = -
B CCTT -
0.00
0O 10 20 30 4 SO 6 70 8 9% 100

E //
5 020 foooocgemm—y
s Good
g o1s
Limitated

010

oos Poor

000

0 0 20 3 4 S0 6 70 8 9 100
030
)

025

020 A
3 Y
Joso——a—" R
5 L]
5

B
010
. . Optimal
005
000
0 10 20 30 4 SO 6 70 8 9 100

Compost to soil ratio, r (%)

Fig2 Regression lines between the SPQ indicators and the compost to soil ratio, r, with corresponding classification ranges according to criteria
found in the literature. a) bulk density: b) air capacity; ¢) macroporosity; d) plant available water capacity: e) relative field capacity: f) S-index

strength of the correlation between SPQ indicators and r
was maximum whereas R decreased, and also became not
significant, with time. This result confirm that the effects
of compost are short-term effects and frequent applica-
tions of compost are necessary to maintain the benefits
over time.
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Two-way ANOVA

For each considered SPQ indicator, the two-way ANOVA
(time, rate, time X rate) was used to analyze the effects of
time elapsed from compost embedment and added dose of
compost. Table 5 reports the results of ANOVA. A signifi-
cant separated effect (p < 0.05) of each individual factor on
all the considered SPQ indicators was observed. The com-
bined effect was found to be statistically significant only for
P, ... PAWC and S indicators, which means that the effect of

mac»
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Table 5 Two-way ANOVA of

tiine and compost mte:effects.on Sum of square Df Mean Square F p-Value Fcrit.
the SPQ indicators BD

Time 0.070 2 0.035 36.996 <0.050 3.467
Rate 0.026 0.004 4.547 <0.050 2.573
Time x Rate 0.016 12 0.001 1.388 0.246 2.250
Within 0.020 21 0.001
Total 0.131 41

AC
Time 0.006 2 0.003 12.177 <0.050 3.467
Rate 0.012 6 0.002 8.210 <0.050 2.573
Time x Rate 0.003 12 2.18x 10 0.870 0.586 2.250
Within 0.005 21 252x 10
Total 0.026 41

P
Time 1.14x 10* 2 5.74x 107 37.314 <0.050 3.467
Rate 9.16x 10° 1.53x 107 9.935 <0.050 2.573
Time x Rate 7.19x 107 12 599x 10° 3.898 <0.050 2.250
Within 3.23x 107 21 1.54x 10°
Total 3.10x 10* 41

PAWC
Time 0.057 2 0.029 132.471 <0.050 3.467
Rate 0.034 0.006 26.126 <0.050 2.573
Time x Rate 0.006 12 0.001 2407 <0.050 2.250
Within 0.005 21 2.15x 10
Total 0.101 41

RFC
Time 0.028 2 0.014 17.295 <0.050 3.467
Rate 0.069 6 0.011 13.921 <0.050 2.573
Time x Rate 0.012 12 0.001 1.252 0.315 2.250
Within 0.017 21 0.001
Total 0.127 41

S-index
Time 0.020 2 0.010 105.272 <0.050 3.467
Rate 0.007 0.001 11.718 <0.050 2.573
Time x Rate 0.007 2 0.001 6.404 <0.050 2.250
Within 0.002 21 9.56x 10°
Total 0.036 41

an individual factor depends on the level of the other indi-
vidual factor. For BD, AC and RFC no statistically signifi-
cant combined effect was found, i.e., the differences in the
levels of factors time and rate, taken together, do not have
a significant impact on these SPQ indicators. This may be
due to an antagonistic effect of the two factors that showed
opposite influence on these SPQ indicators.

Effect of compost addition on the pore size
distribution

To investigate the influence of compost amendment, the
trend of the location and shape parameters of the normalized
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pore volume distribution curves as a function of the com-
post dose was analysed. Except for SK, all the examined
parameters exhibited a negative correlation with r (Table 6),
with statistically significant R values (p < 0.05) for the loca-
tion parameters, namely d,,,.» dyedian and d,y,,- Compost
amendment significantly affected shape parameters only at
the time of application (MO) thus suggesting that the effects
of compost on the shape parameters are probably weak or,
alternatively, that these parameters are less sensitive to com-
post rate.

Figure 3 shows the mean values of the location param-
eters for the three sampling dates. The mode diameter, d,,, ;.
which represents the most frequently occurring equivalent
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Table 6 Pearson’s correlation MO M6

coefficients between the M12

location and the shape ) d,. 0952 -0.680 -0.722

pramcEsmde Vabiesitold e S 9 11

indicate statistically significant

correlation (p < 0.05) e -0-533 -0.748 -0.685
SD -0.630 -0.099 -0.482
SK 0.728 0.053 0579
KU -0.770 -0.037 -0.526

pore diameter, decreased from MO to M6 and then remained
roughly constant in M12. Castellini et al. (2022) identified
a positive, and significant, relationship between saturated
hydraulic conductivity and d,,,,,. therefore reporting a sim-
ilar result. Differently, the median, d,,,,4;,, and the mean,
d e, €quivalent diameters progressively decreased from MO
to M12. Also, Al-Omran et al. (2021) found that applica-
tion of date palm biochar and compost, both separately or
in combination, reduced the equivalent pore diameters and
the locations parameters, and this resulted in improved water
retention and water use efficiency of sandy soils. Therefore,
embedment of compost yielded a porous medium character-
ized by smaller pore size and lower heterogeneity as detected
by the negative correlation with location and shape param-
eters. Such effects are not to be considered entirely positive,
unless the pores system established is well interconnected,
ensuring adequate hydrodynamic soil properties. These
effects continued over time with reference to location param-
eters but not to the shape ones. Our findings agree with the
results obtained by Ibrahim and Horton (2021), demonstrat-
ing that the application of compost led to a decrease in soil
pore equivalent diameters, resulting in altered soil pore dis-
tributions. In agreement with the results obtained for capaci-
tive SPQ indicators, it can be hypothesized that the addition

of compost caused a relocation of pore size distribution from
structural porosity (i.e., macropores), that decreased, to tex-
tural porosity (i.e., micropores), that increased.

Conclusions

The SPQ of a sandy loam soil was influenced by a single
application of compost obtained from orange juice process-
ing wastes and garden cleaning, dosed at different rates. The
study revealed a clear influence of the elapsed time from
compost application as significant differences were observed
for all SPQ indicators between MO and, respectively, M6
and M12. Between M6 and M 12, SPQ indicators showed no
significant differences (PAWC and RFC) or even an opposite
sign as compared to the differences observed between MO
and M6. It was concluded that the maximum benefits of
compost embedding were achieved within approximately the
first six months of application. Consequently, to maintain
these benefits over time, regular compost application would
be necessary.

At the time of application (MO), the soil bulk density was
not influenced by the compost rate. Interestingly, a negative
correlation with r was observed at M6 and M12 that was
attributed to the effective role of compost in reducing soil
compaction due to rainfall impact thus showing a seasonal
influence on porosity and related indicators of SPQ. Com-
post application dose negatively affected the SPQ indica-
tors linked the macro- and mesoporosity, such as P, and
AC, and positively influenced SPQ indicators linked to plant
water availability, such as PAWC and RFC.

The two-way ANOVA showed a significant separated
effect of both time and rate on all the considered SPQ indi-
cators. The combined effect was significant only for P,

Fig3 Mean values of the loca- 35.00
tion parameters (d,,, .. dedian
andd,,.,,) obtained for MO, M6
and M12. Error bars indicate 30.00
standard deviation
"E‘ 25.00
=
£ 20.00
-
)
£
.8 15.00
°
)
S
a 10.00
5.00
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PAWC and S, while for the remaining indicators an antago-
nistic effect of the two factors was observed.

The pore size distribution was affected by compost rate
as, at MO, both location and shape parameters decreased
with r. Compost addiction involved a smaller and less het-
erogeneous pore system, thereby influencing the soil water
retention capacity as the fraction of structural porosity (i.e.,
macropores) decreased and the fraction of textural poros-
ity (i.e., micropores) increased. However, these modifica-
tions generally tended to vanish with time from compost
application.

Overall, it can be concluded that a single application of
compost has a significant impact on soil water retention and
pore system of a sandy loam soil for at least six months from
compost embedding. A possible downside of this investiga-
tion is that it neglects the influence of vegetation in main-
taining a stable and interconnected porosity and protecting
the soil form compaction due to raindrop impact. Given the
important implications that these results bear for soil health,
precision agriculture and crop productivity further field
investigations are necessary to investigate the role of soil
natural aggregation and root system on the physical quality
of soils amended with compost of different characteristics.
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ARTICLEINFO ABSTRACT
Keywards: Vermicompost is an organic material that is abundant in humic acids and nutrients. It is obtained
Organic amendments through the bio-oxidation and stabilization processes carried out by earthworms. It has been

Soil water repellency

Soil bulk density

Soil water retention

Soil physical quality indicators
Pore volume distribution

proven to bring several benefits to different soil properties, including bulk density, soil structure,
and plant available water capacity (PAWC). This investigation was conducted to fill the knowl-
edge gap in some critical factors related to vermicompost application, specifically the short-term
influence of a single vermicompost application with increasing doses on soil wettability and
physical quality of differently textured soils. Water repellency of vermicompost and soil/vermi-
compost mixtures was investigated at different moisture contents by the water drop penetration
time test, whereas physical quality was assessed by 35 soil indicators related to bulk density, soil
water retention curve, and pore size distribution function.

Despite vermicompost showed from strong to severe hydrophobicity at moisture content lower
than the field capacity, amended soils were at the most slightly water repellent thus indicating
that, under field conditions, the hydrophobicity attributable to soil amendment with vermi-
compost could be considered negligible. Soil physical quality was effectively affected by vermi-
compost addiction with different outcomes depending on soil texture. Indicators linked to PAWC
generally increased at increasing the vermicompost rate in the coarse soils whereas no significant
effect was observed for intermediate and fine soils. For example, plant available water capacity of
coarse-textured soils increased from an average initial value of 0.056 cm® cm ™2 to an optimal
value of 0.15 cm® em ™ when a vermicompost addition dose of about one-third by volume (34 %)
was applied. In the finest soil, drainable porosity significantly increased from an initial value of
0.09 cm® em ™ to 0.23 em® em ~® when the maximum vermicompost dose (43 %) was applied thus
indicating that amendment could be effective in enhancing water and air circulation.

1. Introduction

Soil organic matter is a dynamic soil component that represents a main source for several ecosystem services critically important for
human well-being and nature conservancy [1]. It is well known that intensive agriculture can be a major cause of fertility loss and soil
degradation [2]. By worsening the physical, chemical, biological, and ecological components of the soil, soil degradation implies an
overall decline in soil quality and a possible consequent reduction in ecosystem functions and services [2,3]. Several technological
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options were suggested in the literature for soil organic matter management and, therefore, for improving soil quality [4]. Practically,
they consist of controlling the organic carbon losses by reducing soil erosion, decreasing leaching, and minimizing soil organic matter
decomposition or, altemnatively, increasing soil organic matter content through the use of amendments [4-6]. It has been widely
proven that amendments have beneficial effects on soil quality and water availability, thus resulting in higher crop yields [7-9].
Depending on the agricultural sectors considered (i.e., conventional open-field or greenhouse agriculture) or plant type (food crops or
ornamental plants), several organic soil amendments are available to increase soil water availability [10]. For example, coconut fiber,
sphagnum, and peat represent the basis for substrates creation in nursery, and for high-income ornamental crops [11-13]. On the other
hand, under extensive field crops, traditional amendments such as aged manure and compost, or more innovative ones such as biochar,
are generally reported in the literature as effective in improving the physical-chemical soil properties [14-17].

Recently, the use of vermicompost as an organic soil conditioner has progressively increased also due to its contribution to sus-
tainable management and recycling of organic waste [6-13]. Vermicompost, or called worm humus, is the product of the bio-oxidation
and stabilization processes of organic material (e.g., food waste, horticultural waste, poultry droppings, food industry sludge, and so
on) by earthworms, to obtain an organic material highly rich in humie acids and nutrients. In terms of benefits for crops, vermicompost
is considered a sustainable source of macro- and micro-nutrients, because it is a source of mineral nutrient elements that are easily
available for plants growth [19]. Application of vermicompost favored the survival of soil bacteria and actinomycetes and reduced the
number of soil fungi [20]. Earthworms act as a natural bioreactor. Their activity stimulates the rate of decomposition of organic
residues but, thanks to their motion into the soil, improves its structure and aeration, resulting in increased porosity, infiltration, and
water retention [21,22]. Therefore, vermicompost is usually considered a natural and sustainable soil improver [23,24]. Several in-
vestigations reported the benefits of vermicompost application on different soil properties, including bulk density [25] or water use
efficiency [26], but little literature has considered thoroughly the impact of vermicompost addition on soil water retention [27]. For
two different soils, for example, Rivier et al. [23] evaluated the effect of compost and vermicompost addition on soil structure, soil
water retention and water use efficiency. They reported that the application of both organic amendments improved soil water holding
capacity, increased the macro-aggregates, and reduced soil bulk density, even at small application rates. Liu et al. [29] reported that
vermicompost can significantly improve soil water permeability and retention thus ultimately improving the available water content.

Using vermicompost could be recommended to improve the water retention of coarse-intermediate textured soils or, more
generally, to balance the water-to-air ratio in intermediate-fine textured ones [30]. However, to our knowledge, few in-depth eval-
uations of vermicompost effect on agricultural soils are available, and none of them aimed to compare the effects on contrasting soil
texture. In fact, most studies have considered the impact on one-two soil’s physical properties, e.g., stability of soil aggregates [31,32],
bulk density [32-34] soil porosity [33-35] or water content at field capacity and wilting point [25-32], but there are no studies that
simultaneously evaluated the effects on several physical soil properties as a function of both different soil textures and increasing
amendment rates. A possible drawback of vermicompost amendment, not adequately considered in the available literature, could be
related to the reduced soil wettability given it is commonly accepted that soil water repellency (SWR) is caused by organic compounds
derived from living or decomposing plants or microorganisms [36]. However, the composition of organic matter rather than its total
amount was found to influence SWR [37,38]. Furthermore, evaluating the short-term impact of amendment deserves interest given the
soil wettability and the related physical properties can be modified, even immediately after vermicompost incorporation, with un-
predictable effects on the soil hydrological processes. A simple assessment of SWR can be conducted by the water drop penetration time
(WDPT) test which consists of placing a drop of water on the soil surface and measuring the time for it to penetrate [39]. Despite the
WDPT test has been criticized [40,41] it still remains the most widely applied option for SWR assessment [42,43].

Evaluation of the effects of organic amendments on soil physical properties and water retention, can be made by estimating several
soil indicators from the soil water retention curve [5,44-46]. For instance, Reynolds et al. [5] suggested using some capacity-based
indicators accounting for the soil’s ability to store and provide water and air to the crops, such as macroporosity, air capacity, rela-
tive field capacity, and plant available water capacity. On the other hand, when the entire soil water retention curve is available, it is
possible to derive the pore volume distribution function and its related “location™ and “shape” parameters [5]. The aforementioned soil
physical indicators were widely and profitably used also to evaluate the impact of soil organic matter on the soil water retention of
natural [15-45] and repacked [13-47] soil samples. A third approach for water retention curve analysis is based on the S-theory
proposed by Dexter [44]. The S-index represents the magnitude of the slope of the soil water retention curve at the inflection point
when such curve is expressed as gravimetric water content vs. the natural logarithm of the pressure head. According to Dexter [44], the
inflection point should be able to discriminate the non-capillary from capillary porosity. Han et al. [48] suggested estimating some
inflection point indicators from the soil water retention curve parameters expressed by the van Genuchten [49] model, including the
effective porosity and a pore distribution index.

This investigation was conducted to evaluate the impact of increasing levels of vermicompost addition on the physical properties of
five soils with different textures, from coarse to intermediate and fine. Specifically, hydrophobicity of vermicompost and soil/ver-
micompost mixtures was preliminarily evaluated in the range of moisture content from field capacity to oven-dry. Then, the impact of
amendment rates up to about 50 % was evaluated in terms of modification of soil bulk density, water retention, and 15 indicators of
soil physical quality. Therefore, the investigation structure can be summarized by the following steps: i) selection of five soils with
different physical properties, with particular attention to the water retention capacity; ii) preparation of soil/vermicompost mixtures,
until relatively high levels of soil amendment are achieved (0-43 %); iii) evaluation of soil/vermicompost mixtures effects on soil
properties, including hydrophobicity, bulk density, macroporosity, air capacity, relative field capacity, plant available water capacity,
indicators from the pore volume distribution function and from the inflection point of the water retention curve; iv) discussion about
the practical impact of soil amendment on water availability for plants growth.
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2. Material and methods
2.1. Soils and experimental materials

Five soils of different textures were collected in Sicily and Apulia, namely at Palermo Orleans (OR), Bari CREA (CR), Palermo
Campus UNIPA (UN), Taranto Ginosa (GI) and Taranto Castellaneta (CA). Soil use of the selected fields was fallow, grass lawn, or
orchard (Table 1). For each site, about 20 kg of soil was taken in the upper layer of soil profile (up to 20 cm) and stored in the lab-
oratory, where it was air-dried and sieved to a diameter of 2 mm. Soils were characterized by standard laboratory techniques to
determine the particle distribution [50] and the main chemical soil properties, including organic matter, pH, electrical conductivity,
cation exchange capacity, and nitrogen content.

The vermicompost used in this investigation is a by-product of the digestion of cow manure by earthworms (Eisenia foetida) manu-
factured by CONITALO, Italian Lombrichi Breeding Consortium. The physico-chemical characteristics of the vermicompost were con-
ducted using standard laboratory techniques. In particular, after oven dried at 70 °C for 24 h, vermicompost was grounded to pass a <1-
mm sieve. Total organic carbon (TOC) and N contents were determined through the Dumas method (dry combustion method), using a
CHNS Analyzer (Flash EA 1112-CHNS, Thermo Electron Corporation). For the determination of total contents of Ca, K, Mg, Na, P, Fe, Mn,
Cu and Zn the samples were mineralized using microwave assisted pressure digestion and quantified by an ICP-OES optical spectrometer
(Varian Inc., Vista MPX). The remaining parameters listed in Table 2 were retrieved from the manufacturer’s technical sheet.

2.2. Soil/vermicompost mixtures

Soils and vermicompost were preliminary air-dried and sieved at 2-mm- sieve to remove coarse fragments and large vegetal res-
idues and then mixed at 19 amendment different proportions by weight: 0 (i.e., soil without amendment), 0.5,1, 2, 4, 5, 6,6.5,7, 8, 9,
10, 12, 13, 15, 17, 22, 33, 43 %. Therefore, a total of 95 repacked soil samples (19 concentrations x 5 soils) were prepared. Samples of
each soil/amendment mixture were obtained by compacting into 5 em diameter by 5 cm height metal cylinders a dry mass of the two
constituents given by the following relationships [47]:

14

M — PoyPbs @
Poy T TPss

M, =rM; 2)

where M, (g) and M; (g) are the dry masses of vermicompost and soil, respectively, gy (g cm >) and pps (g cm ) are the dry bulk
densities of the two constituents, V (cm?) is the sample volume, and r is the ratio between dry masses of amendment and soil. Sample
preparation was conducted by filling the cylinder with the mixture in four successive steps and, for each step, by lightly pressing the
sample surface with a twisting motion using a pestle [47]. A flow chart explaining the procedural steps for determining soil physical
quality indicators is reported in Fig. 1. Considering steps 1-3 of the flow chart (i.e., starting from the preparation of the samples, going
through their saturation phase, and the subsequent water retention curve determination), the incubation time of soil samples was less
than approximately two months. When transferred to field conditions, the amendment rates considered in this investigation corre-
sponded to an air-dried vermicompost dose between 3-4 and 176213 t ha !, depending on the considered soil, for an application
depth of 5 cm.

Table 1
Sampling sites and main physical and chemical characteristics of the considered soils.

OR CR UN GI CA
Site Palermo Orleans Bari CREA Palermo Campus UNIPA Taranto Ginosa Taranto Castellaneta
Latitude, Longitude 38.107208N 41.110366N 38.107184N 40.461383N 40.51246N

13.349832E 16.877836 E 13.351942E 16.84105E 16.886826 E
Land use Grass lawn Fallow Citrus orchard Vineyard Citrus orchard
Clay, Cl (%) 30 17 18 16 6
silt, Si (%) 34 40 30 13 21
Sand, Sa (%) 36 43 52 71 73
Texture USDA clay loam loam sandy loam sandy loam sandy loam
Texture group fine intermediate coarse coarse coarse
Organic Matter, OM 3.65 4.57 6.15 155 0.60

(9%)
pH 7.69 753 7.99 7.90 7.35
EC(dSm™ Y 0.29 0.42 0.34 0.13 0.20
CEC (cmol kg") 28.7 11.76 25.31 6.14 5.40
N (%) 0.21 0.24 0.32 0.099 0.029
C (%) 212 2.65 3.57 0.90 0.35
C/N ratio 10.10 11.04 11.16 9.09 12.07
WRB classification Chromic Cambisol Chromic Cambisol Terric Chromic Cambisol Chromic Cambisol Terric Chromic Cambisol
1 (Loamic) (Loamic) (Loamic) (Loamic) (Loamic)
3
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Table 2

Chemical characteristics of the considered vermicompost.
Water Ash pH EC TOC N Ca K(g/ Mg Na P Fe Cu Mn Pb Zn
content content ) (ds/ (%) (%) (g/ kg) g/ (g/ (g/ g/ (mg/ (mg/ (mg/ (mg/
(%) (%) m) kg) kg) kg) kg kg kg) kg) kg) kg)
7.6 56.7 7.5 3.1 197 15.6 39.9 15.2 12.7 3.7 9.5 14.2 67.0 7184 nf. 265.6

EC = electric conductivity; TOC = total organic carbon; N = total nitrogen; Ca = total calcium; K = total potassium; Mg = total magnesium; Na = total
sodium; P = total phosphorus; Fe = total iron; Cu = total copper; Mn = total manganese; Pb = total lead; Zn = total zinc (n.f. = not found).

Fig. 1. Flow chart of the procedural steps for soil physical quality (SPQ) indicators determination: 1. Preparation of sieved soil and vermicompost,
2. Soil/vermicompost mixture in cylindrical samplers, 3. Soil water retention determination, 4. Parameterization of soil water retention function and
5. Determination of the three groups of SPQ indicators, i.e., capacitive indicators, location and shape parameters of pore volume distribution
function, and related to the inflection point of soil water retention function.

23 A of vermicomp bility

The water drop penetration time (WDPT) test [36-50,52] was applied to evaluate the hydrophobicity of vermicompost at four
reference water content values. Specifically, sieved vermicompost was compacted to a height of approximately 1 cm into metallic trays
having dimensions of 10.5 x 17.0 cm?. Two samples were established at air-dried (AD) and oven-dried (OD) conditions. In the latter
case, the sample was dried for 24 h at 105 °C and then cooled for 2 h in a silica gel desiccator before conducting the WDPT test. Two
samples were preliminary saturated and equilibrated into a pressure plate apparatus (Soil Moisture Equipment Corp., Santa Barbara,
CA) at pressure head values of h = —100 and —15000 cm, i.e., at field capacity (FC) and permanent wilting point (WP). For each
pressure head value, the soil water content was determined by the thermogravimetric method after subtracting the total weight of
water added for the WDPT test. For each vermicompost sample, 20 drops of distilled water, each having a 60 + 5 pL volume, were
placed on the sample surface, and the time for complete infiltration was recorded. Drops were placed according to a square grid of 20
% 20 mm? by micropipette from a height of 10 mm to avoid excessive kinetic energy.

To evaluate the influence of vermicompost on the wettability of the amended soils, five 10.5 x 17.0 x 1.0 em® repacked samples of
air-dried soil/vermicompost mixtures at 43 % proportion by weight were prepared and the WDPT test conducted according to the same
experimental procedure. Given all the considered soils were not hydrophobic under air-dried conditions (WDPT == 0), only the highest
concentration was considered to assess the maximum possible effect of vermicompost in trigging soil water repellency.

The SWR classification suggested by Bisdom et al. [53] was used to classify soils according to different WDPTs, that is < 5 s
(wettable, W), 5-60 s (slightly hydrophobic, SLH), 60-600 s (strongly hydrophobic, STH), 600-3600 s (severely hydrophobic, SEH)
and >3600 s (extremely hydrophobic, EXH). The repellency class was determined for each of the 20 droplets and the frequency
distribution of the repellency classes for each sample was calculated [54].

2.4. Soil water retention curve and bulk density determination
Soil water retention curve in the range of soil pressure head (h) values —100 < h < —5 cm was determined by a hanging water
column apparatus [55]. The apparatus consisted of asintered porous plate with an air entry value of —200 cm connected to a graduated

burette that may move vertically allowing to set different pressure head values and to measure the water drained from the sample.
After preparation, each soil sample was placed on the porous plate surface and progressively wetted by capillary rise until full
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saturation. Saturation was carefully completed in four successive equilibrium steps of 24 h each at h values of —20, —10, and —5 em
followed by sample submersion (h = 0). Then, the samples were subjected to a drainage cycle consisting of a sequence of 11 decreasing
pressure head values (h = -5, —7.5, —10, —15, —20, —25, —30, —40, —50, —70, and —100 cm) and the volume of water drained into
the burette at equilibrium recorded. The volumetric water content, 8 (cm® cm %), at each equilibrium stage was calculated by adding
the drained volumes to the final 0 value determined at h = —100 cm by weighting the sample after oven-drying at 105 °C for 24 h. The
sample dry soil bulk density, py (g cm™ ) was also calculated from the oven-dried weight [56]. For each vermicompost/soil mixture
considered, the water retention data at pressure heads in the range —15000 < h < 330 cm were determined in pressure plate extractors
on three replicated samples of 5-cm-diameter by 1-cm-height [57]. Therefore, 15 pairs of volumetric soil water content-soil pressure
head, 0-h values were measured for each soil/vermicompost mixture.

The unimodal van Genuchten (vG) water retention function [49] was fitted to the data by the RETC software [58]. To accurately
estimate the water retention curve, model fitting was performed by optimizing all the parameters (i.e., 0, 0;, @ and n) of the vG model [59].

2.5. Soil physical quality indicators

Three groups of soil physical quality indicators, derived from the measured soil water retention curve, were considered in this
investigation [15-50,52-60]. The first group consists of widely used soil indicators accounting for the soil’s ability to store and provide
water and air to the crops [5], such as macroporosity, air capacity, relative field capacity, and plant available water capacity. The
second group includes “location™ and “shape” parameters of the pore volume distribution function, as suggested by Reynolds et al. [5].
The third group includes indicators related to the inflection point of the water retention function: soil pressure head, soil water content,
slope of the water retention curve, soil porosity, and pore distribution index. According to Dexter [44] and Han et al. [48], the in-
flection discriminates the non-capillary (macropores) from capillary porosity. Overall, a total of 15 soil indicators were therefore
considered. The specific characteristics of the considered soil physical quality indicators are given below.

2.5.1. Capacitive-based indicators

Four capacitive indicators of soil physical quality, that account for the water-air ratio into the soil, were considered in this first
group, namely macroporosity, Pyac (em® em ™), air capacity, AC (cm® em ), relative field capacity, RFC, and plant available water
capacity, PAWC (em® em %)

Pyac =0, — O 3)

AC=0, — 0 @
6.

RFC= 2 5)

PAWC =0 — O, (6)

where 0, 6y, 0 and 6y, are the volumetric water contents (em® em3) corresponding to a pressure head h = 0, —10, —100 and
—15000 cm, respectively [5].

2.5.2. Pore volume distribution indicators

Location parameters (modal, dpoq (pm), median, dpeq (pm), and mean, d,, (um) diameters) indicative of central tendency, and shape
parameters (standard deviation, SD (um), skewness, Sk, and kurtosis, Ku) indicative of spread, asymmetry, and peakedness, respec-
tively, of the soil pore volume distribution function, were calculated as follows [5]:

Ao = 2200 %
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where m = 1-1/n and dy,05, do.16, do.25, do.50, do.75, do.54, do.95, are equivalent pore diameters (pm) obtained from the capillary rise
equation for given normalized water content values. The reader is referred to Reynolds et al. [5] for further details.

2.5.3. Inflection point indicators

Considering the vG model for the soil water retention curve, the soil parameters at the inflection point, i.e., pressure head value, hins
(cm), water content, Oj¢ (em® em ), slope of the water retention curve, S, porosity from saturation to infection point, PORyys (em®
cm %) and pore distribution index, Aing were calculated according to Han et al. [48]:

1
1/1\»
h‘,,:(;<n—l) a3
ty=0.-0)[147] "+ a4
s=n(, —0)| =1 (dL) as)
=n(0; —6;) ]
PORyy = ((')s — Oif) (16)
l.‘,f:S/G.'nf 17)

2.6. Data analysis

For each soil, a linear regression analysis was performed between each considered soil variable and the vermicompost application
rate, r. Specifically, the considered soil variables were: volumetric soil water content at selected pressure head values (i.e., 65, 6; 5, 00,
015, 020, B2s, B30, 040, O50, O70, O100, O330, B1030, B3060, and By5300), parameters of vG model (6,, 65, « and n), soil bulk density (pp),
capacitive-based indicators (Pyac, AC, RFC, PAWC), location and shape parameters of pore volume distribution function (dmod, dmed,
dp, SD, Sk, Ku) and inflection point indicators (hing, Oinf, S, PORinf, Aing). Therefore, 175 correlations (35 soil indicators x 5 soils) were
considered. The influence of vermicompost addiction was investigated by assessing the significance of the regression coefficients
between the considered soil variables and the vermicompost to soil ratio, r (p = 0.05). Furthermore, for the significant correlations, the
range of variability of each considered variable was calculated in the range between zero (non-amended soil or control) and the
maximum vermicompost application rate (i.e., r = 43 %).

3. Results
3.1. Soil and vermicompost characteristics

According to the USDA classification, the five soils were sandy-loam (Castellaneta, CA, Ginosa, GI, and UNIPA, UN), loam (CREA,
CR), and clay-loam (Orleans, OR) (Table 1). The percentage of fine particles, i.e., the sum of clay and silt content, ranged from 26 to 64
% following the order CA < GI < UN < CR < OR. According to common and practical criteria for soil textural grouping e.g., [61], three
soils (CA, GI, UN) were coarse-textured soils and the remaining intermediate (CR) or fine (OR) textured soils. The selected soils belong
to the Reference Soil Group of the Chromic Cambisols, according to the classification of the IUSS WRB Working Group [62].

Overall, the soils had very low organic matter (OM) contents (Table 1). With the only exception of the coarse soil at the UN site (OM
= 6.14 %), the coarse soils showed lower organic matter contents (OM = 0.6-1.6 %) than the intermediate-fine soils (OM = 3.7-4.6 %).
According to literature references suggesting a lower critical threshold of OM equal to 4 %, and optimal values in the range of 5-9% [5,
511, only UN and CR soils had adequate levels of organic matter, while the other soils were poorly rated. The soil pH ranged from
neutral to moderately alkaline (7.3-8.0) and electrical conductivity was in general very low (<0.42 dS m 1,

The vermicompost had levels of moisture and ash contents of 7.6 and 56.7 %, respectively, and a pH of 7.5; also, TOC and N
contents were equal to 20 % and 16 %, respectively (Table 2). Therefore, due to oxidative processes, it has lost some organic matter, as
compared both to the values reported in the manufacturer’s technical sheet and the references (i.e., European standard NF U44-051
sets minimum thresholds of C/N at 8 and dry matter at 30 %). In accordance with the European law for “organic soil improvers-
designations, specifications and marking”, threshold limits for metallic trace elements (e.g., Cu and Pb) were always below the
limits (Table 2). Likewise, P, K, and N were lower than the references, i.e., not higher than 3 % [24].

3.2. Influence of vermicompost on soil wettability

For the vermicompost, the median water drop penetration time was minimum at field capacity (FC) (WDPT = 3 s) and maximum
under air-dried (AD) conditions (WDPT = 778 s). Intermediate median values of WDPT were obtained at permanent wilting point (WP)
(WDPT = 169 s) and after oven-drying (OD) (WDPT = 250 s) (Table 3). According to the soil water repellency classification by Bisdom

6
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et al. [53], 95 % of the individual WDPT values fell in the non-repellent class (WDPT <5 s) when the vermicompost was wetted at FC (h
= —100 cm) (Fig. 2a). Vermicompost wettability decreased at WP (h = —15000 cm), given all individual droplets fell in the strongly
hydrophobic class (60 < WDPT <600 s), and was minimum for AD in which 95 % of the droplets showed severe hydrophobicity (600 <
WDPT <3600 s). Therefore, our results agree with literature that generally reported that dry soils exhibit the highest level of SWR
whereas, above a critical moisture content, soils appear to be wettable [63]. In the case of vermicompost, the critical moisture
threshold is located between FC and WP. It is not surprising that under OD condition vermicompost hydrophobicity was lower than
under AD one. Indeed, it is likely that the organic matter content was partially volatilized during oven-drying treatment thus resulting
in a lower hydrophobicity. For instance, reusing the same sample after oven-drying at 105 °C resulted in a decrease of the soil water
repellency of two forest soils with similar OM content [54].

The median WDPT of soil/vermicompost mixtures ranged from 9 s (CA) to 33 s (OR) and generally increased following the same
order of the percentage of fine particles, i.e. CA < UN < GI < CR < OR (Table 3). According to Bisdom et al. [53] classification, 100 %
of the individual WDPT values for all the considered soils fell in the slightly repellent class (Fig. 2b). Therefore, addiction of vermi-
compost at the highest proportion rate determined the occurrence of a limited hydrophobicity in the tested soils. However, given the
waterrepellency of vermicompost was maximum under air-dried conditions and declined as the vermicompost wetted, it can be argued
that, under normal operative conditions, i.e., for lower vermicompost proportions and higher soil water contents, the hydrophobicity
attributable to soil amendment with vermicompost could be considered negligible.

3.3. Vermicompost effects on water retention curve parameterization and soil bulk density

The vG unimodal model for the water retention curve adequately fitted the experimental data, with maximum average error (MAE)
and root mean square error (RMSE) that were in the range 0.005-0.0022 em® em 3 for MAE, and 0.010-0.0018 em® ecm ™ for RMSE.
Practically, individual maximum discrepancies between measured and estimated values were at most equal to 0.04 cm® cm > (only ata
single soil pressure head value for UN).

For each considered soil and amendment rate, the results of water retention curves parameterization, carried out with vG model,
are reported in Fig. 3. As expected, the retention curve scale parameter, n, of non-amended (control) soils increased from finer to
coarser soils, ranging from 1.38 (OR) to 2.06 (GI). No particular trend was observed for 6;, 6, and « parameters of control soils even if
the former increased, as expected, from coarse soils to intermediate ones. The residual water content, 6,, should be considered as a
fitting parameter without a clear physical meaning.

Regardless of the considered soil, 0, and 0, significantly increased as the vermicompost to soil ratio increased, with determination
coefficients (R?) of the regression lines that generally increased from finer to coarser soils (Fig. 3). The same increasing and significant
trend was detected for the a parameter of CA and GI soils but not for the other soils. Both increasing and decreasing trends, depending
on the soil texture class, were obtained for n parameter (Fig. 3). A singular feature was observed for this parameter with a significantly
increasing (o decreasing) trend for vermicompost concentrations up to about 15-17 % (R* = 0.86-0.88) followed by a plateau that
highlights how higher vermicompost concentrations were no more effective in modifying the shape of the water retention curve. It was
therefore concluded that vermicompost amendment had a significant general effect on the water retention curve of the considered
soils.

A highly significant decreasing relationship between soil bulk density (p;) and vermicompost to soil ratio was observed for the five
soils with coefficients of determination in the range of 0.80-0.95 (Fig. 4). The soil pp decrease is an expected consequence of the lower
weight of the amended soils when an increasing percentage of vermicompost (p, = 0.409 g cm ) is added.

The volumetric water content generally increased with increasing the vermicompost dose with the only exception of the OR soil at
very low soil pressure head values (i.e., between —330 and —15300 ecm), where a decreasing trend was detected. Table 4 reports the
coefficients of determination for the linear regressions between the volumetric water content, 6, at three reference values of applied
pressure head (h = —10, —100, and —15000 cm) and the vermicompost to soil ratio, . The generally observed positive correlation
between 0 and rhighlights that the vermicompost addiction was effective in increasing the water retained by the soils. The reliability of
the regression model was affected by soil texture and the considered pressure head value, given the coefficients of determination
changed depending on these variables (Fig. 5). On average, the coefficients of determination were highest for CA and lowest for UN
soils (i.e., 0.73 and 0.13, respectively). A minimum R? value was always detected that fell in the range from —20 to —100 cm of soil
water pressure head (Fig. 5a). According to capillary law, this range of h corresponds to the size of the largest pores that are full of

Table 3

Statistics of water drop penetration time, WDPT, test (s), of vermicompost at different reference water content and the soil/vermicompost mixture at
43 % proportion by weight (OD = oven dried; AD = air dried; WP = wilting point; FC = field capacity; OR = Orleans; CR = CREA; UN = Campus
UNIPA, GI = Ginosa; CA = Castellaneta).

Vermicompost Soil/vermicompost mixtures

oD AD WP FC OR CR UN GI CA
min 182 588 920 2 25 16 6 12 8
max 369 888 527 7 44 27 15 16 11
mean 256 756 210 3 34 21 11 14
median 250 778 169 3 33 19 11 14
CV% 22 12 64 37 18 17 25 11 12
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Fig. 2. Classification of SWR for a) the vermicompost at different reference water contents and b) the soil/vermicompost mixtures at 43 % pro-
portion by weight (W = wettable; SLH = slightly hydrophobic; STH = strongly hydrophobic; SEH = ly hydrophobic; EXH = extremely hy-
drophobic; OD = oven dried; AD = air dried; WP = wilting point; FC = field capacity; OR = Orleans; CR = CREA; UN = Campus UNIPA, GI =
Ginosa; CA = Castellaneta).
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Fig. 3. Linear correlation between parameters of water retention curve vG model and vermicompost application rate. For a given soil and vG-
parameter, only significant regression lines were depicted (p = 0.05) (OR = Orleans; CR = CREA; UN = Campus UNIPA, GI = Ginosa; CA =
Castellaneta).
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depicted (P = 0.05) (OR = Palermo Orleans; CR = Bari CREA; UN = Palermo Campus UNIPA, GI = Taranto Ginosa; CA = Taranto Castellaneta).
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water between 30 and 150 pm thus indicating that vermicompost addiction is less effective in determining modification of water
retention in this pore size class. The pressure head h value corresponding to the minimum R? value increased as the clay content of soil
increased (but similar findings were obtained when the percentage of fine particles was considered), suggesting that the effectiveness
of vermicompost addiction also depended on the soil texture (Fig. 5b).

3.4. Vermicompost effects on soil physical quality indicators

3.4.1. Capacitive-based indicators

For coarse (Gl and CA) and fine (OR) soils, macroporosity (Pyac) significantly increased as the vermicompost dose increased while
no trend was observed for the remaining soils (CR and UN) (Table 5). The increase in soil macroporosity was larger for coarse than fine
soils, given Pyac increased from 0 to 0.03 cm® em ™ and from 0.01 to 0.05 em® em  for GI and CA, respectively, as a consequence of
vermicompost addiction at a rate of 43 % while, for the same application dose, the increase in Pyac was only of 0.004 em® em 2 for OR
soil.

Vermicompost amendment determined an increase in air capacity (AC) for OR and UN soils and a decrease in AC for CA soil
(Table 5). The increase in soil air capacity was larger for the fine OR (As¢ = 0.14 cm® em ) than the coarse UN soil (Ay¢ = 0.05 em®
em 3). The capacity-based indicators Pyac and AC (egs. (3) and (4)) are expressive of the water retained in pores with equivalent
diameter higher than, respectively, 300 and 30 pm. Therefore, vermicompost addiction was effective in increasing the relative volume
of both the porosity classes in the fine OR soil, of only the smaller porosity class in the intermediate UN soil, whereas it increased the
larger class (Py4c) and decreased the smaller one (AC) in the coarse CA soil. Independently of the statistical significance, it is worth
noting that Py trend was always positive with r, i.e., it increased with vermicompost addiction, whereas the AC trend inverted its
sign in the passage from fine to coarse soils. Indeed, the highest positive correlation coefficient was obtained for OR soil (percentage of
fine particles, Si + Cl = 64 %) and the lowest negative correlation coefficient for CA soil (Si + Cl = 26 %) (Table 5).

The relative field capacity (RFC; eq. (5)) significantly increased with vermicompost for the coarse soils (CA, GI) and significantly
decreased for the fine one (OR), showing no trend for the remaining soils. Modeled data suggested that RFC increased from 0.41 to 0.72
for CA and from 0.52 to 0.63 for GI, while it decreased from 0.78 to 0.57 for OR. Considering that the optimal balance between the
root-zone soil water capacity and the soil air capacity occurs in the range 0.6 < RFC < 0.7 [64], amendment with vermicompost
resulted effective in correcting the water-limited or the air-limited conditions occurring, respectively, in coarse and fine soils.

Plant available water capacity (PAWG; eq. (6)) significantly increased only for coarse soils (GI and CA) with a more marked effect
on the coarsest soil given that, compared to the control, PAWC increased by 0.24 em® cm 3 (Table 5). The ideal condition for maximal
root growth and function corresponds to PAWC > 0.20 em® em ™3 [64]. Thus, vermicompost amendment yielded a remarkable
improvement of the soil physical quality classification according to this indicator that shifted from “poor” (PAWC < 0.10 cm® em ) to
optimal for coarse-textured soils.

3.4.2. Pore volume distribution indicators

The location parameters of the pore volume distribution function, dyyd, dmeq and dy, (egs. (7)-(9)), always increased significantly
with the vermicompost rate for OR and UN soils; the former soil showed the largest increments in dimod, dmed and dm, that increased by a
factor 2, 6 and 10, respectively, from r = 0-43 % (Table 5). The opposite result was found for the CA soil that showed dieq and dy, values
that significantly decreased with the vermicompost rate and a negative, but not significant, trend for dy,4. No correlation was in
general observed between the location parameters and r for the CR and GI soils. Lastly, dpoq always significantly increased, except for
CA and CR soils for which a significant relationship was not observed (Table 5). The effect of vermicompost addiction on shape in-
dicators SD and Sk (eqs. (10) and (11)) agreed with those obtained for capacitive indicators, with an opposite behaviour between
coarse and fine soils (Table 5). Finally, kurtosis (Ku; eq. (12)) was found to significantly increase for the two coarsest soils (GI and CA)
while no significant relationships were observed for the other soils (CR, UN and OR).

In agreement with the optimal values proposed in the literature for these indicators [5], results suggested that improvements in
modal diameter were obtained only for coarse soils (UN and GI) because dy;,,q exceeded the suggested minimum optimal value of 60 pm
only when the highest dose was applied. The other indicators related to central values of the pore size distribution (dy,eq and dy,)
generally exceeded the literature references suggested for agricultural soils [5]. Parameter SD quantifies the size range of equivalent
pore diameters, i.e., the sorting of pore diameters, with SD = 1 indicating no variation in pores diameter (pores with the same size).
Therefore, increasing SD indicates an increasing range in pore diameters [5]. This occurred only for coarse soils (GI and CA), while the
opposite result was detected for UN and OR sites. Negative Sk values indicate a pore size distribution shifted to small pores whereas
positive Sk values shifted to large pores. Therefore, the observed significant correlations suggested that the addition of vermicompost

Table 4

Coefficients of determination (R?) for the correlations between modeled soil water retention values and vermicompost application doses for three
selected pressure head values corresponding to matrix capacity (6;0), field capacity (6;00) and permanent wilting point (6s300). R* values with the
minus sign indicate decreasing correlations. The significant correlations were marked with asterisks (**p < 0.01; *p < 0.05).

Orleans (OR) CREA (CR) UNIPA (UN) Ginosa (GI) Castellaneta (CA)
B10 0.5597* 0.2255* 0.1795 0.3188* 0.5566**
0100 0.0013 0.1862 0.0200 0.6316** 0.8263*
B15300 —0.1498 0.7486** 0.2450* 0.8584** 0.9580**
9
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Fig. 5. Values of the coefficient of determination (R?) for the linear regression between soil water content and vermicompost application rate as a
function of soil pressure head values h (a) (curve labels indicate the mean R* over the entire h range), and relationship between the h values
corresponding to the minimum R? values in figure a) and the soil clay fraction (Cl) (b) (OR = Orleans; CR = CREA; UN = Campus UNIPA, GI =
Ginosa; CA = Castellaneta).

Table 5
Coefficients of determination (R?) for the correlation between soil physical indicators and vermicompost rate. R values with the minus sign indicate
decreasing correlations. The significant regressions were marked with asterisks (**p < 0.01; *p < 0.05). For each significant regression, the calculated

values between minimum and maximum vermicompost concentration (r = 0 and 43 %) are reported in brackets.

Orleans (OR) CREA (CR) UNIPA (UN) Ginosa (GI) Castellaneta (CA)
Ppsac (em® em™3) 0.2525* (0.01-0.014) 0.1170 (n.a.) 0.0115 (n.a.) 0.7809** (0-0.03) 0.3924** (0.01-0.05)
AC (em® em %) 0.8542** (0.09-0.23) 0.0001 (n.a.) 0.2652* (0.20-0.25) —-0.0621 (n.a.) —0.2813* (0.29-0.18)
RFC (-) —0.6625** (0.78-0.57) 0.0266 (n.a.) —0.1394 (n.a.) 0.3424** (0.52-0.63) 0.5933** (0.41-0.72)
PAWC (cm®ecm ™) 0.0013 (n.a) 0.1862 (n.a.) 0.0200 (n.a.) 0.6316** (0.08-0.18) 0.8263** (0.002-0.24)
dimoa (4m) 0.7747** (16-38) 0.0787 (n.a.) 0.2138* (46-65) 0.3833** (50-72) —0.0005 (n.a.)
dpnea (pm) 0.7554** (4-26) 0.0681 (n.a.) 0.2705* (28-49) 0.0251 (n.a.) —0.3511** (61-28)
d,, (pm) 0.7454** (2-21) 0.0615 (n.a.) 0.2709* (22-42) —-0.0018 (n.a.) —0.5343** (57-18)
SD (-) —0.2116* (62 to —36) —0.0126 (n.a.) —0.2446* (13-8) 0.5222%* (3-6) 0.8521** (2-9)
Sk (-) 0.5755** (-0.6 to —0.3)  0.0059 (n.a.) 0.2223* (-0.4to —0.3)  —0.5953** (-0.2to —0.4)  —0.8699** (—-0.2 to —0.5)
Ku(-) 0.0346 (n.a.) —0.0035 (n.a.) —0.1868 (n.a.) 0.6153** (1.13-1.15) 0.8145** (1.13-1.16)
hyy (em) —0.6001** (181-50) —0.0002 (n.a.) —0.2616* (66-43) —0.2929* (59-41) 0.1569 (n.a.)

Oing (cm3 cm ’3)
S(=)

POR; (cm® em~3)
Aing (=)

0.8326** (0.22-0.46)
0.9123** (0.04-0.18)
—0.0182 (n.a.)

0.5791** (0.22-0.51)

0.3911** (0.35-0.62)
0.2202* (0.10-0.14)
<0.0001 (n.a.)
0.0026 (n.a.)

0.7913** (0.26-0.54)
0.7288** (0.08-0.17)
—0.0584 (n.a.)
0.1968 (n.a.)

0.9300** (0.28-0.57)
—0.0514 (n.a.)
—0.3351** (0.37-0.32)
—0.6231** (0.81-0.38)

0.8492** (0.23-0.52)
—-0.2518* (0.13-0.10)
—0.3972** (0.35-0.31)
—0.7850** (0.81-0.24)

Pusc, macroporosity; AC, air capacity; RFC, relative field capacity; PAWC, plant available water capacity; dyod, modal diameter; dne median
diameter; d,,, mean diameter; SD, standard deviation, Sk, asymmetry, Ku, kurtosis of soil pores distribution; h,y, soil pressure head at the water
retention curve inflection point; 6,5, soil water content at the inflection point; S, Dexter's S index; POR;yy, soil porosity at the inflection point; Aif, pore
distribution index.

improved the relatively higher proportion of larger pores of UN and OR soils (Table 5). It is interesting to note that, for OR soil, a
threshold behaviour was identified because, starting from a value of —0.65 (control), Sk values linearly increased to about —0.37
(vermicompost rate of about 17 %) to remain stable up to the highest vermicompost concentrations. Since this value approached the
optimal values suggested for this soil indicator (Sk = —0.43 to —0.41), the positive impact of the amendment is confirmed. The pore
distributions were leptokurtic (Ku > 1) for coarse soils (GI and CA), namely more peaked in the center and more tailed in the extremes
than the lognormal curve [5], with Ku values that were optimal (Ku = 1.13-1.14) approximately up to 20 % of vermicompost rate,
depending on the considered soil.

3.4.3. Inflection point indicators

Soil pressure head, hinf (eq. (13)), at the inflection point of the water retention curve decreased significantly as the vermicompost
rate increased for GI, UN, and OR, while no trend was observed for the other soils. In particular, greater changes were detected for the
fine (about 130 cm) than coarse or intermediate (about 20 cm) textured soils (Table 5). Similarly to the 6-h results earlier reported, the
water content 8, corresponding to the inflection point (eq. (14)) always significantly increased with vermicompost rate. According to
the soil texture, the improvements in estimated 8y, i.e., differences between max and min values, increased from fine soils (Agips =
0.24 cm® em 3 for OR), to intermediate (Ainf = 0.27 and 0.28 em® em 3, respectively, for CR and UN) to coarse soils (Aginf = 0.29 em®
cm 3 for both CA and GI); this confirms that the assumed sequence for soil texture groupings reasonably explains the effects of
vermicompost addiction with the higher improvements observed for coarse soils (Table 5). The slope of the water retention curve at the
inflection point (eq. (15)), increased as the vermicompost rate increased for OR, CR and UN and decreased only for CA soil. It is worth
noting that the regression equation shifted its slope by increasing the fine particle content from significantly negative (R* = 0.25) for
CA to significantly positive (R* = 0.91) for OR (Table 5). Soil porosity from saturation to infection point, PORns (eq. (16)) significantly
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decreased as the vermicompost rate increased only for the coarsest soils (GI and CA), suggesting an impoverishment in soil porosity (up
to 4-5%) when these soils amended with the highest dose of vermicompost. The pore distribution index, kinf (eq. (17)), significantly
decreased with the vermicompost rate for coarse soils (Gl and CA) and increased significantly for fine (OR) soil (Table 5). In agreement
with the coarse texture of the GI and CA soils, } started from a common value of 0.81 for the control (r = 0), to reach 0.38 or 0.24 for
Gl and CA, respectively, when amended atr = 43 %. Overall, references of literature for this indicator suggest that it may decrease from
coarser to finer sandy soils [48]. Therefore, a decrease of Ainras a function of amendment rate appears plausible, as a consequence of the
reduction in soil porosity. On the other hand, for the fine OR soil Ay significantly increased from 0.22 of the control to 0.51 atr = 43 %.
It is worth noting that the pore distribution index of a not amended fine soil could be comparable with that of sandy soil amended at the
higher vermicompost concentrations, as very similar results were detected between CA and OR (Table 5).

4. Discussion

According to literature findings, vermicompost addition can significantly mitigate the loss of organic carbon due to soil tillage [65].
However, the scientific literature relating to this soil amendment is particularly lacking regarding the overall effect on the main soil
physical and hydraulic properties, and a very limited literature reports its effects in the short-term. Specifically, most studies have
considered one or, at the most, two soil properties (i.e., bulk density, porosity, or aggregates stability), but there are no studies that
simultaneously evaluated the effects on several soil physical properties as a function of both different soil textures and increasing
amendment rates. For instance, Albiach et al. [31] evaluated the effect of 2.4 tha ! yr ! of a commercial vermicompost on the ag-
gregates structural stability of a medium textured soil. They found that vermicompost did not produce any significant change in
stability of soil aggregates, suggesting that rates recommended by the producers are too low to be effective. Arabi et al. [34] evaluated
the effects of 2-6 tha ! of vermicompost on the bulk density of a silty clay loam. According to their results, vermicompost significantly
improved the soil bulk density (already at the minimum rate of 2 t ha™!) and enhanced the water retention in aggregates compared
with the not amended soil. Mengistu et al. [33] studied the effects of 3.7-15 tha ' of vermicompost on the bulk density and porosity of
asandy clay loam. The independently determined soil bulk density and porosity tended to decrease and increase, respectively, with an
increased rate of vermicompost application. However, such response was significant only when the vermicompost was applied at a
relatively higher rate (>11.25 t ha™!). Consistent effects on soil porosity were reported by Azarmi et al. [35] for a loamy soil amended
with rates of 5-15 t ha '. Baghbani-Arani et al. [25] concluded that the treatments with vermicompost (2.7 t ha ') were able to
alleviate water deficit stress. Vermicompost improved the biological yield of fenugreek by improving the physicochemical conditions
of the soil (e.g., water contents at field capacity and wilting point), especially in the water deficit stress conditions, thus reducing the
usage of chemical fertilizers in line with the goals of sustainable agriculture. An investigation on the effects of vermicompost on
multiple soil variables (i.e., water holding capacity, infiltration rate, bulk density, aggregate stability, and water use efficiency) for a
sandy clay loam soil was conducted by Sharma et al. [32], although they considered a biochar-vermicompost mixture for which the
vermicompost rate was selected only according to the recommended nitrogen dose.

Evaluating the short, or very short-term, effects of soil amendment could be decisive for water availability assessment in arid
environments or, more generally, during prolonged dry periods. However, although the medium-long-term effect on soil physical and
hydraulic properties is well documented, as reported for example by the review of Kranz et al. [6], the short-term impact has been
poorly considered. For example, Black et al. [66] reported that the effect on PAWC should be assessed within a few months of
implementation. Indeed, they studied the effects of compost at several application rates and showed that the PAWC of amended plots
was greater than not amended plots, but much of such increase was lost within about 6 months. Even shorter response times were
sometimes considered when the effect on soil bulk density was studied [6]. For instance, Somerville et al. [67] compared the
amendment effects on three textured soils after 3 months, showing a reduction in bulk density values of 15-25 % in amended soils. A
significant reduction of bulk density after 7 months of investigation was reported by Mohammadshirazi et al. [68] when they
compared tillage with and without compost application to a compacted control soil. Consequently, the present research accounts for
the effects on multiple soil indicators in the very short-time after amendment (<1-2 months), providing findings that fill a gap of
knowledge in this field of research.

Generally, the agronomic practice aimed at improving the soil physical properties using organic amendments also considers the
induced effects on soil fertility. In this case, the amendment rate for field application is more calibrated to improve the availability of
chemical elements than to improve the soil physical properties. For instance, Khalifa et al. [30] applied 5 and 10 t ha ! of vermi-
compost to reduce the water stress impact on some soil properties and on water productivity in terms of barley yield. The results
showed that vermicompost improved the physical and chemical properties of soils, as compared with compost, because soil bulk
density decreased by 2.2 %; also, there was a significant increase in soil organic carbon, available nitrogen, and field capacity by 44 %,
14 %, and 19 %, respectively [30]. However, to our knowledge, the amendment rate is never diversified according to the considered
soil texture or the expected effects. In their review on the effects of compost incorporation on soil physical properties in urban soils,
Kranz et al. [6] emphasized the fact that, among the current research gaps on this topic, the rates and depths of compost incorporation
were not experimentally determined or optimized using laboratory or field experiments.

In this investigation we considered two of the most critical experimental factors reported in the literature, namely the soil texture
and the amendment rate, to investigate the vermicompost effects on the soil water/air relationship and learn from the findings ob-
tained how far the estimates suggested for field amendments differ from those obtained in the laboratory. Since compost can have
hydrophobic behaviour, the amendment effects on the soil retention were evaluated in the very short-term, especially to account for
the possible negative implications when periods of prolonged dryness occur.

The selected soils included three relatively coarse-textured (sandy loam) soils (i.e., sand content between 53 and 74 %), as such
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soils are the most deficient in water retention and, consequently, they could mostly benefit from amendment. The minimum level of
PAWC should be at least equal to 0.15 cm® em 2 [5], being considered “poor” or “arid” those soils that can store, and provide, less than
0.10 ecm® em ™ of water to plant roots. The three sandy loam soils had poor characteristics as, on average, they had PAWC of about
0.056 cm® cm 2 far below the optimal range (Fig. 6). This means that, referring to rainfed agriculture, they would need a vermi-
compost addition dose of about one-third by volume (34 %) in the root zone to reach the goal of PAWC = 0.15 ecm® em 3. Conversely,
incorporating an average vermicompost amount of 15 t ha ™', as suggested in many applications, would not have a substantial impact,
as PAWC would increase only by about 0.066 cm® cm 3 (Fig. 6).

Reynolds et al. [5] applied 75 e 300 t ha ! of compost in the first 10 cm of a clay loam soil to assess the impact in terms of physical
quality and productivity. Regarding PAWC, they showed a lack of improvement (PAWC = 0.13 em® em ) when they considered the
lowest amendment rate and an optimal improvement (PAWC = 0.22 em® cm ) when considered the highest level. Compared to the
control, the maize yield increased, respectively, by 1.4 or 2.1 t ha™' when the lowest and highest compost rates were added [5].

Our laboratory data for the sandy loam soils agreed with those by Reynolds et al. [5] because, concerning the first 5 cm of the soil, it
is expected to reach an acceptable level of PAWC by implementing about 146 tha ! of vermicompost. However, such effect of organic
amendment should be limited to a soil condition shortly after the main tillage, because the effect due to soil consolidation was not
considered in this investigation. Moreover, such estimation does not take into account the effect of hysteresis of the soil water retention
curve. For the UN sandy loam soil, Bondi et al. [47] showed that PAWC is strongly influenced by hysteresis with an average PAWC
value measured during the drainage that was 112 % higher than during wetting. Therefore, this effect could be easily considered by
determining, for example, the mean changes between the two main processes.

As expected, different soil physical quality parameters were affected by vermicompost addiction in the fine OR soil. The macropore
and drainable porosity increased as also confirmed by the central diameters of the pore size distribution function. Conversely, the
PAWC was practically unaffected. The decrease of SD and Ku and the shift of S highlighted that the pore size distribution tended to
become more uniform and skewed towards the larger pore diameters. The physical quality of the intermediate CR soil was minimally
affected by the vermicompost amendment. Therefore, the results unequivocally show that vermicompost influenced different soil
physical qualities depending on the soil texture, i.e., mostly water availability for plants in sandy loam soils and water/air circulation
capacity in clay loam soil. For the intermediate loam CR soil, addiction of vermicompost was less effective, and further investigation is
needed in these soils.

Another point that deserves further investigation is related to the temporal persistence of the amendment benefits. Overall, a
reduction in the soil water retention in larger pores could be expected some months (between 6 and 12) after organic amendment, as
reported for both coarse [69] and fine [15] textured soils. In both cases, soil reconsolidation determined an increase of soil bulk density
with a corresponding decrease of the capacitive indicators related to drainable porosity (AC and Py, ) and an increase of those related
to water availability for plants (PAWC). Consistent results were obtained also with specific reference to the GI soil amended with 5 %
vermicompost (unpublished data). In this case, nine months after amendment, soil water content significantly reduced by 6 % at
saturation and 5 % at field capacity, thus determining a reduction of AC (from 0.02 to 0.01 em® em %) and Pygs ¢ (from 0.26 to 0.25 cm®
em 3), and an increase of PAWC (from 0.16 to 0.24 cm® em 3).

5. Conclusions

The application of vermicompost can effectively improve the physical quality of soils in terms of increased plant water availability
and equilibrate air-to-water ratio in the root zone. However, a possible drawback of vermicompost amendment could be related to the
induced soil hydrophobicity.

Despite being the subject of several studies, thorough evaluations of the impact of vermicompost addition on the soil hydropho-
bicity and water retention under different application rates and contrasting soil textures are lacking in the literature. This investigation
was conducted to fill the knowledge gap in these factors related to vermicompost application. At this aim, hydrophobicity of ver-
micompost and soil /vermicompost mixtures and 35 soil physical indicators related to bulk density, soil water retention curve and pore
size distribution functions were calculated for five differently textured soils (from sandy loam to clay loam) amended with vermi-
compost rates up to 43 % by weight that, for an application depth of 5 em, corresponded to field doses up to 176-213 tha .

Vermicompost was wettable at field capacity but showed strong to severe hydrophobicity for lower moisture contents. However,
even under the most severe conditions of moisture content (air dried condition) and application rate (r = 43 %), all the soil/vermi-
compost mixtures were slightly water repellent thus indicating that, for lower vermicompost doses and higher soil water contents, the
hydrophobicity attributable to soil amendment with vermicompost could be considered negligible.

An expected decrease in soil bulk density was observed as a consequence of the lower weight of the amended soils when an
increasing percentage of vermicompost was applied. This resulted in increased water retained in the entire range of the explored
pressure head values for the two coarsest soils (Gl and CA) and in an increase of the water content only at higher h values (i.e., for larger
pores) for the finest OR soil. A limited effectiveness of vermicompost in improving water retained at intermediate pressure head values
(i.e., for h values between —20 and —100 cm) was also detected.

Consequently, different effects in terms of soil physical indicators were observed depending on the soil texture. In the coarse soils,
indicators linked to water availability for plants (PAWC and RFC) generally increased whereas the location indicators of pore size
distribution decreased, thus indicating that the most frequent pore diameter shifted towards lower sizes. The opposite result was
observed for the fine OR soil whereas no apparent effect of vermicompost addiction was observed for the intermediate CR soil. For the
three sandy loam soils, vermicompost application at rates of about 34 % allowed to improve the poor plant available water capacity
(PAWC < 0.10 cm® em 3) up to values close to optimal conditions recommended in the literature (PAWC > 0.15 em® em %), In the fine
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Fig. 6. Relationship between the plant available water capacity (PAWC) and the dose of vermicompost added to the sandy loam soils.

OR soil, the PAWC was unaffected by vermicompost amendment but macropores and drainable porosity increased thus determining
more favourable conditions for air and water circulation.

There is still a need for verification in actual agricultural field conditions because a variety of factors, including vermicompost
properties and site-specific climate, may influence the temporal persistence of the amendment benefits. However, the present study,
despite being conducted at a laboratory scale, can be considered a first comprehensive step towards understanding the role of ver-
micompost in soil physical quality improvement under different application rates and textural classes. Moreover, the results are novel
as, to our knowledge, a throughout assessment of short-term effects of vermicompost addition on soil hydrophobicity, water retention,
and related soil physical quality indicators, involving five differently textured soils and a range of amendment from 3 up to 200 tha
has never been conducted before. Applying the same experimental approach, further steps could be made, for example, to quantify the
possible amendment effects after a longer period, typically after about a year, to check the residual effects on water retention and
hydrophobicity and the improvements due to structural restoration of the soil.
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ARTICLE INFO ABSTRACT
Keywords: This study examines the effects of incorporating powdered cactus pear pruning waste (PCPPW) on
Soil Wﬂ“’-'. retention the hydraulic properties of benchmark soils, in line with circular economy principles. The
B“”‘. density cultivation of cactus pear generates substantial amounts of pruning residues, which offer the
Zem:_dsls potential for nutrient recovery and reuse. Our findings reveal that amending soils with this ma-

QM D1SO |

terial has a positive impact on water retention, but it requires a substantial volume, exceeding
20%, which may not be practical for open-field applications. However, this presents promise for
the horticultural and floricultural sectors. These results challenge previous assumptions about soil
density, plant-available water capacity, and swelling potential, contributing to our understanding
of agronomic applications. Notably, the enhancement of drainable water capacity is most sig-
nificant in less clayey soils, while highly clayey soils experience fewer benefits. These results
highlight the importance of considering specific soil conditions when implementing circular
economy principles, particularly in soil amendment practices.

1. Introduction

Arid and semi-arid regions, constituting over forty per cent of the global land area, are key production areas for grains, fruits, and
cash crops. Unfortunately, in these regions, agricultural development is limited by water shortages and poor soil fertility (Myers et al.,
2017). So, water management in these soils is the key to agronomic success. In this regard, the use of amendments might be one of the
most effective agronomic practices (Kranz et al., 2020, Ullah et al., 2021). For instance, biopolymers are ecologically friendly soil
improvers that have been commonly employed to increase soil quality (Wang et al., 2023). Organic amendments contribute to the
enrichment of soil fertility by increasing soil organic matter (SOM), thereby enhancing crop yield (Bastida et al., 2012, Larney and
Angers, 2012). They also indirectly improve hydrological functions and soil structure (Dong et al., 2022; Reynolds et al., 2007)
ameliorating the spatial arrangement, shape, and size of solid particles, voids, and SOM (Almendro-Candel et al., 2018). Amendments
modify soil water status, evaporation, flow, and retention (Jury and Horton, 2004) despite the positive effects of organic matter on
water holding capacity might be less than thought previously (Minasny and McBratney, 2018). Organic amendments can be residues or

Abbreviations: BD, bulk density; BS, black soil Vertisol; DWC, drainable water capacity; PAWC, plant available water capacity; PCPPW, powdered
cactus pear pruning waste; PSD, particle size distribution; PTF, pedotransfer functions; RS, red soil Terra Rossa; SOM, soil organic matter; SWRC, soil
water retention curve.
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by-products from both agricultural and industrial processes. However, by-product availability cannot be the only selection criterion to
use as several other factors, including quality, applicability, sustainability, cost, and positive impacts on the soil, should be considered
(Siedt et al., 2021). Diverse organic wastes have been suggested as possible soil amendment, with various characteristics and locally
available in different regions (Lamey and Angers, 2012). Examples of fines include biochar (Guo et al., 2024; Ni et al., 2020),
municipal waste and sewage sludge (Sadeghi et al., 201 4; Paradelo et al., 2019), corn and sewage sludge (Glab et al., 2020), yard waste
(Arthur et al., 2011; Curtis and Claassen, 2009), agricultural crop residues (Ibrahim and Horton, 2021), pruning waste (Benito et al.,
2006; Auteri et al., 2022), or mixtures of these materials. Among the different types of soil improvers, pruning waste from agricultural
activities is interesting as they are locally available and, therefore, generally sustainable in terms of costs. However, the large vari-
ability in the composition of pruning makes results hardly generalizable and studies conducted for a specific waste composition in a
given pedoclimatic condition should be transferred with caution to other conditions.

Among the low-cost and large-available pruning waste, the residues of cactus pear (Opuntia ficus-indica (L.) Mill.), which thrives in
most semi-arid countries and is greatly widespread in Central America and the Mediterranean basin, currently leads to the disposal of
13-15 t ha™! of biomass per year (Enea, 2017). Cactus pear cladodes are succulent plant organs consisting of chlorenchyma, the outer
layer in which photosynthesis occurs, and parenchyma, the innermost layer whose main function is to retain water. Both are composed
of mucilage, which is a hydrocolloid forming stable (honeycomb-like) lattices capable of retaining large amounts of water. The
presence of hydrocolloids explains the ability of Cactaceae to grow even in the most unfavorable climatic conditions. This charac-
teristic makes it an interesting agricultural by-product. In addition to its potential as a soil amendment, some authors have evaluated
dried and powdered cladodes of cactus pear as adsorbents for eliminating heavy metals or synthetic dyes from aqueous solutions
(Nouri et al., 2021; Aziam et al., 2021).

Soil water retention curve (SWRC) expresses the empirical relationship between the matric potential and the volumetric water
content of the soil, describing the ability of a given soil to store and release water. Its knowledge is important for agro-environmental
modelling or irrigation scheduling and optimization (e.g., Hillel, 1998; Angulo-Jaramillo et al., 2016). The experimental assessment of
the SWRC is extremely time-consuming, thus attention has increased towards pedotransfer functions (PTFs) (Bouma, 19389). PTFs have
the merit of predicting SWRC from easily measured and/or common soil data, such as bulk density (BD), SOM and particle size dis-
tribution (PSD) (Weynants et al., 2009; Castellini and lovino, 2019). The extreme simplification with which the hydraulic properties
are estimated by the existing PTFs considers soils mostly composed by mineral fraction while the effect of large amount of SOM added
as soil conditioners is not specifically accounted for. Furthermore, PTFs neglect the presence of plants and the rhizospheric envi-
ronment. Lateral thinking is that these amendments, even if grossly, can mimic a rhizospheric environment. Considering that 75% of
the root mass for all vegetation and biome types is in the upper 40 em, (Schenk and Jackson, 2002), neglecting the different properties
of this layer of soil, especially in an agricultural environment, could be misleading.

The primary purpose of this research is to examine the impact of the amendment of powdered pruning waste from cactus pear
(PCPPW) on the water retention characteristics of two contrasting soils widely diffused through the Mediterranean basin. The chal-
lenge of transferring our findings lies in the uncertain application to open field crops, whereas the transfer of knowledge proves feasible
in plant nurseries, floriculture, or horticulture.

2. Materials and methods
2.1. Benchmark mediterranean soils

The Mediterranean Sea basin covers a surface of seven million square kilometres, encompasses latitude 30° to 40°N and extents
from longitude 10°W to 40°E. Its soils are a quite disordered layer of evaporitic deposits originated during the Messinian Salinity Crisis,
five and seven million years ago. These soils show analogous characteristics, including a specific climate in which the seasonal dis-
tribution of precipitation, rather than the total amount, is the main determinant, a contour of mountains, an abundance of desert dust,
accumulations of secondary calcium carbonate or more soluble salts, and a millennial anthropogenic setting. Such a climate provokes
the re-precipitation, in the form of nodules, of the partially dissolved carbonates (Carrubba and Sealenghe, 2012; Yaalon, 1997). In
Mediterranean landscapes, two categories of soil stand out as archetypal: terra rossa (from Italian, red soils) and terra fusca (from Latin,
black soils). Red soils form through the rubefication process of iron oxides, while black soils originate from the weathering of silicates
(which leads to the formation of new inter-layered phyllosilicates) and the simultaneous dissolution of calcareous parent material
(Pena and Torrent, 1990). Furthermore, a continuous provision of allochthonous (wind-transported) fine particles works together with
pedogenesis, imparting a high water-holding capacity (Bilsel, 2004; Nettleton, 1991; Simonson, 1995).

We have chosen two contrasting soils, well-studied previously. The red soil (RS) is an Ap horizon from a Terric Chromic Cambisol
(Loamic) (IUSS WG WRB, 2022; Alagna et al., 2018). The black soil (BS) is a Byss horizon from a Calcic Gypsic Vertisol (Hypereutric)
soil (IUSS WG WRB, 2022; Laudicina et al., 2013 and, 2021; Scalenghe et al., 2016) (Table S1). The rationale for this choice depends on
the different purposes of organic amendment with soil texture. In the case of coarse soils, organic amendments are frequently
employed to augment the humus content and enhance the physical and chemical properties of coarse soils. Likewise, when applied to
clayey or fine-textured soils, organic amendments enhance permeability, reduce the risk of soil surface crusting, improve air-water
relations, and mitigate surface runoff in agricultural areas (Garbowski et al., 2023).

2.2. Characteristics of cactus pear (Opuntia ficus indica (L.) Mill.)
The cladodes of the cactus pear cv Gialla used in the study were collected during the fall season in Roccamena (IT) (472 m a.s.l;
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37°50°17"88 N, 13°9'20"16 E). We collected cladodes of different ages (1-3 years) and sizes (34.2 + 2.1 x21.3 + 3.7 x2.2 + 0.3 cm),
which would have been removed by normal annual pruning. The thornless cladodes, removed with a knife after collection, were
underwent a washing process with tap water, followed by rinsing with deionized water, and were subsequently air-dried. Sequentially,
the cladodes were manually dissected (=~ 35 min kg ' cladode) and then dried at 105°C for 48 hours. The dried cladodes were
grounded using a laboratory blender, obtaining particles of size () < 2 mm, and stored at room temperature. The grain size distribution
of powdered pruning cladodes was determined by manually sieving 50 g of PCPPW at a series of five sieves having diameters of 75,
106, 250, 425 and 860 pm and associating the percentage by mass to the mean geometric diameter in each class. The powder is rich in
calcium but contains other elements, particularly manganese (Table 52).

2.3. Soil water retention curve (SWRC) measurement

Air-dried PCPPW was mixed with air-dried 2-mm sieved soil, in twelve different percentages by weight: 1, 2, 4, 6, 8,10, 12, 15, 20,
30, 40, and 50%. Two control samples, i.e., not amended soil samples (100% RS and 100% BS), were also considered, thus resultingina
total of 26 repacked soil samples. Each sample was prepared by compacting a dry mass of the two constituents (soil and PCPPW),
calculated using the following expressions, into cylinders with a diameter of 5 em and a height of 4 em:

V. BDp BDs
Ms = WMP = rMs 1)
in which M, (g) and M (g) are, respectively, the oven-dried mass of PCPPW and soil, BD, (Mg m ) and BD; (Mg m ) are the oven-dry
bulk densities of the two constituents, V (em®) is the sample volume (V = 78.5 cma), and r is the ratio between the oven-dry mass of
PCPPW and the oven-dry mass of soil. The initial water content of both constituents was considered to calculate the corresponding
oven-dried mass. The sample compaction procedure involved four consecutives increments of approximately 1 ecm height. At each step
a mass of mixture corresponding to one quarter of the calculated mass of the sample was poured into the cylinder and subjected to five
strokes of beating from a height of 5 cm, followed by five rotations with a pestle. Finally, the sample bulk density was checked to
ensure that it was the same as the theoretical one determined from Eq.(1). This sample preparation procedure was already adopted in
former study on compost amendment (Bondi et al., 2022) allowing to obtain highly replicable samples. It is worth noting that the bulk
density of the PCPPW (BD = 0.515 g em %) was approximately 2.0 and 2.5 times lower than the dry BD of RS and BS (Table 51) thus, at
the higher r values, the mixtures contained more amendment than soil on volume basis. These amendment levels could be unpractical
for open field crops but are frequent for nursery and greenhouse application.

Laboratory determination of SWRC was conducted by the tension hanging water column apparatus (Dane and Hopmans, 2002a),
for matric head values, h, between 0 and —1 m, and by the pressure plate extractor for lower h values down to —150 m (Dane and
Hopmans, 2002b).

Soil samples, placed on the surface of the porous plate of a glass funnel, were saturated from below by applying four successive steps
of h= —0.20, —0.10, and —0.05 m at 24 hr intervals followed by submersion (i.e., h = 0) for 2 hr. Starting from saturation, soil samples
were subjected to desorption by applying a sequence of twelve decreasing matric head values: —0.025, —0.05, —0.075, —0.10, —0.15,
—0.20, —0.25, —0.30, —0.40, —0.50, —0.70 and —1 m. Water drained from the sample was collected in a graduated burette that could
be moved in height to regulate the imposed h values. Equilibrium was assumed when the reading at the burette graduate scale did not
change during a time spell of 2 hr. It took from 6 to 72 hr to reach equilibrium depending on the soil type and the applied pressure head
value. To avoid water losses due to evaporation, the funnel and burette were maintained sealed during the experiment. At each
equilibrium h value, the drained water volume from the sample was noted and these volumes backwards added to the equilibrium
volumetric water content, 8 (m®> m ™), determined at the end of the drainage sequence (h = —1 m) by oven-drying the sample at 105°C
for 24 h.

Bulk density variations were monitored by measuring the height of the samples by a gauge at three steps: i) after preparation, i.e.,
under initial air-dried condition (HO), ii) at the end of the saturation process (HS), and iii) at the end of the desorption process (HF).

Water retention data corresponding to the matric heads of —1, —30, and —150 m were collected using pressure plate extractors on
three replicated samples measuring 5 cm in diameter and 1 em in height, with the same bulk density as the 5 em by 4 cm samples. In
addition, the volumetric content of water at a matric head of —1 m was also determined on pressure plate to compare it with the same
value measured in the tension apparatus. All measurements were performed under temperature-controlled conditions at 22 + 1 °C.

2.4. Pore size distribution by mercury intrusion
Pore size distribution of samples with different PCPPW percentages (i.e., r = 0%, 20%, and 50%) for both RS and BS was measured
by mercury intrusion (Pascal 140, Fison and Porosimeter 2000, Carlo Erba, Milan) in the range 0.007-200 pm equivalent cylindrical

diameter. Pore volume is expressed on mass basis (mm® g !). The surface tension of mercury and contact angle used for calculation
were 0.480 Nm ' and 141.3°, respectively.

108



C. Bondi et al. i I Technology & I ion 34 (2024) 103602
3. Results
3.1. Swelling and soil bulk density

Following saturation, the sample height increased for the control samples (r = 0%) of both RS and BS (Fig. 1). As expected, the
increase of sample height was more marked for the BS due to the higher clay percentage that promoted soil swelling. In particular, the
sample height increased from 39 to 42 mm for the RS and from 38 to 44 mm for the BS. During the subsequent desorption process (from
saturation to h = —1 m), the height of the RS did not change (HF = 42 mm) whereas continued to increase for the BS (HF = 46 mm).
Saturation promoted a more marked increase in the sample height when the different mixtures with variable proportions of PCPPW
were considered. In Fig. 1 the effect for the 50% PCPPW addition to soil is reported only, with the notation that all the intermediate
PCPPW percentages determined swelling heights comprised between the control samples (i.e., 100% RS or 100% BS) and the cor-
responding 50% PCPPW mixtures. For the latter, following saturation, the height of the amended samples increased to 52-53 mm.
Once saturated, the amended samples maintained the swelling height, or a little reduced it, during the following desorption phase. It is
worth noting that the two mixtures (50% RS - 50% PCPPW and 50% BS - 50% PCPPW) followed a similar trend thus showing that the
characteristics of the amended soils are mostly controlled by the properties of the PCPPW.

For both RS and BS, the soil dry BD significantly decreased at increasing the percentage of PCPPW (Fig. 2a). Due to the lower BD of
the PCPPW (Table 51), the dry BD of the mixtures decreased from 1.032 to 0.698 Mgm > for RS and from 1.260 to 0.689 Mg m > for
BS, when the percentage of PCPPW increased from 0% to 50% by weight (Fig. 2a). In other words, the dry BD decrease is an expected
consequence of the lower weight of the amended soils when an increasing percentage of lighter material is added.

Under wet conditions, the BD was always lower than under dry conditions. Furthermore, no perceivable difference was observed
for wet BD measured at saturation (h = 0) and field capacity (h = —1 m) (Fig. 2b). Under saturated conditions, BD decreased from
0.958 t0 0.540 Mg m " for RS and from 1.088 to 0.530 Mg m * for BS. At field capacity (h = —1 m), BD decreased from 0.958 to 0.550
Mgm 3 for RS and from 1.041 to 0.530 Mg m > for BS. Significant linear regressions with the percentage of PCPPW were also found for
wet BD (Fig. 2b). Itis worth to be noted that, for both soils, the wet BD decreased to a greater extent than the dry BD at increasing the
percentage of PCPPW, as depicted in Fig. 2a-b.

The difference between dry and wet bulk densities can be considered as an index of the swelling susceptibility induced by PCPPW.
Indeed, if the swelling capacity of PCPPW were lower or equal to that of the control soils, the substitution of an increasing fraction of
swelling soil with PCPPW would determine less (or equal) total swelling susceptibility. Therefore, the wet BD would decrease less than
the dry BD at increasing the amending dose and the differences between the two BDs tend to reduce. The opposite is if the swelling
capacity of PCPPW is greater than that of the considered soils.

Fig. 2c shows that the relative differences between dry and wet bulk densities were always positive and increased with increasing
the PCPPW proportion. For both RS and BS, these differences were significantly correlated to the PCPPW to soil ratio. Compared to the
control (r = 0%), for which the differences between wet and dry BDs are exclusively due to swelling of clay particles, addition of
PCPPW promoted increased swelling that can be attributed to hydration of the dried powdered cladodes of the cactus pear. For a given
value of the PCPPW dose, the BS mixture generally showed larger relative differences between dry and wet BD than the RS because of
the higher clay fraction. However, these differences tended to reduce for the highest values of the PCPPW ratio given the sample
swelling was mostly controlled by the cactus pear hydration.

3.2. Soil water retention

Water retention data of the control samples of RS and BS soils provided different information (Fig. 3a). The two soils showed
equivalent volumetric water content, 0, values for h = —0.25 m. For higher values of h, i.e., relatively wet conditions, the volumetric
water content of BS was lower than that of RS. An opposite trend was observed at lower h values, i.e., relatively dry conditions, as BS
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Fig. 1. Sample heights for the initial air-dried conditions (HO), at the end of the saturation process (HS), and at a water content corresponding to
matric head h = —1 m (HF) for the red soil (RS) and the black soil (BS) and the mixtures of 50% soil and 50% PCPPW.
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Fig. 3. Soil water retention data for a) the non-amended RS and BS soils and b) the 50% PCPPW to 50% soil mixtures.

showed a higher water retention capacity compared to RS (Fig. 3a). The observed behavior agrees with the different PSD of the two
non-amended soils as BS, having a higher clay fraction, is likely characterized by a pore size distribution shifted towards relatively
smaller diameters (Table 51). Thus, more water is retained in small pores than in large ones in BS. The opposite is for RS where the
large pores predominate over the small ones (Nasta et al., 2009).

Comparison between non-amended soils and PCPPW-soil mixtures showed that soil water retention differed with PCPPW dose and
soil type. In particular, the addition of 50% of PCPPW to the RS, resulted in increased 0 values for h < —0.15 m whereas for higher
matric head values (i.e., less negative), the volumetric water content slightly decreased (Fig. 3b). The maximum increase of 6

110



C. Bondi et al i I Technology & I ion 34 (2024) 103602

(0.018 m®m %) was observed for h = —1 m. For the 50% PCPPW to 50% BS mixture, a generalized increase in the capacity to store
water was observed and the volumetric water content increased, as compared to the non-amended BS, by a quantity variable from
0.032m°m ?ath = —0.05 m to 0.196 m®m > at h = —150 m. Therefore, our results showed that for both soils the powdered cactus
pear improved the water retention capacity for relatively dry soil moisture conditions, which is for soil water content ranging from
above the field capacity to the wilting point. However, for relatively wet conditions, the two soils did not show the same response to
PCPPW addition. Indeed, for the RS soil a decrease in the water content corresponding to a given matric head was observed whereas,
for BS, the addition of PCPPW increased the stored water.

Amending effects were confirmed by Pearson’s correlation coefficients between 0 values at a given matric head and the PCPPW
dose (Table 1). Significant negative correlations were observed for RS at matric heads close to the upper range of matric pore domain (h
= —0.1 m). For low h values (h < —0.25 m) an opposite sign of the correlation was observed with 0 values that always increased at
increasing the percentage of PCPPW. For BS, the volumetric water content always significantly increased with PCPPW in the range
from h = —0.1 to —150 m (Table 1).

For both soils, correlations were significant at the matric head values of —0.1, —1.0, and —150 m, which correspond, respectively,
to the volumetric water content equivalent to matric capacity, 8y, field capacity, 6;, permanent wilting point, 6,,, yielding the following
regression lines:

Matric capacity, h = —0.10m

RS: 0, = 0.584 — 0.00121r BS: 0,, = 0.517 + 0.00101r

Field capacity, h= —1.0m
RS: 6 = 0.350 + 0.00286 BS: 6y = 0.424 + 0.00227r

Wilting point, h = —150 m
RS: 0, =0.095 + 0.00478r BS: 0,. = 0.221 + 0.00390r

A representation of the observed trends is given in Fig. 4, which shows how soil matric capacity is distributed between drainable
water capacity (DWC) and plant available water capacity (PAWC). The first, given by difference 6, — 6, is the water retained in pores
that, according to the capillary law, have pore diameters in the range from 300 down to 30 ym. Such fraction corresponds to the soil
water that is expected to drain below the root zone due to the synergistic impact of capillary and gravity flows. The latter, given by
difference 6 -6,,, is the water retained in pores with a diameter from 30 down to 0.2 pm, and corresponds to the soil water available for
crop growth (Reynolds et al., 2002).

For both soils, DWC tended to decrease at increasing the percentage of PCPPW, thus showing that amendment is expected to slow
down the drainage below the root zone. A contrasting result (increasing DWC) was observed for RS only for very limited amending
doses (ie., few per cent of PCPPW). The PAWC was to a less extent affected by PCPPW addition (Fig. 4). For the RS, PAWC tended to
increase from 0.15 m® m ? for r = 0% to a maximum of 0.26 m* m > for r = 20% and then it decreased to PAWC = 0.20 m*m > forr =
50%. A comparable trend was noted for BS with the only difference that the maximum PAWC = 0.23 m®> m® corresponded tor = 30%.

3.3. Pore size distribution by mercury intrusion

Fig. 5 displays the pore size distribution in the range of pore size diameter from 0.007 to 200 um of the control sample (r = 0%), the
20% and 50% mixtures of PCPPW of both RS and BS soil.
The RS pore size distribution (Fig. 5a) displays a pattern with a shoulder with the maximum at around 1.5 pm of pore size diameter

Table 1
Pearson’s correlation coefficients and corresponding p-values for the regression between volumetric water content at a given matric head and the
PCPPW dose. Bold values indicate significant correlations.

h (m) Red soil - RS Black soil - BS

Pearson R p-value Pearson R p-value
—0.025 —0.5487 0.0525 —-0.1577 0.6085
—0.05 -0.6216 0.0235 0.3510 0.2396
—-0.075 —0.6393 0.0187 0.5424 0.0555
-0.10 —0.6357 0.0197 0.7103 0.0065
-0.15 —0.4165 0.1574 0.8014 0.0010
-0.20 0.1531 0.6178 0.7677 0.0022
-0.25 0.5736 0.0404 0.8052 0.0009
-0.30 0.6712 0.0120 0.8347 0.0004
—0.40 0.7156 0.0060 0.8657 0.0001
—0.50 0.7241 0.0051 0.8788 0.0001
-0.70 0.7441 0.0035 0.8736 0.0001
-1 0.7476 0.0033 0.8643 0.0001
-30 0.8816 0.0001 0.9798 <.00001
-150 0.9749 <.00001 0.9847 <.00001

6
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Fig. 5. Pore size distribution by mercury intrusion of a) RS and b) BS samples amended with different PCPPW doses (0%, 20%, and 50%).

for the control (r = 0%) that shifts to higher values (2.5 ym and 5 pm for r = 20% and 50%, respectively) exhibiting more sharped
peaks. Successively all the curves rise toward larger pores >75 pm. In the pore size range 0.007-25 pm, the samples with r = 20% and
50% increased the pores volume by 13% and 61%, respectively, as compared to the control (Fig. 6).

The BS pore size distribution (Fig. 5b) shows a bimodal pattern with ©) a maximum of the first peak at around 0.05 pm of pore size
diameter in the range of pores 0.007 —0.25 ym for all samples. Instead, the pore volume in this region is similar for both control andr =
20% mixture but reduced (14%) for the r = 50% mixture (Fig. 6); i) a maximum of the second peak at around 2.5 pm of pore size
diameter for the mixtures and the control in the range of pores 0.25 — 7.5 pm. In this range, the pore volume increased by 78% for the r
= 20% mixture and 315% for the r = 50% mixture (Fig. 6). Successively, as for RS, all the curves rise toward larger pores >75 yum. The
addition of PCPPW promoted the increase of porosity especially in the range of pore diameters around 5 pm with a detrimental effect
on the volume of pores with diameter larger than 75 pm. This effect was slightly for r = 50% mixture but marked for r = 20% mixture in
both soils.

Soils are porous media, notably. Voids are sometimes measured as “full of air’ and other times derived from the measurement of the
liquids they contain. In Fig. 6, both methods are considered. The results of both provide unique answers. One of the most important
aspects is that the addition of PCPPW ’shifts’ the porosity range (including the diameter size of the highest peak) towards regions
where liquids are more available for plants. This has considerable relevance in the case of Vertisol, even if the total porosity does not
vary significantly (probably because total porosity is mostly ruled by PCPPW addition), the water availability at the rhizospheric level
increases. From these results, indications in terms of agronomic management can be extrapolated.

The total pore volume (Table 2), in the range of pores from 0.007 pm to 200 pm, after the amendment with 50% PCPPW increased
by 18% in RS and 24% in BS. By contrast, with the r = 20% mixture the total pore volume reduced by 18% and 16% for RS and BS,
respectively.

4. Discussion

Addition of powdered pruning waste of cactus pear to a loamy red soil and a clay black soil determined a decrease in soil BD under
dry conditions. Significant negative correlations were found between dry BD and the PCPPW dose indicating that BD decreases at a rate
of 0.062-0.078 Mg m *%PCPPW . Similarly, Arvidsson (1998) showed that BD was largely dependent on SOM, with which it
exhibited a strong negative correlation. Decreasing dry BD could be beneficial in fine-textured compacted or degraded soils showing
BD values > 1.3 Mg m > inwhich root elongation may be impeded and soil aeration reduced (Reynolds et al., 2007). Instead, BD values
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Fig. 6. Pore volume distributions as measured by Hg intrusion method in the different ranges determined based on the cumulative pore volume
curve. Superimposition with the ranges measured by the volumetric water content corresponding to the selected matric heads of —0.1 m (300 pm),
—1m (30 ym) and —150 m (0.2 pm), respectively (see Fig. 4). Diameter size of the highest peak in each range (orange) and limits of the respective
range (red inset). Figure not to scale.

Table 2
Total pore volume measured by mercury intrusion in the range of pore size diameter from 0.007 to 200 um of the
control (0% of PCPPW), the 20% and 50% mixtures of PCPPW of both RS and BS.

PCPPW 0% 20% 50%
mm?® g ! mm3g! mm3g!

RS 293 239 347

BS 286 241 354

below 0.8-0.9 Mg m > might result in inadequate root-soil contact and insufficient plant anchoring (Fan et al., 2021). Despite the
present investigation was conducted on laboratory-repacked soil cores with limited compaction compared to natural soils, the
observed relationships appear usable to predict the effect of the addition of a given quantity of PCPPW on the BD of natural soils.
Furthermore, the two considered soils are widely diffused in the Mediterranean environment and, thus, the range defined by the two
linear regression lines can be considered representative of the benefits expected when medium to fine-textured Mediterranean soils are
amended with PCPPW.

Being a closed system, the powdered cactus pear had a relatively high swelling effect as, when added to the RS and BS, determined
an additional decrease of the wet BD besides that determined by the soil clay particle swelling. The swelling capacity of the PCPPW isa
consequence of the chemical structure of polysaccharides of the cactus pear (Amaya-Cruz et al., 2019). Cactus pear cladodes contain
mucilage that is rich in galacturonic acid, contributing to improved water retention capabilities (Matsuhiro et al., 2006). The high
swelling capacity that characterizes the PCPPW-soil mixtures should be considered with attention given that under constrained
conditions, i.e., when the soil is not free to swell, may determine reduced soil porosity with negative effects on air and water circu-
lation. For a limited percentage of PCPPW, the observed increased difference between dry and wet BD is probably positive as it in-
creases the soil water retention.
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Indeed, a significant positive correlation was found for water content at a given matric head and the PCPPW dose with the only
exception of the matric capacity for the RS. In this last case, O, unexpectedly decreased at increasing r. It was hypothesized that the
observed trend could be a consequence of specific interactions between PCPPW and RS at low matric head. In particular, the water
drop penetration time test (Bisdom et al., 1993), conducted on the PCPPW, showed a slight repellency occurrence as the applied
droplets (N = 5) infiltrated in time between 12 and 17 s. Therefore, it could be expected that addition of PCPPW hampered wettability
particularly when the capillary forces are low (i.e., close to field capacity) and for high organic matter doses (Caltabellotta et al., 2022).
However, this effect was not observed for BS. Another possible effect is related to PSD of PCPPW in relation to that of the two
considered soils. Fig. 7 shows the percentage distribution by mass of PCPPW, particles compared to those of non-dispersed RS and BS
soils. It is worth noting that the PCPPW particles prevailed for larger diameter classes (d > 605 pm), whereas the soil particles (both RS
and BS) prevailed for d < 163 pm. The singularity is for d = 326 pm where the proportion of PCPPW particles prevailed over BS but not
over RS ones. Given such particle diameter is very close to the sizes of pores that are saturated at matric capacity (h = —0.1 m), it could
be supposed that PCPPW addition reduced the number of soil pores falling in that class for the RS thus determining the reduction of 0
at increasing the PCPPW dose. An opposite trend, i.e. 0y, increasing with the PCPPW dose, is justified for BS. However, the analyses
conducted at the micrometric pore scale by Hg porosimetry similarly displayed the reduction of total pore volume after the addition of
the 20% of PCPPW but, in this case, for both RS and BS soils with the successive volume increasing after further PCPPW addition (i.e.,
50%) when compared with the respective controls (i.e, 0% of PCPPW).

The estimation of soil porosity has been achieved through two distinet methods: wet soil water retention and dry soil Hg intrusion.
It is important to note that these approaches refer to wet and dry soil, respectively. As a result, the swelling effect that occurs in moist
soil masks the displacement of the size pores from the smallest to the coarsest pores. This phenomenon is not observed when analyzing
dry soil. In terms of retained water, a limited addition of PCPPW (few per cent units) seemed to increase the drainable water capacity
(DWC) of the RS and did not affect BS. For higher PCPPW doses a decrease of DWC was observed for both soils, thus confirming that
amending medium- to fine-textured soils with swelling PCPPW may hamper soil capacity to drain water and limit air circulation.
Although the above statement holds true, the presence of water in the soil tends to mask the true size of the pores. This would explain
some of the apparent discordances found between the two methods. The organic particles in the amended soil are larger insize (Fig. 7),
and the addition promotes a dominating coarser porosity of the system, especially after 50% of PCPPW addition. This behavior is a
result of the final architecture of the particles organization and is influenced by the intrinsic porosity of both soils.

The PAWC was also influenced by PCPPW addition, but observable benefits require very large PCPPW proportions (unlikely under
field conditions), up to 20% in RS and even larger in BS. More in general, a redistribution between DWC and PAWC can be supposed
with the average energy level of the retained water that becomes more and more negative and drainable water is transformed in plant
available water up to a transition threshold of PCPPW dose of around 20% at which PAWC is maximum. Behind that threshold, DWC
disappears, and PAWC reduces while most of the soil water is retained below the minimum soil matric head (h = —150 m) applicable
by crops. For agronomic purposes, that threshold should be not overpassed, at least for these benchmark Mediterranean soils, rather
heavily textured.

The ability of soil to retain water significantly affects plant growth, impacting carbon allocation, nutrient cycling, and photo-
synthesis rates. Research indicates that in various regions globally, soil water-holding capacity dictates crop yield and its stability. Yet,
Minasny and MecBratney (201 8) drawing on data from 60 studies (50,000 measurements) have shown that a 1% increase in soil organic
carbon, on average, results in a 1.16% volumetric increase in available water capacity, indicating a minor influence on soil water
retention. They showed that overall, there are modest increases in 6 when considering all textures. However, when categorized by
texture, the rise is significantly greater in coarse-textured soil, followed by medium-textured soil, and least in fine-textured soil.

The significant linear regressions deduced for BD and the characteristic water retention points could help in selecting the most
appropriate PGPPW dose to be applied to these soils. Despite the absolute values of BD, 6,00 and 6,, can be affected by the empirical
setup that made use of laboratory-repacked soil samples, it could be supposed that the relative effects, that is the gradient by which the
selected soil property changes because of PCPPW addition, is not affected by the sample preparation. Therefore, if the soil properties
under field conditions are known from other investigations, the short-term effect of a given PCPPW dose on bulk density, drainable
water capacity and plant available water capacity can be predicted. In particular, the proposed relationships offer a large potentiality
to be embedded into PTFs specifically developed for Mediterranean soils with the aim to predict the effects of PCPPW amending on the
SWRC (Castellini and lovino, 2019). A point that needs further investigation is the time stability of the modifications induced by
PCPPW addition. In particular, it is expected that the physical and chemical properties of the PCPPW will change over time after soil
embedment. However, to the best of our knowledge, no data on PCPPW degradation is available and, thus, long-term modifications
could be leamed only from studies conducted on similar organic amendment materials (i.e., compost) that showed how the maximum
benefits regressed within approximately six months (Bondi et al., 2023; Cannavo et al., 2014; Guo et al., 2019; Weber et al., 2007).

In soil, the rhizospheric environment is complex and difficult to model and thus it is frequently overlooked. However, it is precisely
at the level of the rthizosphere that it would be useful to be able to know, for example, the dynamics of water through the soil porous
system. Currently, the knowledge of soils is extended to all parts of the world also thanks to the introduction of pedotransfer functions.
Pedotransfer functions (PTFs) are used for converting existing data into data that we need but do not have available (Bouma, 1939).
Regarding soil hydraulic properties, PTFs are generally based on PSD, BD, SOM, and cation exchange capacity (Toth et al., 2015;
Roman Dobarco et al., 2019). For example, in Europe, EU-SoilHydroGrids offers data on soil hydraulic properties up to 2 m depth at
250 m resolution (Toth et al., 2017). Despite being a powerful tool for planning and land management, most soil databases include the
percent of clay and sand only as PTFs predictor variables (e.g., Roman Dobarco et al., 2019). They necessarily simplify the complexity
of the soil in an extreme manner, excluding the presence of plants. Plants that live in the soil, anchored by their root architecture,
modify their intrinsic properties, in particular, the dynamics of liquids and gases. For example, roots secrete mucilage. Polymeric gels
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Fig. 7. Particle size distribution among selected diameter sizes in the range from 75 to 2000 pm.

known as mucilages, which are secreted by the cap cells of the root tip, have a crucial role in facilitating root-soil interactions (Ahmed
et al, 2015). The physical and chemical properties of mucilage, along with their interactions, are essential in defining its diverse
functions and playing a crucial role in hydraulic processes within the rhizosphere (Benard et al., 2019; Rosskopf et al., 2021). Adding
plant biomass enhances soil physical properties through the development and stabilization of aggregates (Ansari et al., 2022). Soil
macroaggregates (i.e., > 0.250 mm) are stabilized by roots, hyphae, and mucilages, particularly polysaccharides (Machado Vezzani
et al., 2018).

The mucilages contained in cactus pear pruning, examined in this work with their potential as a soil conditioner, certainly mimic a
rhizospheric environment, albeit oversimplified. Our results, limited to a Mediterranean environment, having chosen two extreme
soils, can be used to improve the predictivity of PTFs, considering the presence of plants.

5. Synopsis and conclusions

We tested a by-product of a particular type of Mediterranean cultivation, the cactus pear, and its incorporation effect in benchmark
soils. The amendment of powdered pruning waste of cactus pear (PCPPW) exhibited favorable impacts on the physical properties of
two contrasting soils, (red soil, RS, and black soil, BS). In both soil types, the incorporation of the amendment led to a reduction in soil
BD under dry conditions, which could be advantageous in fine-textured compacted or degraded soils, having BD values > 1.3 Mgm 3,
in which root elongation may be prevented and soil aeration reduced. However, PCPPW has a relatively high swelling effect that needs
to be considered as, when the soil is confined, it can result in lower soil porosity, which negatively affects air and water circulation.
Regarding soil water retention, a limited dose of PCPPW (a few percentage units) seemed to increase the drainable water capacity
(DWC) of RS and did not affect BS. Instead, for higher doses of PCPPW, a decrease in DWC was observed for both soils, thus confirming
that the emendation of medium to fine-textured soils with swelling PCPPW can hinder the drainage water from the soil and limit air
circulation. Plant available water capacity (PAWC) was also found to be affected by the addition of PCPPW, however, observable
benefits require very high PCPPW proportions, up to 20% in RS and even more in BS. It is reasonable to assume that a redistribution
between DWC and PAWC occurs, with the average energy level of retained water becoming increasingly negative and drainable water
converting into plant available water up to a transitional threshold of the PCPPW dose of about 20%, at which PAWC is maximum.
Beyond this threshold, DWC disappears and PAWC also decreases, since most of the water is hygroscopic (h > —150 m) and not
available for plants. For agronomic purposes, this threshold should not be exceeded, at least for these rather heavy textured Medi-
terranean reference soils. Overall, the findings indicated that the addition of PCPPW, in both soil types, could trigger benefits on
hydrological processes and agronomic services by promoting the increase of PAWC, while maintaining the PCPPW content below 20%,
and the infiltration of plant roots in the absence of swelling constraint conditions. In conclusion, PCPPW application, as a soil improver,
can contribute to efficient water management in arid and semi-arid regions, characterized by limited water availability and low soil
fertility.

Despite the general objective of the paper, emphasizing the need for tailored allochthonous material additions to specific soil types,
the uncertain applicability of our results to open field crops is acknowledged. However, a potential avenue for knowledge transfer
exists within controlled environments like plant nurseries, floriculture, or protected horticulture, where tested ratios are often
exceeded, and some crops thrive in pure amendment conditions.
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Abstract — This study aimed at evaluating the hydrological  necessary for plants, associated with a high drainage

response of a volcanic medium (VM) obtained from ash capacity to avoid surface ponding with consequent overload
deposition that followed the recent eruptions of Mount Etna of the structures.

(Italy). Due to its lightness and sustainability, this material
appears appropriate for preparing “engineered soils” suitable Detention and retention capacities can be evaluated
as substrates for green roofs. Simulated rainfall experiments  experimentally through simulated rain tests, in which a
were conducted on microcosms to assess both detention and controlled flow of water is applied to the surface of the
;fteglﬁ"“ captac?'ties of thVMh “f‘::" ddz“;mi"ﬁ conditi"t'i‘s' green roof and the volumes of water retained and drained
urthermore, to improve the pysical and hyGraulic properties g, the roof are measured [5] [6]. According to the
of VM, the particle distribution was graded by artificially 3
mﬂ,ea:’mg m_p decreasing :he coiise ﬁ'icﬁon Szarting frony] conceptual model for green roof detention proposed by [7],
initial dry conditions, the green roof was able to detain from runoff occurs only when_ the _ﬁeld capacity of the substrate is
19.3% to 46.0% of the total rain volume in line with the results ~ eXceeded. Thus, detention is basically controlled by the
of the literature. When initial wet conditions were considered, gravity driven flow through the interconnected macropores
detention was reduced but anyway in the order of 10% of the [8]. On the other hand, retention is determined by
total rainfall. Decreasing the VM coarse fraction reduced the  micropores that characterize the matrix domain of the
distribution of macroporosity and increased that of  gubstrate [9]. Soil water retention curve (SWRC) can
ey MR A DA AP ot vl gt o e g of mace,
P PACY: and micropores distribution on hydrological performance,
also with the aim to provide “engineered soils” specifically
designed to enhance both detention and retention capacities
of a green roof substrate.

Keywords — Water retention; water detention; runoff delay;
coarse fraction; engineered soil

The main objective of this study was to quantify the
hydrological response, in terms of retention and detention

Green roofs represent one of the best management  canacity, of a volcanic medium (VM), easily available from
practices for reducing and attenuating stormwater runoff in e sireet sweeping of areas surrounding Mount Etna (Italy),
cities [1]. A green roof is a plant system made on an  \whjch have been affected by recent eruptions. The porous
lmpermeable gnucrural support, such as ﬂoors_ orroofs, that  panyre of the VM particles allows to limit the weight of the
typically consists of four main layers: a drainage layer, a  gypstrate favoring water retention, thus it represents a
filter layer that prevents the loss of soil particles, a substrate lightweight, sustainable material that aligns with the
layer (or growing medium) and a vegetation layer [2]. principles of the circular economy. Simulated rainfall

Green roofs reduce the total runoff volume and mitigate ~ €Xperiments were conducted on VM microcosis to assess
the peak flow returned to the sewage system through two both_ §cte11t1011 a1}d retention  capacities under _d.ynanuc
hydrological processes: the water retention capacity, i.e., the  conditions. Then, in order to optimize the composition of a
rainfall volume permanently stored by the substrate that is ~ green roof substrate, VM particle size was graded by
lost by evapotranspiration, and the detention of runoff, i.e., artificially increasing or decreasing the coarse fraction and
the transient precipitation storage resulting in a delay and  the gffects on pore size distribution evaluated from
reduction of the peak flood output [3] [4]. Both these experimental assessment of SWRC.
processes are closely conditioned by the physical and
hydraulic properties of the substrate, which represents the
most important part of the green roof. Substrate is a porous
media obtained by mixing in different proportions both Laboratory tests were carried out at the Department of
mineral and organic components. In addition to the Agriculture, Food and Forest Sciences of the _Umversﬂy of
requirements of lightness and anchoring capacity for the Palermo, Italy. The study employed an experimental setup

roots, from the hydrological point of view it should offer (Fig. 1) consisting of a needle rain simulator with 45

: . . : hypodermic needles (22 Gauge, diameter of 0.7 mm)
high retention capacity, to constitute the water reserve o 2
gh paclty distributed over an area of 314 cm? and two load cells for

This study was camried out within the RETURN Extended Partnership and  COTtinuous monitoring of substrate water content and
received funding from the European Union Next-GenerationEU (National drainage volume.

Recovery and Resilience Plan — NRRP, Mission 4, Component 2,

Investment 1.3 —D.D. 1243 2/8/2022, PE0000005)

I. INTRODUCTION

II.  MATERIAL AND METHODS
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Fig. 1. Scheme of the experimental setup for simulated rain tests.

Data were acquired automatically through a CR1000
datalogger, produced by Campbell Scientific®, and registered
with the software LoggerNet.

Green roof microcosms were prepared into plexiglass
cylinders, with an internal diameter of 19.4 cm, equipped
with a bottom drainage hole for outflow collection. Each
microcosm consisted of a 10 cm layer of VM overlying a 4
cm drainage layer. The physico-chemical characteristics of
VM are reported in table 1. Three drainage layers were
considered including: a preformed stratified system called
"MediDrain MD 25" (MD) produced by HARPO
Verdepensile, a layer of expanded clay balls (EC) supplied
by GEOLIA, and a mineral layer consisting of expanded
perlite (EP) produced by "Perlite Italiana". A thin geotextile
(<1 cm) made of polypropylene was used to prevent fine
particles from the substrate from being washed into the
drainage layer. The total height of microcosm was less than
15.0 cm, maximum limit for layering an extensive green
roof. A single replicate was considered for each sample as
the relatively high sampled volume (= 3000 cm®) was
considered representative of the real field conditions.

The microcosms were subjected to infiltration tests with
a constant rainfall intensity of 60 mm h? with a duration of
1 h. A first simulated rain event was conducted on the
initially ~air-dried sample to explore the hydraulic
performance of green roof under very dry summer
conditions. A second rain event was applied 24 hours later
to examine the hydrological response of green roof in wet
conditions close to the so-called “field capacity”. Detention
capacity was estimated as the volume of rainfall retained
until the first appearance of water draining from the outflow.
Retention capacity was estimated as the volume of water
that remained stored into the microcosm after the drainage
process practically stopped. This condition was assumed to
be reached 1 h after the rainfall ended.

TABLE 1. Main physico-chemical characteristics of the volcanic medum:
texture; bulk density, BD; porosity; pH; electrical conductivity, EC.

. BD Porosity EC”
Texture @ ) (%VIV) pH (ms mY)
3-6-91 1021 62 7.28 0.12

“Texture: clay-silt-sand as percent of the fine earth according to USDA.
*1:5 aqueous extract.
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The reliability of the collected data was checked by
applying the mass balance equation to verify that, in a given
time interval, the change in water content stored into the
substrate was equal the difference between rainfall input and
drainage losses.

To evaluate the effects of the different pore size
distributions on the soil water retention curves (SWRC),
different parts by weight of the fine fraction (d < 2 mm) and
the coarse fraction (d > 2 mm) of VM were arranged in five
mixtures in which the coarse fraction was, respectively 0.25,
0.5, 1, 2, 4 times the coarse fraction, c, originally present into
the natural VM. Starting from the air-dried medium, ten
samples were prepared, two replicates for each mixture,
compacted into metal cylinders with diameter of 5 cm and a
height of 5 cm. Sample preparation was carried out following
the methodology proposed by [10].

The SWRC was determined by the tension hanging water
column apparatus [11], applying a drainage cycle consisting
of a sequence of 10 pressure head values, / (m), applied in
descending order. The volumetric water contents, 8 (m’*m),
corresponding to potentials of —1, —3.3, —10, —30, and —150
m, were determined by the pressure method [12]. For each of
the mixtures considered and for each potential, three samples
with a diameter of 5 cm and a height of 1 cm were prepared.

Experimental data were fitted by SWRC fit software
[13], with the van Genuchten model [14]:

8(h) =6, + (8; —6,) (1 + |ah|™)™ ()]

in which 6; (m’m~) and 6, (m’m™) are the saturated and
residual volumetric water contents, respectively, a is a scale
parameter, n and m with m = 1-1/n are shape parameters.
The fitted van Genuchten water retention curves were used to
estimate the macro- (Pmac), MesO- (Pmes), and microporosity
(Pmic) of the different mixtures.

Pmac = es w2 em (2)
DPmes = 9m B efc (3)
Pmic = efc - epwp (4)

where 0; (m®m?) is the volumetric water content of the
saturated medium, 8,, (m*m?) is the volumetric water content
of the matrix (h = 0.1 m), 8 (m*m™) is the volumetric water
content corresponding to so-called field capacity (h = —1 m)
and 6pp (m’m?) is the volumetic water content
corresponding to the permanent wilting point (2 =-150 m).

III. RESULTS

The hydrological response of microcosms exposed to a
simulated rainfall event with constant intensity of 60 mm h!
was greatly affected by the initial moisture conditions
(table 2). Starting from initial air-dried conditions, the
microcosms detained a percentage of the total rainfall
volume that ranged from 19.3% with MD drainage layer to
46.0% with EC drainage layer. The delay in mnoff
formation, i.e., the time lapse between the beginning of
rainfall and the beginning of drainage, followed the same
order of the detention capacity, being maximum for the VM-
EC combination in which it amounted to 0.38 h.



TABLE 2. Hydrological performance of volcanic medium associated with
different drainage layers.

Drainage T drainage Detention Retention
layer (h) (mm) (mm)
Dry
MD 0.19 116 106
EP 0.28 208 18.6
EC 0.38 276 158
Wet
MD 0.04 28 22
EP 0.10 6.2 58
EC 0.06 4.7 6.8

The retention capacity also depended on the drainage
layer with a minimum of 17.7% of the total rainfall volume
for MD layer and a maximum of 31.0% for EP. It is worth
noting that detention and retention capacity showed a
similar trend, given that EC drainage layer performed better
in terms of detention and EP in terms of retention. For initial
dry conditions the worst hydrological performance was
obtained with MD drainage layer.

According to the literature, an extensive green roof can
retain, on average, between 40% and 60% of the amount of
rainwater [15] [16]. Taking into consideration that the
microcosms lacked the vegetation layer responsible for
additional water retention, our results aligned with this
range.

When simulated rainfall started from initial wet
conditions close to the field capacity, the delay in runoff
formation was reduced as well as the detention and retention
capacities (table 2). These results were expected given a
large fraction of the total porosity was filled with water
under wet conditions. It should be highlighted that the green
roof retention capacity is a “dynamic™ variable that depends
on the initial moisture conditions, and it is different from the
water retention capacity of the substrate that, instead,
depends on the pore system arrangement and is a static
property of the porous medium. Anyway, it may be
interesting to note that the VM-EP and VM-EC
combinations, even under wet conditions, showed an
appreciable performance, retaining 9.7% and 11.3% of total
rainfall volume, respectively. Also in this case, the worst
performance was obtained for the VM-MD with a detention
capacity that was two-fold lower and a retention capacity
that was a factor of three lower than the other combinations.

The plots of hydrological response for microcosms
formed by the VM-EC combination for both initial dry
(Fig. 2a) and wet conditions (Fig. 2b) show how the green
roof performance may undergo considerable changes
depending on the initial moisture condition of the substrate.
In agreement with [2], the amount of water retained, and the
portion of runoff reduced by a green roof substrate is
therefore greatly affected by the local climatic conditions
and, specifically, by the season in which precipitation
occurs.
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Fig. 2. Hydrological response of the microcosm with expanded clay, EC, as
drainage layer, for a simulated ramfall event with a constant mtensity of 60
mm h: a) initial dry condition; b) initial wet condition.

Therefore, considering the local climatic context is
important for evaluating the effectiveness of a green roof in
retaining rainwater and reducing runoff.

In the design of a green roof, it is crucial to accurately
determine the permanent load also considering that the
various layers constituting the green roof can become
saturated during intense rainstorms [17]. With this regard,
table 3 reports the specific weight (kg m?) of each
combination between substrate and drainage layer, during
the simulated rain tests. The weights fell within the range of
70 to 250 kg m™ that is typically considered operative for an
extensive green roof.

Fig. 3 compares the different soil water retention curves
obtained for the VM. The results clearly show how the
water retention of the medium decreases as the coarse
fraction ¢ increases from 0.25 to 4.

TABLE 3. Specific weights (kg m) of the considered microcosms at the
start of simulated rainfall (initial), at the beginning of drainage (detention)
and at the end of drainage (retention).

Initial Detention Retention
Dry Wet Dry Wet Dry Wet
MD 1258 134.0 1375 1368 1364 1362
EP 1358 149.7 156.6 1559 1543 155.6
EC 1347 1457 1623 1504 150.5 152.6
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Fig. 3. Soil water retention curves of the mixtures with different parts by
weight of fine fraction (d < 2 mm) and coarse fraction (d >2 mm).

Increasing the coarse fraction, beyond 2¢, did not lead to
further decreases in 0, which remained approximately
constant between 2c¢ and 4c. It is also worth to note that 6
variations, as a function of ¢, were more marked for the
higher pressure heads, up to the field capacity (2 = —1 m),
while, for more negative pressure heads, up to the
permanent wilting point (2 = —150 m), the influence of the
coarse fraction was weaker. Similar results were found by
[18].

The water retention data were adequately fitted by the
unimodal model of van Genuchten [14] as detected by the
high correlation coefficients (mean R = 0.9948).

The volumetric water content at a given pressure head was
negatively correlated with ¢, as detected by the Pearson’s
correlation coefficients, R. The values were significant
(p < 0.05), except for the volumetric water content at the
permanent wilting point, 6.1 (table 4).

This result further confirmed that the impact of the coarse
fraction on the SWRC diminishes as the pressure head value
becomes more negative.

The fitted soil water retention curves allowed to
calculate the percentage distribution of macro-, meso-, and
microporosity in the mixtures (Fig. 4).

Variations in the amount of coarse fraction did not result in
appreciable changes in the percentage of microporosity,
which is indicative of the plant available water content,
PAWC [19]. However, both the percentage distributions of
macro- and mesoporosity were influenced by such
variations (Fig. 4).

Based on the capillary 1law, pmac, Pmes, and pmic correspond to
pore diameters greater than 300 pm, between 30 and 300
um, and between 0.2 and 30 pum, respectively.

TABLE 4. Pearson’s correlation coefficients between volumetric water
contents, 6, corresponding to selected pressure head values and the coarse
fraction, ¢. Values in bold indicate statistically significant correlations
(p <0.05) (V= 10).

0 001 0.1 033 0.150

-0.791 -0.721 -0.763 -0.764 -0.593
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Fig 4. Percentage distribution of macro-, meso-, and microporosity of
mixtures with different parts by weight of the fine fraction (d <2 mm) and
the coarse fraction (d >2 mm).

Increasing the coarse fraction by 2¢ or 4¢ did not result in
substantial differences, while decreasing it by 0.5¢ or 0.25¢
proportionally reduced the percentage distribution of
macroporosity and increased that of mesoporosity. The latter
is expressive of the drainable water capacity, which
represents the soil water that is expected to drain below the
growing substrate due to the combined effect of capillarity
and gravity. Therefore, this result is of considerable
practical importance for improving the detention capacity of
the VM. In particular, it could be supposed that artificially
decreasing the coarse fraction will result in an increased
detention capacity of the volcanic substrate.

Iv.

Volcanic medium resulting from ash deposition that

followed the recent eruptions of Mount Etna (Italy),

represents a lightweight, sustainable material which can be

used as “engineered soil” eventually after the physical and
hydraulic characteristics are ameliorated.

CONCLUSIONS

The results indicated that the hydrological performance
of extensive green roofs made with a 10 cm thick layer of
VM associated with different commercial drainage layers
greatly depended on the initial conditions. In particular,
starting from initial dry conditions, the green roof was able
to detain from 19.3% to 46.0% of the total rain volume, with
the VM-EC combination that exhibited the largest detention
capacity (28 mm), with a delay of 0.38 hour in the formation
of outflow. Total rainfall volume permanently retained are
comparable with those detained. Starting from initial wet
conditions, detained and retained rain volumes were
reduced, as expected due to the lower air-filled porosity.
However, the VM-EP and VM-EC combinations showed
appreciable performances, being able to retain about 10% of
the total rainfall also in wet conditions.

Grading the particle size distribution of volcanic
medium by artificially increasing or decreasing the coarse
fraction resulted in variations in the soil water retention
curve, and associated distributions of macro-, meso-, and
microporosity. Specifically, the most relevant differences
were observed when reducing the coarse fraction by 0.5 and
0.25, leading to an increase in the percentage of
mesoporosity. These results showed the possibility of
manipulating the particle size distribution to enhance the



drainable water capacity, thus improving the substrate's
detention capacity.

Based on the results obtained, it is reasonable to
conclude that volcanic medium represents an effective and
sustainable option as a mineral component of a green roof
substrate. When combined with a well-balanced mixture of
organic materials such as compost, vermicompost or peat, it
forms an optimal substrate for the growth of species like
Petrosedum sediforme or Sedum album, commonly used for
extensive green roofs under Mediterrenean climate.

Estimation of retention and detention capacity was
conducted under the assumption that the water flow is
basically one-dimensional and the drainage occurring at the
bottom layer is suddenly transferred to the outlet of the
green roof. This condition may partially differ under real
conditions in which the green roof is positioned over a
sloped surface and the travelling time could be larger due to
the effect of horizontal flux. The next step of investigation
will therefore involve the use of 2D modelling to assess the
influence of the slope and length of the green roof on the
retention and detention characteristics.

Further investigations are also required to evaluate the
influence of rainfall intensity, as well as to assess the
hydrological response of the substrate when the coarse
fraction has been artificially modified.
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Abstract: Green roofs can be a valid solution for stormwater management in urban environments.
The objective of this study was to develop a laboratory procedure for the hydraulic characterization of
artificial substrates, used in the realization of green roofs, based on transient evaporation and steady-
state unit hydraulic gradient (UHG) experiments. The retention, 8(h), and hydraulic conductivity,
K(h), curves of two commercial substrates Terra Mediterranea® (TMT) and AgriTERRAM® (ATV)
and a specifically developed substrate made by mixing peat, compost and sandy loam soil (MIX)
were investigated. The unimodal van Genuchten-Mualem (VGM) hydraulic functions obtained by
the direct evaporation method with different choices of the fitting parameters were compared with
UHG measurements of K(h) conducted close to saturation. A numerical inversion of the transient
evaporation experiments performed by Hydrus-1D software was also conducted, assuming that the
hydraulic properties could be expressed either by unimodal or bimodal VGM models. The results
indicated that an appropriate a priori choice of the residual water content parameter improved the
estimation of the water retention curve. Moreover, the water retention data estimated from the direct
evaporation method were not statistically different from those obtained with the inverse Hydrus-1D.
The unsaturated hydraulic conductivity estimations obtained by the direct and inverse methods were
highly correlated and the use of the bimodal VGM model improved the estimation of K() in the wet
range. The numerical inversion of laboratory evaporation data with the hydraulic characteristics
expressed by the bimodal VGM model proved to be a reliable and effective procedure for hydraulic
characterization of artificial substrates, thus improving the reliability of simulated water fluxes in
green roofs.

Keywords: green roof; evaporative method; Hydrus 1D; hydraulic characterization; retention curve;
conductivity curve

1. Introduction

Green roofs are low-impact development measures aimed at mitigating the effects of
flooding in urban areas [1]. Green roofs are able to reduce and delay the peak rate into the
sewage system through two mechanisms: (i) the retention of rainfall and (ii) the detention
of runoff. The retention capacity is the volume of rainfall that is stored by the growing
medium and lost via evapotranspiration. Detention refers to the temporal delay occurring
between rainfall that is not retained and emerges as runoff [2]. Considering that roofs may
represent a large portion of the total impervious surfaces in urban areas, green roofs are
one of the key options for hydrologic restoration and stormwater management [3].

Conceptual models for green roof hydrologic functioning, e.g., [4], include lumped
parameters that are case sensitive and need to be calibrated against experimental data,
thus limiting their general applicability [5,6]. Physically based models such as Environ-
mental Protection Agency (EPA)’s Storm Water Management Model (SWMM) [6,7], Soil
Water Atmosphere and Plant (SWAP) model [8] and Hydrus model [9-12] in either one-
dimensional [13,14], two-dimensional [15,16] and three-dimensional versions [5] were
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successfully applied to simulate the water balance and the hydrologic response of a vege-
tated roof. Knowledge of the hydraulic properties, i.e., the relationships between the soil
water pressure head, h, the volumetric water content, 6, and the soil hydraulic conductivity,
K, is necessary to apply simulation models based on the numerical solution of the Richards
equation [8,14]. However, few studies have provided a comprehensive hydraulic charac-
terization of green roof substrates. In most cases, the hydraulic properties of green roofs
were highly simplified or limited to some specific soil characteristics (e.g., field capacity,
wilting point, or particle size distribution) and generally focused only on the soil water
retention curves. For example, in [13], only field capacity and wilting point were measured.
These data, in conjunction with the bulk density and particle size distribution, were used
to estimate the hydraulic properties of substrates using a pedotransfer function. Similarly,
Refs. [8,17] assumed water retention parameters from the literature. Li and Babcock [15] ac-
quired the shape parameters (« and n) of the van Genuchten model for water retention [18]
from the hanging water column and saturated hydraulic conductivity from laboratory
falling head experiments. A comprehensive estimation of both 6(h) and K(h) functions
for a mineral green roof substrate was conducted by [5] and [14] who used a simplified
version of the evaporation method with an extended measurement range [19,20]. However,
they assumed the saturated soil hydraulic conductivity, K;, as a fitting parameter and
their estimations of soil hydraulic conductivity function basically relies on measurements
conducted in the dry range between 10 and 30% of volumetric water content.

In the range of 6 values near to soil saturation, an accurate determination of K(h) (or
K(8)) is critically important for highly permeable porous media, like green roof substrates,
given they must ensure rapid drainage and avoid water ponding on the surface even during
intense precipitation. However, the high non-linearity of hydraulic functions represents a
major difficulty as a small change in 6 may change K by several orders of magnitude.

A very effective and rapid transient laboratory method for simultaneous determina-
tion of both 6(h) and K(h) relationships for the same sample is the evaporation method,
firstly proposed by Wind [21]. The water retention characteristic 6(h) is first estimated
from the average water content and pressure head readings at several locations of the
soil sample by an iterative procedure. Then, the unsaturated hydraulic conductivity
function is determined from the pressure head profile and the changes in water content
distribution. A simplified version of Wind’s method was proposed by [22] in which
tensiometers are installed at only two depths within a short soil column. However, the
linearizing assumptions of the simplified method with respect to time, space and the
water content—pressure head relationship could resultin marked deviations from the
true hydraulic properties for the coarse-textured pore media that are commonly used for
green roof design [23].

Apart from this, other limitations may affect the evaporation method. Water cavi-
tation in the tensiometers, typically occurring around —70 to —90 kPa, limits the mea-
surement range on the dry end [19,20]. On the wet end, the major limitations arise
from the inability to obtain accurate estimates of the hydraulic conductivity because
the hydraulic gradients are too small and subject to uncertainties in tensiometric read-
ings [19,24]. However, many hydrologic and agronomic studies require soil hydraulic
property measurements at both lower and higher tensions. Therefore, the integration of
evaporation data with independent measurements conducted for both the wet and/or
the dry ends seems a valuable solution to improve the soil hydraulic functions’ reliability.
Water retention data at low pressure head values can be readily obtained by the pressure
plate apparatus [25] whereas measurements of near-saturated hydraulic conductivity
may be obtained from steady-state head-controlled infiltration experiments, like the unit
hydraulic gradient (UHG) [26]. Although the combination of these two techniques is
attractive, to our knowledge, measurements of near-saturated hydraulic conductivity
on the same sample used for evaporation experiments were conducted only by [19,27].
Furthermore, provided that 6(1) and K(h) data collected from the evaporation method
are generally fitted by closed-form empirical functions like the van Genuchten-Mualem
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(VGM) model [18], the consistency between modelled functions and additional steady-
state measurements (pressure plate and UGH data) may be problematic and need to be
specifically assessed. This is particularly true close to saturation where, due to the influ-
ence of the macropore domain, unimodal functions may be inappropriate to describe the
hydraulic properties of green roof substrates [3,28-30].

Parameter optimization based on an inverse solution of the Richards equation has
been largely used for soil hydraulic characterization (e.g., [31,32]). One of the advantages
of the inverse method is the flexibility in modelling the hydraulic properties of the porous
media. Though numerically more expensive, inverse modelling was considered preferable
to simplified evaporation methods for coarse media with narrow pore-size distribution [33].
The optimization module of the Hydrus-1D model [9] was used to estimate the water
retention curve and the hydraulic conductivity function of green roof substrates from
simulated rainfall experiments [34-37] but the feasibility of estimating the parameters of
the bimodal VGM [28] from an inverse approach was not explored.

The present study was performed with the main objective of developing a laboratory
procedure for the hydraulic characterization of green roof artificial substrates based on
evaporation and steady-state UHG experiments. The hydraulic properties of the substrates
obtained with the direct Wind method were compared with those obtained by numerical
inversion of the evaporation transient experiments performed by Hydrus-1D software.
The agreement with independent near-saturated K measurements was assessed with the
aim of establishing the reliability of unimodal and bimodal VGM models to describe the
hydraulic properties of the considered artificial substrates. Specific aims were addressed,
including the following: (i) evaluating the influence of fixing the parameters related to the
dry portion of 8(h) and K(h) functions, namely the residual volumetric water content 6, and
the shape parameter A, and (ii) establishing the best approach to obtain mean 6(h) and K(h)
functions representative of several replicate samples.

2. Materials and Methods
2.1. Substrate Characteristics

Three green roof substrates were considered in this investigation, including two
commercial substrates and a specifically developed growing substrate that showed good
hydraulic characteristics for use in ornamental plant production [38]. The first commercial
substrate is Terra Mediterranea® (TMT), manufactured by Harpo Verdepensile (Harpo spa,
Trieste, Italy), consisting of a mixture of 80% mineral fraction (lapillus, pumice and zeolite)
and 20% organic fraction (peat and compost). According to the technical specifications
released by the manufacturer, the substrate dry bulk density, pp, is 850-1000 kg m~3, the
saturated hydraulic conductivity, Ks, is larger than 1200 mm h~! and the field capacity
(i.e., water content at 100 cm suction), G_fc, is 0.30-0.45 m®m 3. The second commercial
substrate is AgriTERRAM® TV (ATV) manufactured by Perlite Italiana srl (Corsico, Milan,
Italy). The mineral fraction (75-80%) includes lapillus, pumice and expanded perlite and
the organic fraction (20-25%) includes peat, bark, coconut fiber and organic conditioners.
Technical specifications certify that py, =400 kg m ™3, K; > 780 mm h~! and 64 > 0.50 m>m 3.
The third growing substrate (MIX) was prepared by mixing on a volume basis 25% peat,
25% compost and 50% mineral soil. Commercial 100% sphagnum peat moss (Vigorplant,
Fombio, Lodi, Italy) and 5-month-aged compost from orange juice processing wastes
and garden cleaning [39] were used as organic fractions. The mineral fraction was ob-
tained using 2 mm sieved sandy loam soil (Typic Rhodoxeralf, clay = 15.9%, silt = 27.2%,
sand = 56.9%, USDA).

For each substrate, four replicated samples were prepared by compacting a given
weight of material into plastic cylinders with a 9.3 cm inner diameter and 12 cm height.
In order to avoid artefacts due to sample preparation, compaction was conducted in four
successive steps by beating the substrates with five strokes from a height of 5 cm followed
by five rotations with a pestle at each increment.
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2.2. Evaporation and UHG Experiments

Given the evaporation method yields the drying branch of the unsaturated hydraulic
functions (Figure 1a), the UHG experiment was performed prior to the evaporation experi-
ment and following a descending sequence of applied pressure heads. A device similar to
the one described by [26] was used (Figure 1b). Samples were saturated from the bottom
on the porous plate of a glass funnel, with an air entry value of —40 cm, connected to an
outflow tube that could be moved in height to establish a given / value at the bottom of the
sample. A pressure head at the top of the sample was applied using a tension infiltrometer
with an 8.5 cm diameter porous disk (Soil Measurement Systems, Tucson, AZ, USA). A
thin layer of 2 mm sieved material was spread on the surface of TMT and ATV to ensure
a good and stable hydraulic connection with the infiltrometer plate. The same / value
was applied at both the upper and lower boundaries in order to establish and maintain a
downward unit gradient flux. Under the assumption that the hydraulic gradient is a unit,
the unsaturated hydraulic conductivity is equal to the measured downward steady-state
flux. Steady-state conditions were considered to be achieved when the infiltration rate, at
each imposed pressure head value, was constant with time. A sequence of pressure head
values of —6, —12 and —18 cm was applied in succession.

tension
infiltrometer

i i i s Y

soil core— F15.

N 24 ] h
porous plate-———" T {
25 = x
35
40
f-45 =

@ (b)

Figure 1. Experimental setup for the Wind evaporation method (a) and apparatus for measuring
unsaturated hydraulic conductivity with UHG method (b).

At the end of the UHG experiment, the sample bottom was sealed and three micro-
tensiometers were horizontally inserted into holes drilled at 2, 6 and 10 cm heights in
order to measure pressure head profiles during the evaporation experiment. The ceramic
cups of 3 cm length and 0.6 cm outer diameter were connected to pressure transducers
(SDEC, Reignac sur Indre, France). The soil core was then placed on a scale (maximum
load 4000 g, resolution 0.1 g) and the evaporation process was allowed to start. Data from
scales and tensiometers were automatically acquired and recorded by a CR1000 datalogger
(Campbell Scientific, Shepshed, UK) at 1 min time intervals until the upper tensiometer
stopped working properly. A blower was used to enhance the soil evaporation rate. For the
entire duration of the evaporation experiments, the laboratory temperature was maintained
at22+1°C.
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Depending on the characteristics of the tested substrates, the duration of evaporation
experiments was from 72 to 170 hr for TMT, from 141 to 324 hr for ATV and from 222 to
489 h for MIX. The range of the explored pressure head values was rather limited, with
the minimum measured / value equal to —282, —87 and —439 cm for TMT, ATV and MIX,
respectively, but in line with the results obtained by [14] for TMT and [40] for coarse
textured green roof substrates.

At the end of the experiment, the tensiometers were removed and the final water
content of the substrate was determined by weighing the sample after oven drying at 105 °C.
The average water contents of the soil sample at different times were backward calculated
from recorded weights and final water content. For the calculation of hydraulic properties
with the Wind iterative method [21], the soil core was divided into three compartments,
centered on the tensiometer positions, with a constant thickness of 4 cm.

The volumetric water contents at a i value of —150 m, 6150, were determined by the
pressure plate extractors on three replicated samples of 5-cm diameter by 1 cm height [25].

2.3. Determination of the Soil Hydraulic Functions

On the assumption that the soil column is homogeneous, determination of the water
retention characteristic involved the following iterative procedure:

1. Aninitial guess fitting of the van Genuchten [18] water retention curve was achieved
from the mean values of the pressure head at the three depths, hy = (h1,i+hoi+h3)/3
and the average sample water contents, 0,, measured at the same time;

2. Using the fitted water retention curve, water contents, 6 ;, were estimated at depths
and times at which the pressure heads were measured;

3. The estimated average water contents were compared with the measured water
storages of the soil sample obtained from weighting and the differences equally
redistributed among the three compartments;

4. From these 6y ; vs. Iy ; pairs, an updated water retention curve was obtained;

5. Steps 3 and 4 were repeated until the maximum absolute change in water storage
values between two successive iterations was < 0.0001 m*m~3.

In general, three iterations were sufficient to reach convergence.

Temporal changes in water content for each of the three compartments were used to
compute hydraulic conductivity by means of a modified instantaneous profile method.
During the time interval At = t; 1 — t;, the water flux, g (L T~1) from the compartment k
upward in the compartment k + 1 is approximated by:

Gk i+1 —9;\. i)Az
‘lk:“——( e Al Al + k-1, 1)
in which Az (L) is the compartment thickness (in this case Az = 4 cm). The hydraulic
conductivity, K (L T~1), was consequently computed according to the Darcy equation
as follows: » g

Ki() = - (Bh/Bz) 0 +1 @
where (Al /Az)y 41 is the average pressure head gradient between two consecutive com-

partments as measured from tensiometer readings at two consecutive times (t; and f;+1).
Corresponding / (or 6) values for the K(h) (or K(6)) relationships were calculated from:

7= Mot i s + M1 )
4
5= Oki + Ok + ikﬂ,i + Ok i1 @

In view of the high uncertainty at low gradients due to the limited sensitivity of
tensiometers, all K values obtained from hydraulic gradients lower than —0.2 m m~! were
excluded from the analysis.
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2.4. Data Analysis

Coupled /1 vs. 6 and K vs. h data obtained for each soil sample from the UHG and
evaporation experiments were fitted by the unimodal van Genuchten-Mualem model [18]
(VGM):

6 —6 1
=00 (1+ [ah|")"™ ©
1\ m2
K(I) = K82 [1— (1— ‘) ] 6)

where S, is the effective water content, K; (LT_l), is the saturated hydraulic conductivity,
6, and 65 (L3L~3) denote the residual and the saturated water contents, respectively, A is a
pore connectivity parameter, and & (L™1), n, and m (=1 — 1/1) are empirical parameters.
Given that 6, and A influence the dry end of the soil hydraulic functions [41,42], it is likely
that these parameters, when left unconstrained, could be poorly estimated. Therefore, it
appeared worthwhile to evaluate if fixing 6, and A to an a priori fixed value could influence
the quality of estimated 6(h) and K(h) functions.

In order to verify the role of fixing/estimating 6, and A parameters, the following
preliminary analyses were conducted:

6.  The retention data obtained by the evaporation method were fitted using Equation (5)
considering «, 1, and s as fitting parameters, whereas 6, was either fitted or fixed
at 6150;

7. The hydraulic conductivity data obtained by the evaporation method were fitted
using Equation (6) considering «, 1, 6s and 6, values obtained from the previous step,
K; as a fitting parameter and A either fitted or fixed at A = 0.5.

The quality of fitting was evaluated for each substrate sample in terms of the Root
Mean Square Error (RMSE) and Nash-Sutcliffe Efficiency (NSE) [43,44]. When the estimates
obtained considering a different number of fitted parameters were compared, the Akaike’s
information criterion (AIC) was also considered. The best fitting approach was selected as
the one with the smallest value of AIC in order to penalize overfitting [5,45].

The possibility of estimating parameters of Equations (5) and (6) by the inverse
method was also evaluated. To this aim, the sample weights and the pressure heads
in the three compartments of the sample collected at 1 h intervals during the transient
evaporation process were used as the input of the inverse method package of Hydrus-
1D software [9]. Parameters &, 1, and 6; and Ks were estimated, while 6, and A were
fixed at the optimal values obtained in the preceding step. Soil hydraulic properties
obtained by the inverse method were compared with those obtained by the direct
Wind method. Comparison was conducted either considering each replicated sample
separately or the average 8(/) or K(I1) curves obtained by the four replicates. Specifically,
average 0(h) or K(h) curves were obtained by two approaches: (i) 6 and K values were
sampled at fixed / values (46 values for both 6 and K) and averaged, the parameters of
averaged 0(h) or K(h) curves were then obtained by fitting the VGM model; (ii) the VGM
parameters of the four samples were averaged and a curve corresponding to the average
parameters considered.

Finally, the mean K(h) relationships obtained from direct and inverse methods were
compared with the mean near-saturated hydraulic conductivity values measured at —6,
—12and —18 cm by the UHG method. This last analysis aimed at evaluating the ability of
the evaporation experiment when analyzed using the direct or inverse method to estimate
accurate K values close to saturation. In order to increase the flexibility of 8(h) or K(h)
function to fit the measured data, the bimodal van Genuchten-Mualem model was used as
follows [28]:

Se = i [1+ (ah)"]"™ + wy[1 + (agh)™]™ (7)
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1N\ M
1Se, +w2Se,)M | wiay [1— (1 =82
d - 8 1

(w11 + wanp)

aym]\2
+w2a2|:1—(1—5;2'2) :|)

2 ®)

where w; and w are the weighting factors for the two flow regions (micro- and macrop-
ores), and a;, n;, m; (=1 — 1/n;), and A are empirical parameters of the separate hydraulic
functions (i =1, 2).

3. Results
3.1. Estimation of Soil Hydraulic Functions by Direct Wind Method

The retention curves obtained for the different replicated samples of the three con-
sidered substrates are plotted in Figure 2. For both conditions (6, fitted or fixed at 6150),
the estimated retention curves effectively reproduced the measured 6(h) values and the
two curves mostly overlapped in the measurement range. The estimated values of the
volumetric water content at saturation, 6, ranged from 0.46 to 0.48 cm?em 3 and from 0.53
to 0.59 cm3em 3 for the TMT and MIX substrates, respectively. For these substrates, the
differences in 6; estimated with the two procedures were the most equal to 0.01 cm3em 3. It
was concluded that a close estimation of 65 can be obtained independently of the considered
estimation strategy. The only exception was for two samples of the ATV substrate in which

the difference between the two estimated 65 values reached 0.09 cm®cm 3.
o TMTIOER | 3 NG e TMT2 fr=fix <seee TMTS3 Or=fix wevees TMT4 r-fix
g 1,000 | =« “TMT1 Br=fit =+ “TMT2 br=fit 1 =+ ~TMT3 ér-fit =+ TMT46r=fit
g '-.
H -
< 1004 ks
EE \
H {
£ 104 \
!
! 1
1 i i
100004 5 F e ATV r-fix wrevee ATV Or=fix e ATVROfi [ ] OV R e ATVA br-fix
1.000 -+ ATVI or=fit =+ ATV2 br=fit -+ ATV3 br=fit =+ ~ATV4 6r=fit

Pressure head, b [em]
z
g

e MIX2 Br=fix e MIX3 Br=fix ees MIXH Br=fix
) =+ MIX2 br=fit - - MIX3 Or=fit - - MIXS or=fit
=
3
< ™~
£
£
: \
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Figure 2. Retention curves obtained for each sample of the three substrates (TMT, ATV and MIX) by
assuming 6, was fitted (6, = fit) or fixed at 615 (6, = fix). The grey dots represent the measured values.

For all the considered experiments (n = 12), when 6, was estimated (6, = fit), the
iterative Wind procedure yielded 6, = 0 as the best solution and, therefore, 6, was fixed at
zero. Compared to the 6, = 65 strategy, this resulted in a systematic underestimation of
6(h) in the dry range of the water retention curve. The goodness of fit for both strategies is
indicated by the low RMSE values and the NSE value close to one. Specifically, the RMSE
values ranged from a minimum of 0.002 to a maximum of 0.013 cm>cm ™3, whereas the NSE
index was always higher than 0.97.
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For the TMT and ATV substrates, no clear preference for a specific estimation strategy
could be claimed. For the MIX substrate, fixing the residual water content at the value
measured for & = 6150 m generally yielded better estimates of the water retention curve
(Table 1). From these findings, it can be deduced that the estimation of the retention curve
carried out with the direct Wind method is more accurate if an appropriate choice of the 6,
parameter is made.

Table 1. Parameters of the retention curves obtained by the direct Wind method by assuming 6, was
fitted or fixed at 0150.

Substrates  Sample 0, 0s « n m RMSE NSE
[em® em™3] [em® em~3] [em™1] [em® em 3]

TMT 1 0.04 * 0.46 0.020 1.61 0.38 0.002 1.00
1 0.00 0.46 0.019 157 0.36 0.002 1.00

2 0.04 * 0.46 0.031 1.40 0.29 0.003 099

2 0.00 0.46 0.030 1.36 0.27 0.003 099

3 0.04 * 0.46 0.030 141 0.39 0.003 1.00

3 0.00 0.48 0.016 172 0.37 0.003 1.00

4 0.04 * 0.48 0.023 1.61 0.38 0.007 099

4 0.00 0.48 0.024 1.51 0.34 0.007 099

ATV 1 0.11* 0.52 0.117 144 0.31 0.004 099
1 0.00 0.53 0.138 1.30 0.23 0.004 099

2 011* 0.63 0.091 1.68 0.40 0.012 098

2 0.00 0.72 0.177 141 0.29 0.013 097

3 0.11* 0.79 0.203 1.48 0.32 0.008 099

3 0.00 0.85 0.332 1.33 0.25 0.008 099

4 0.11% 0.69 0.069 146 0.31 0.003 1.00

4 0.00 0.70 0.076 135 0.26 0.002 1.00

MIX 1 0.07 * 0.53 0.029 1.56 0.36 0.005 099
] § 0.00 0.53 0.030 145 0.31 0.006 099

2 0.07 * 0.58 0.037 143 0.30 0.006 1.00

2 0.00 0.59 0.043 1.33 0.25 0.007 099

3 0.07 * 0.56 0.029 1.49 0.33 0.003 1.00

3 0.00 0.57 0.033 1.38 0.28 0.006 099

4 0.07 * 0.55 0.033 147 0.32 0.004 1.00

4 0.00 0.56 0.039 1.36 0.26 0.005 1.00

* 0, fixed at 615.

The measured values of unsaturated soil hydraulics showed a large dispersion at
higher pressure heads (/1 > —30 cm) particularly for the two commercial substrates (TMT
and ATV) (Figure 3). The uncertainty in K(/1) measurements close to saturation is a known
drawback of the evaporation method due to the influence of measurement errors when
the hydraulic gradients are low. In the case of the commercial substrate, the measurement
error influence is probably emphasized by the coarser nature of the material that makes the
hydraulic contact with the ceramic cup of the tensiometers more problematic.

For both the considered conditions (A fitted or fixed at 0.5), the estimated hydraulic
conductivity curves overlapped the experimental K() values in the measured range of
pressure heads (Figure 3). The two estimated K(/) relationships diverged for drier condi-
tions (i.e., low & values). In this range, fitting of the A parameter generally resulted in an
underestimation of the unsaturated hydraulic conductivity function. This was the case
for TMT, for which A ranged from 1.51 to 6.57, sample 1 of ATV (A =3.0) and samples 1, 2
and 3 of MIX (A = 1.32-1.77). Conversely, overestimated K(/) functions in the dry range
corresponded to fitted values of A lower than 0.5 (samples 2, 3 and 4 of ATV and sample 4
of MIX). Due to the direct correlation existing between K, and A [32,46], higher estimated
saturated hydraulic conductivity values corresponded to higher A values (Table 2). Fitting
a A parameter greater than 0.5 resulted in an overestimation of Ks by a mean factor of
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3.1. When fitted A was lower than 0.5, Ks; was underestimated by a mean factor of 0.87.
Therefore, overestimation of Ks when A was left unconstrained was a more frequent and
relevant outcome than the opposite one (underestimation of Ks). It is worth noting that even
an overestimation of K; up to a factor of 2 was not able to fit the near saturated hydraulic
conductivity values estimated from UHG experiments (Figure 3). The only exception was
for sample 4 of TMT, for which K; estimated with unconstrained A was a factor of 12.4 larger
than the one estimated with A = 0.5.
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Figure 3. Hydraulic conductivity curves obtained for each sample of the three substrates by consider-
ing A fitted (A = fit) or fixed at 0.5 (A = fix). The grey crosses and dots represent the values measured
by direct Wind and UGH methods, respectively.

Table 2. Parameters of hydraulic conductivity curves obtained with the Wind iterative approach by
assuming A fitted or fixed at 0.5.

Substrate  Sample K A RMSE NSE AIC
[em®h 1] [em® em™3]
TMT 1 1.08 1.51 0.18 —1.64 0.04
1 0.58 0.50 * 0.17 —-1.50 0.02
2 1.12 6.57 0.01 0.92 —0.38
2 0.61 0.50 * 0.01 0.84 -0.17
3 0.40 222 0.03 0.63 -0.22
3 0.34 0.50 * 0.03 0.61 —-0.11
4 43.34 4.60 0.00 0.97 —0.44
4 3.50 0.50 * 0.00 0.89 -0.19
ATV 1 10.74 3.30 0.03 0.53 —0.06
1 452 0.50 * 0.03 0.51 —0.03
2 1.94 0 0.03 0.35 —0.06
2 2.30 0.50 * 0.03 0.34 —-0.03
3 48.11 0.00 0.14 0.46 0.03
3 59.39 0.50 * 0.14 0.44 0.01
4 4.62 0.00 0.07 0.54 —0.02
4 511 0.50 * 0.07 0.53 —-0.01
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Table 2. Cont.

Substrate  Sample Ks A RMSE NSE AIC

MIX 1 1.08 1.51 0.00 0.96 -12.82

1 0.58 0.50 * 0.00 0.94 -12.57

2 431 1.77 0.00 0.97 -0.21

2 1.74 0.50 * 0.00 0.96 —0.10

3 1.25 1.32 0.00 0.90 -0.12

3 0.97 0.50 * 0.00 0.88 —0.06

4 1.85 0.26 0.00 0.95 —0.05

4 1.9 0.50 * 0.00 0.95 —0.03

* A fixed at 0.5.

The RMSE and NSE values indicated a very good estimation performance for the MIX
substrate and a relatively good performance for the other two substrates (Table 2). Only
sample 1 of TMT showed negative values of NSE and high values of RMSE. In terms of
RMSE and NSE, the two considered estimation strategies (A fitted or fixed at 0.5) were
practically equivalent. For 10 out of 12 samples, the AIC values for fitted A were lower
than those for fixed A. The two exceptions were sample 1 of TMT and sample 3 of ATV
that showed poor RMSE and NSE values. Therefore, the strategy involving fitting of the A
parameter was considered preferable to that assuming a constrained A value equal to 0.5.

3.2. Estimation of Soil Hydraulic Functions by Inverse Method

The retention and hydraulic conductivity curve parameters of three substrates esti-
mated by the inverse method applied to the evaporation experiments are shown in Table 3.
According to the results of the previous section, the 6, parameter was set at 159 and the
A parameter was estimated. Comparison between the mean soil hydraulic parameters
obtained by the direct and inverse methods is reported in Table 4.

Table 3. Parameters of retention and hydraulic conductivity curves obtained by applying the inverse
method approach.

Substrates Sample 0, 0s « n K A
[em®em=3]  [em® em™3] [em™1] [emh™1]
T™T 1 0.04 0.50 0.06 142 2.26 3.66
2 0.04 0.46 0.04 1.36 0.73 3.10
3 0.04 0.46 0.03 141 0.41 2.83
4 0.04 0.49 0.03 1.58 10.10 1.54
ATV 1 0.11 0.45 0.09 151 1.61 0.09
2 0.11 0.62 0.09 1.66 13.26 0.00
3 0.11 0.69 0.12 149 2113 0.00
4 0.11 0.70 0.08 144 100.00 423
MIX 1 0.07 0.55 0.04 152 4.63 2:53
2 0.07 0.61 0.05 142 415 0.97
3 0.07 0.48 0.02 142 0.33 246
4 0.07 0.58 0.05 143 17.78 211

The parameters of the water retention curves (i.e., , 1, and ;) obtained as the mean of
the parameters of Equation (5) fitted to the individual samples were practically identical to
those obtained by fitting Equation (5) to the mean water retention data. Minor differences in
the two averaging approaches were found for hydraulic conductivity function parameters
(Ks and A). However, the differences in estimated K; were reported within a factor of
0.96-1.04 that is negligible in practice. It was concluded that the two averaging approaches
yielded coincident estimations of the substrate hydraulic properties as far as the unimodal
VGM model is considered.
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Table 4. Soil hydraulic parameters obtained by the direct Wind method and the inverse Hydrus-1D
method by considering two averaging approaches.

Averaging
Substrate Method Method 0 « n Ks A
[em®ecm™3]  [em™] [emh™!]
TMT  direct 001 and K() 047 002 161 168 397
curves
direct eafimated 047 0.02 1.60 1.62 6.60
parameters
inverse 0 and K() 048 004 144 161 265
curves
hyerse: estmated 048 004 146 160 326
parameters
ATV direct ~ O0andK() 0.66 012 151 890 024
curves
direct estifiiated 0.66 0.11 142 924 0.00
parameters
inverse 001 and K(h) 0,61 009 152 1456 003
curves
e . oiwated 0.61 010 151 1462 030
parameters
MIX  direct (N and K@) 056 003 149 202 160
curves
direct estimiated 056 003 149 201 165
parameters
wveme, nandk) 055 0.04 145 3.25 1.89
curves
wveme:  isoamated 055 004 143 331 044
parameters

The retention curves and hydraulic conductivity functions obtained for the single
samples of the three substrates with the direct and inverse method are compared in Figure 4.
The plots confirm the good agreement of water retention curve estimates obtained by the
direct and inverse methods with coefficients of determination, R2, that ranged between
0.9768 and 1.00 (Table 5). On average, the best agreement between the water retention curve
estimated by the two methods (i.e., direct and inverse) was observed for the MIX substrate
(mean R? = 0.9997) and the worst for the TMT substrate (mean R? = 0.9973). The correlation
for the hydraulic conductivity function was generally lower than the water retention curve,
confirming that the two methods could yield different results for K(h) (Table 5). The
largest discrepancies were observed for substrate TMT with a mean R? of 0.9741. The
remaining substrates were characterized by similar mean R? values (R? = 0.9915 for ATV
and R? = 0.9916 for MIX). It is worth noting, however, that the worse correspondence
observed for the TMT substrate is mostly determined by a single sample (sample TMT 1)
that resulted in a very different estimation of A parameters with the two approaches.

The results demonstrated how the two methods of analysis of the evaporation tests
yielded similar results both in terms of the estimated water retention curve and unsaturated
hydraulic conductivity functions. However, even with the inverse method, the marked
tendency to underestimate the near saturated hydraulic conductivity measured with the
UHG method was confirmed.

The bimodal VGM model was used in order to improve the predictive ability of the
inverse Hydrus-1D method at high-pressure head values (Table 6). Due to the increased
flexibility of the bimodal hydraulic functions, higher values of Ks were obtained that better
approached the independently measured values. At the same time, larger A values were
estimated (Table 6). For the TMT substrate, K; values estimated by the inverse method
and the bimodal VGM model ranged from 54.1 to 473.4 cm h~! with an average value of
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0, Wind [em® em™]

K. Wind [em h]

182.4 cm h™ 1. For the ATV substrate, estimated K values ranged from 75.3 to 315.7 cm h!
with an average value of 235.4 cm h L Finally, for the MIX substrate, the estimated Ks
values were between 135.8 and 315.6 cm h~! with an average value of 1792 cm h~1.
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Figure 4. Comparison between (a) volumetric water content 6 and (b) hydraulic conductivity K
values estimated for a given / value by the direct Wind and inverse Hydrus-1D methods. Symbols in
grey represent the individual samples, while symbols in black represent the average values.

Table 5. Correlation parameters for the water retention and hydraulic conductivity curves obtained
from direct Wind and inverse Hydrus-1D methods.

Water Retention Curve Hydraulic Conductivity Curve
Substrates Sample  Slope Intercept R? Slope Intercept R?
[em® em~3] [emh~1]

T™T 1 1.03 -0.01 0.9768 0.80 0.10 0.7453
2 1.03 -0.01 0.9997 2.63 0.00 0.9939

3 1.18 -0.02 0.9900 127 0.02 0.8958

4 0.99 0.00 0.9992 0.79 0.05 0.9957

Avg. 1.06 -0.01 0.9943 1:22 0.03 0.9467

ATV 1 115 -0.01 0.9992 1.60 —0.02 0.9767
2 1.02 0.00 1.0000 0.26 0.00 0.9993

3 1.08 —0.02 0.9889 472 —0.89 0.9675

4 0.99 0.00 0.9997 0.06 0.04 0.9896

Avg. 1.04 0.02 0.9977 0.59 -0.03 0.9948

MIX 1 1.00 0.00 0.9986 0.31 0.01 0.9848
2 0.97 0.01 0.9976 0.76 0.02 0.9924

& 1.19 —0.05 0.9831 475 -0.01 0.9924

4 0.98 0.00 0.9976 0.16 0.04 0.9758

Avg. 1.03 -0.01 0.9996 0.66 0.01 0.9930

The mean hydraulic conductivity curves obtained by the inverse method consider-
ing unimodal and bimodal unsaturated hydraulic conductivity functions are plotted in
Figure 5. Compared to the unimodal model, the bimodal model was more effective in
fitting the experimental data points obtained with the UHG method at a pressure head
close to zero.
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Table 6. Parameters of the van Genuchten bimodal water retention (Equation (7)) and hydraulic
conductivity (Equation (8)) functions obtained by the inverse method.

Substrate Sample 0, 0s Il " Ks A wy ay "y
[em® cm 3] [em® cm—3] [em™1] [emh™1] [em™1]
T™T 1 0.04 0.50 0.062 3.07 54.12 2:15 0.168 0.003 1.100
2 0.04 047 0.086 1.29 473.40 952 0.730 0.030 1.340
3 0.04 046 0.010 1.30 121.30 544 0.105 0.010 1.100
4 0.04 048 0.021 1.65 80.89 331 0.099 0.115 3.762
Avg. 0.044 0.476 0.045 1.83 182.43 5.10 0.275 0.040 1.826
ATV 1 0.11 045 0.070 2.02 286.20 513 0.360 0.044 1.110
2 0.11 0.60 0.075 2.08 263.10 3.67 0.380 0.058 1.300
3 0.11 0.67 0.080 3.97 75.25 3.18 0.575 0.019 1.714
4 0.11 0.66 0.031 1.42 315.70 6.09 0.392 0.090 1.877
Avg. 0.106 0.595 0.064 2.37 235.06 452 0.427 0.052 1.500
MIX i 0.07 055 0.068 5.54 135.80 7.74 0.894 0.030 1.519
2 0.07 0.60 0.046 1.10 315.60 475 0.579 0.048 1.977
3 0.07 0.46 0.013 2.38 155.30 10.11 0.067 0.072 5.000
4 0.07 058 0.057 2.9 110.00 468 0.609 0.017 1.332
Avg. 0.070 0.546 0.046 3.00 179.18 6.82 0.537 0.042 2.457
_ 1x10
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Figure 5. Hydraulic conductivity curves obtained by the inverse method considering unimodal
(Equations (5) and (6), dot line) and bimodal (Equations (7) and (8), continuous line) VGM models.
Lines represent the average of four replicated samples. Grey crosses and dots represent the measured
K(h) values of individual samples measured by direct Wind and UGH methods, respectively.

4. Discussion

The direct Wind [21] evaporation method with a pressure head measured at three
heights allowed an accurate description of the unimodal water retention curve of the
three considered substrates, provided the 6, parameter is fixed at the water content value
measured at # = —150 m. Despite showing a relative larger dispersion at high / values,
the measured unsaturated hydraulic conductivity data were adequately fitted by the
unimodal VGM model when the A parameter was left unconstrained. The direct Wind
and the inverse Hydrus-1D methods yielded estimations of the water retention data that
were practically coincident and highly correlated (R > 0.97) estimations of K(h). The
experimental setup consisting of three tensiometers at 4 cm intervals seemed adequate to
estimate the hydraulic properties of coarse green roof substrates that may be problematic
with the simplified evaporation method, making use of only two tensiometers [23,33]. A
very good estimation performance for the MIX substrate and a relatively good performance
for the coarser TMT and ATV substrates was obtained, thus confirming that this sample
schematization improved identification of the non-linearity of /i(f) profiles in the initial stage
of the transient process and reduced errors caused by linearization and quasi steady-state
assumptions [24]. However, for pressure heads higher than —30 cm, direct measurement
of K(hh) was inaccessible due to the estimates of the hydraulic gradient that become too
small. This is a well-known limitation of the evaporation method that can be overcome by
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conducting UHG and evaporation experiments in succession on the same sample [20,27].
However, our results showed that this strategy was not enough in the case of green roof
substrates that present a heterogeneous composition with a double order of pores of
different sizes, i.e., micropores and macropores [30]. Indeed, the independently measured
hydraulic conductivity values close to saturation were always underestimated.

When the inverse method with the hydraulic properties expressed by the bimodal
VGM model was used, a close description of the K(/) function in the range from saturation
to the lower limit of the evaporation method was obtained. The effective benefit of using
the bimodal VGM model was sometimes questioned. Peng et al. [3] and Liu and Fassman-
Beck [29] showed that the bimodal VGM model improved the description of substrates’
water retention but the hydraulic conductivity was effectively improved only when a
three-modal function was considered. Turco et al. [30] showed that although the substrate
could have a bimodal behavior, the differences between uni- and bimodal soil hydraulic
characteristics had minimal effects on the hydrological functioning of a green roof, given the
error in simulated runoff volume is less than 1%. They concluded that the unimodal model
must be preferred instead of the bimodal due to the lower number of estimated parameters.

5. Conclusions

The knowledge of the substrate hydraulic properties, i.e., the relationships between
the water pressure head, /1, the volumetric water content, 6, and the hydraulic conductivity,
K, of the porous medium, is crucial for the simulation of water fluxes in green roofs
by mechanistic models. The evaporation method could be a very effective and rapid
transient laboratory method for simultaneous determination of (1) and K(h) relationships.
In this study, we applied the Wind evaporation method supplemented by steady-state
independent measurements of K(h) conducted close to saturation to estimate the hydraulic
properties of artificial substrates designed for green roof preparation. The results confirmed
that the evaporation method, either direct or inverse, is inadequate to estimate the near
saturated hydraulic conductivity of heterogeneous pore media like the substrates under
study. A much better description of the K(/) function could be obtained only when the
inverse method with the bimodal VGM model was used. Therefore, this approach could be
recommended as an effective strategy for green roof substrate characterization.

However, further investigation is necessary to assess the effectiveness of the bimodal
models in improving the simulation of the hydraulic processes that occur in extensive green
roofs subjected to natural rainfall and evapotranspiration.
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ARTICLEINFO ABSTRACT
Keywords: Green roof detention capacity is related to the steady-state infiltration rate, i,, of the growing
Infiltration medium. With the aim to investigate short- and long-term modifications of the detention capacity

Growing medium
Green roof

Detention capacity
Minidisk Infiltrometer

of an extensive Mediterranean green roof, three mini-disk infiltrometer (MDI) measurement
campaigns were conducted at construction, after one season and after five years of operation. A
laboratory experiment was designed to separately measure i in the upper and the lower part of
the substrate profile. During the first operating season, field i, increased by a factor of 2.4 and 1.9
for near-saturated (applied pressure head, ho = —30 mm) and quasi-saturated conditions (ho =
—5 mm), respectively. Similar rainfall height did not induce significant modifications in the upper
layer of the laboratory columns, even if contribution of small pores to water infiltration tended to
increase. Differently, i. significantly decreased by a factor of 3.4-5.3 in the lower layer. After the
simulated rainfall, the upper layer was less packed (mean bulk density, p, = 1.083 kg m~?) and
the lower layer was more packed (p, = 1.218 kg m %) as compared with the initial density (pp =
1.131 kg m ?) and the lower part enriched in small particles. Short-term modifications in the
experimental plot were thus attributed to fine particles washing-off and bulk density decrease in
the upper layer, yielding an overall more conductive porous medium. After five years of green
roof operation, field i; did not further increase thus showing that the washing/clogging mecha-
nism was complete after one season or it was masked by counteracting processes, like root
development and hydrophobicity.

1. Introduction

Green roof hydrological performance depends on the water retention capacity, i.e. the rainfall volume stored by the growing
medium that is lost via evapotranspiration, and the detention of runoff, i.e. the transient storage of rainfall which reduces and delays
the peak outflow rate [1,2]. Control of green roof detention properties is required to reduce the risks associated with pluvial flooding
and/or combined sewer overflows. However, detention process is difficult to characterize as it combines the effects of plant, substrate
and drainage layers as well as their interactions [3].

For the scopes of stormwater management, it is generally assumed that the potential of a green roof to retain and detain runoff
remains constant over time. However, similarly to other natural or artificial porous media, the growing substrate may undergo
temporal changes due to various biological and physical processes [3]. Root growth can reduce pore volumes due to local compaction
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and pore filling [4,5]. The decay of dead roots leaves channels which may increase pore spaces and act as flow paths, increasing
hydraulic conductivity [6]. Accumulation of suspended solids on the surface or in the void spaces of the porous media is responsible for
clogging that reduces infiltration capacity [7,3]. Self-filtration, i.e., the process of particle mobilization and re-deposition within the
porous medium, may result in a more compacted and less conductive lower layer [9].

Despite it can be expected that the age of green roof would influence hydraulic performances, specific studies are limited mainly
because natural climatic variations tend to mask any subtle changes in the underlying hydrological characteristics of the system [10].
Getter, Rowe and Andresen [11] found that the pore volume doubled (from 41 to 82%) and the water-holding capacity increased from
17 to 67% after five years of usage. However, a review of data from 18 studies did not show any significant effect of green roof age on
the annual runoff volume [12]. Seasonal variations of the detention performance of three different substrates were found to be more
evident than annual trends due to time variable hydrophobicity of the substrate [13].

According to the conceptual model for green roof detention proposed by Kasmin, Stovin and Hathway [14], runoff occurs only
when the field capacity of the substrate is exceeded. Thus, detention is basically controlled by the gravity driven flow through the
interconnected larger pores of the growing medium that occurs for moisture content close to saturation. Monitoring the substrate
steady-state infiltration rate under saturated or near-saturated conditions is therefore a potentially valuable tool for assessing modi-
fications of detention capacity due to aging.

A relatively easy, rapid and inexpensive measurement of infiltration rate with a minimal disturbance of surface layer can be
conducted by the MiniDisk Infiltrometer (MDI) [15]. Furthermore, field infiltration methods maintain functional connection of the
conductive pore system with the surrounding medium [16]. Application of MDI allowed to investigate the seasonal variation in
saturated and near-saturated hydraulic conductivity of the growing substrate of an extensive green roof plot established at the Uni-
versity of Palermo [17]. After only one growing season, the saturated hydraulic conductivity increased by a factor of 1.4 and the
near-saturated hydraulic conductivity by a factor 3.0 compared to the initial values estimated on the new substrate at the time of green
roof construction. The main cause of the observed differences was attributed to washing off of fine particles that accumulated in the
lower layer. However, measurements of hydraulic conductivity in the lower layer of the growing medium were not conducted and the
role of washing/clogging process was hypothesized on the basis of the observed modifications in particle size distribution and substrate
bulk density.

This study was conducted to fill the gap of knowledge on the processes underlying the short-term modifications of green roof
detention capacity. A laboratory MDI experiment was designed to detect modifications in steady-state infiltration characteristics of the
growing substrate as a consequence of particle self-filtration operated by rainfall. Laboratory data were compared with field data
obtained by Alagna, Bagarello, Concialdi, Giordano and lovino [17] during the first year of operation of the extensive green roof plot.
Furthermore, with the aim to investigate green roof aging at a longer temporal scale, in-situ MDI tests were replicated in the same full
scale plot after five years of operation.

2. Materials and methods
2.1. Field experiments

The extensive green roof experimental plot at the Department of Agricultural, Food and Forest Sciences of University of Palermo is
planted with Sedum sediforme and covers a plane surface of 18 m* (3 m wide by 6 m long). The green roof was constructed with the

WASHED- LOWER

LABORATORY
WASHED- UPPER

NON WASHED- UPPER

SIMULATED RAINFALL 650 mm

|| &

MINIDISK INFILTROMETER (MDI)
hy = -30 mm near-saturated h, = -5 mm quasi-saturated

Fig. 1. Experimental setup.
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“Mediterranean green roof system” supplied by HARPO Verdepensile (Trieste, Italy) that consists of a 3-cm-thick drainage and
accumulation layer and a growing substrate (approximately 8 cm high) made by a mixture of 80% mineral fraction (lapillus, pumice
and zeolite) and 20% organic fraction (peat and compost). According to the technical specifications released by the manufacturer,
substrate dry bulk density, py, is 850-1000 kg m 3, saturated hydraulic conductivity, K;, is larger than 1200 mm/h and field capacity (i.
e., water content at 100 cm suction), 85 = 0.30-0.45 m’m3.

Field infiltration experiments were conducted at the surface of the experimental plot in December 2017 (T0), at the time of green
roof construction, and then in October 2018 (T1) at the end of the first growing season [17]. In summer 2022, i.e. after five years of
green roof operation, the experimental plot was sampled again (T2), following the same experimental procedure, to assess long-term
variations of the infiltration characteristics. A Minidisk Infilrometer (MDI) manufactured by Decagon (Decagon Devices, Inc., Pull-
man, WA) having a disk diameter of 4.5 cm was applied by imposing pressure head, ho, values of —30 and —5 mm (Fig. 1). The former
value of hy was established to explore near-saturated conditions given that, according to the capillary law, only pores having an
equivalent diameter, d., smaller than approximately 1 mm contribute to water flow whereas larger pores are empty. The latter value of
hg was set to explore saturated (or quasi-saturated) conditions. A slight negative value of hy was selected to exclude the artefact due to
porous plate resistivity on the assessment of infiltration rate when h is set to zero. In theory, avalue of hy = —5 mm activates pores with
equivalent diameter up to 6 mm therefore allowing assessment of substrate transmission properties closely related to the saturated
condition. At each sampling date, 18 randomly selected sites were sampled for each of the two considered ho values. The surface layer
of the experimental plot was also sampled at each measurement site to determine the initial gravimetric water content, U; (g g '), after
oven-drying at 105 °C for 24 h.

During time interval between TO and T1, 638 mm rainfall occurred that is very close to the average year precipitation for the area of
Palermo (from 637 to 755 mm in the period 2002-2018, depending on the rain gauge location). From T1 to T2, 1432 mm rainfall
occurred mainly concentrated in fall-winter months. During the considered time interval (TO - T2), no irrigation was performed and the
vegetation was fed only by natural rainfalls.

For each of 108 infiltration experiments forming the considered dataset (18 locations x 2 pressure heads x 3 campaigns), the steady-
state infiltration rate, i; (mm h '), was estimated from the slope of the regression line fitted to linear portion of the cumulative
infiltration, I (mm), vs. time, t (s), curve. A minimum of five consecutive I vs. t data was considered for regression and the maximum
relative error between the estimated and measured I values in the linear portion of the infiltration curve was calculated.

2.2. Laboratory experiments

Nine soil columns were prepared by packing new substrate into plexiglass tubes (internal diameter, D = 5.5 cm; height L = 10 cm)
made by two separate halves to split the soil sample into an upper (UP, 0-5 ecm depth) and a lower (LW, 5-10 cm depth) part. A wire
mesh (diameter 0.5 mm) and a nylon cloth was put at the bottom of the column to replicate a lower boundary condition similar to that
of the experimental plot. The sample preparation was conducted following a repeatable procedure that consisted in filling the tube in
four successive layers (each approximately 2.5 em high) and compacting the sample by tapping it 10 times from a height of 2-3 ecm. The
mean dry bulk density (p, = 1.13 g/em? CV = 5.47%) was larger but not far from the one reported for the full scale green roof by
Alagna, Bagarello, Concialdi, Giordano and lovino [17].

Infiltration tests were performed by a MDI at the same imposed pressure heads of —5 mm and —30 mm at the soil surface. A small
amount of 2-mm sieved substrate was spread onto the sample surface to fill the small depression and ensure a full hydraulic contact
between the porous plate and the infiltrating surface. Given the dimension of the infiltration source was very close to the sample
diameter, the hypothesis of one-dimensional (1D) water flow into the substrate was assumed. Water flow under laboratory conditions
was therefore different form the field one. In the latter, a three-dimensional (3D) flux is expected due to the contribution of lateral
capillarity as a consequence of unconfined infiltration [16]. However, the use of 1D infiltration experiments seemed appropriate as,
under field conditions, the hypothesized self-filtration process activated by rainfall is a vertical process.

Similarly to field experiments, the steady-state infiltration rate, i (mm h™!), was determined from the slope of the linear regression
line fitted to I(t) data. A minimum of five consecutive I vs. t data was considered for regression and the maximum relative error between
the estimated and measured I values in the linear portion of the infiltration curve was calculated.

To simulate the effect of particle washing off operated by rainfalls, the following experimental procedure was followed (Fig. 1).
After sample preparation, a first MDI run was performed on the sample surface with the pressure head hy = —30 mm applied first and
ho = —5 mm after 24 h redistribution (non-washed columns, NW). The soil columns were then washed with 1500 cm® water applied in
three steps of 500 cm® in three consecutive days to simulate the effect of a cumulative rainfall height of 650 mm, that is very close to
the total rainfall amount recorded between TO and T1. Soil columns were allowed to dry under laboratory conditions until an initial
soil water content value close to the initial one was reached. A second MDI run was performed on the sample surface with the pressure
head hy = —30 mm applied first and hy = —5 mm after 24 h redistribution (washed columns, W). Then, the soil columns were dis-
assembled and dried to the same initial soil moisture content under laboratory conditions. A third MDI run was conducted on the
surface of the lower part on the column following the same procedure (i.e., infiltration at hy = —30 mm followed by infiltration at hy =
—5 mm after 24 h redistribution). Soon after the end of the MDI experiments, the upper (UP) and the lower (LW) parts of the soil
columns (each having a thickness of 5 cm) were weighted and dried at 105 °C to determine final soil gravimetric water content and
bulk density. Crushed samples were then sieved through a series of eight sieves (9.53, 6.0, 5.0, 4.0, 2.8, 2.0, 0.85, 0.25 mm) and the
particle size distribution of both the total and the UP and LW parts of the columns determined.
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2.3. Statistical analyses

The statistical frequency distribution of i; data obtained from field and laboratory experiments was checked with the Lilliefors [15]
test (P = 0.05), considering both a normal (NO) and a In-normal (LN) distribution. For the field dataset, both the NO and LN disti-
bution hypotheses were rejected for the second sampling date (T1) independently of the applied pressure head value. The LN dis-
tribution hypothesis was also rejected for experiments conducted at hy = —30 mm at third sampling date (T2). Therefore, the
non-parametric Mann-Whitney U test [19] was applied to compare i; data collected at the different field sampling dates (P = 0.05). A
pairwise approach was applied to establish comparisons between i; data in accordance with other investigations focused on sampling
soil properties at different dates [20].

Both the NO and LN distribution hypothesis were never rejected for the steady-state infiltration rate collected at the two applied
pressure heads on the laboratory repacked soil columns. Statistics of i; were therefore calculated according to a NO distribution.
Comparison between mean i; values collected in the UP part of the column before and after simulated rainfall and between UP and LW
parts of the column after water treatment were therefore conducted according to a paired t-test (P = 0.05).

A NO distribution was also assumed for U; values measured at the three sampling dates in the experimental plot and statistical
comparisons conducted by F-test and unpaired two-tailed t-test (P = 0.05).

3. Results and discussion
3.1. Field experiments

The experimental plot was sampled under different conditions of initial gravimetric water content (Table 1). The lowest mean U;
was measured for the summer sampling (T2) whereas the highest value corresponded to the T1 sampling that was conducted in
October a few days after 40.8 mm rainfall occurred. Fall sampling was also characterized by the lowest spatial variability of U; values.
The winter (TO0) and fall (T1) samplings showed similar maximum and minimum values but means differed by a factor of 1.36. It is
worth noting that the maximum initial substrate water content in summer (U; = 0.019 g g~ ") is far below the minimum value measured
for the former two campaigns (U; = 0.136 and 0.153 g g ' for TO and T1, respectively) thus showing the very dry conditions that may
occur in the growing substrate during the summer season. The relatively high variability of U; is line with the general guidelines
proposed by Warrick [21] and other field investigations conducted on natural soils (e.g., Refs. [22,23]). However, further in-
vestigations need to be conducted to assess if the sampled substrate volume at each site (approximately 200 cm®) can be considered
representative for estimating the moisture content in heterogeneous media characterized by a large coarse fraction (52.3% by mass of
particles were larger than 9.53 mm in size).

Independently of the sampling date, infiltration tests conducted at hop = —30 mm were on average 2.75 times longer than the
corresponding tests conducted at hg = —5 mm. Following the theory, the infiltration rate was generally maximum at the initial stage of
infiltration and then approached a steady-state condition [16]. A clear detection of a steady-state phase was always possible as showed
by the single R? values that were always greater than 0.9848 (mean R values equal to 0.9993 and 0.9992 for hy = —5 and —30 mm,
respectively) and the low values of Ejq, (mean Epqy equal to 1.2% and 1.5% for hy = —5 and —30 mm, respectively). Bagarello, lIovino
and Reynolds [24] assumed a relative error of 2% between estimated and measured cumulative infiltration as a criterion to establish
the onset of the steady-state stage but values up to 5% were considered acceptable [25]. In this investigation, the threshold of 2% was
exceeded in 21 out of 108 experiments and the threshold of 5% never exceeded. Therefore, steady-state unconfined infiltration flux
was always achieved during the experiments. Due to contribution of the pores with d, > 1 mm, the mean steady-state infiltration rate
for quasi-saturated conditions (hy = —5 mm) was on average 4.8 times larger than under near-saturated (hy = —30 mm) conditions.

For 3D infiltration into homogeneous soil, i; depends on both soil hydraulic conductivity and sorptivity [26]. The former controls
gravity flow whereas the latter, that depends on the initial soil water content, accounts for lateral expansion of the wetted bulb due to
capillarity. The relative influence of the gravity over capillary flow can be detected from the shape of the cumulative infiltration curve,
I(t), in the initial transient stage on the infiltration process. A downward concavity indicates that the process is influenced by capillarity
whereas a I(t) curve that is linear with time indicates that the process is mainly driven by gravity, with limited or no influence of
capillarity [16], and is therefore essentially 1D. An upward concavity of the I(t) curve can occur in particular cases as for infiltration in
water repellent soils [27-29]. In order to establish a comparison between field and laboratory infiltration tests, the influence of lateral
capillary flow on the field measured infiltration process was preliminarily assessed by calculating the ratio between the mean

Table 1
Statistics of initial gravimetric water content, U; (g g '), measured at the green roof plot for the different
sampling dates.

TO T1 T2
N 18 18 18
min 0.136 0.153 0.007
max 0.304 0.316 0.019
mean 0.178 b 0234 c 0012a
cv 23.3 147 25.4

Values followed by the same letter are not significantly different (P = 0.05).
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infiltration rate, in, and the steady-state infiltration rate, is. An in/is ratio close to one identifies a cumulative infiltration curve that is
linear with time. An in/is > 1 identifies a downward concavity whereas in/i; < 1 an upward concavity.

The i/i; ratio ranged from 0.94 to 1.39 with a mean value of 1.16 for the lower applied pressure head value (ho = —30 mm) and
from 0.90 to 1.48 with a mean value of 1.14 for hy = —5 mm (Fig. 2). For a given sampling date, the set of i,,,/i; values collected under
near-saturated and quasi-saturated conditions were not significantly different thus indicating that, under similar initial water content,
the contribution of capillarity was not influenced by the applied pressure head. For both near-saturated and quasi-saturated conditions,
Fig. 3 shows the normalized cumulative infiltration (I at any given time/cumulative infiltration at the end of the run, Iy) curves cor-
responding to the maximum (downward concavity) and the minimum (upward concavity) i,,/i; values. The case of an infiltration curve
with ip/i; = 1 (i.e., I(f) curve linear on average) is also showed.

No ip/is value lower than 1.0 was observed for the first two sampling dates (TO and T1) (Fig. 2) and the slope of the regression line
between i,,/i; and U; was not significantly different from zero, thus confirming that the initial moisture contents did not influence the
contribution of lateral capillary flux for U; > 0.13 g g 1. Overall, the in/is values close to one indicate that the concavity of the
measured infiltration curve was generally moderate and most of the infiltration curves showed steady-state conditions from the very
beginning of the run. It was concluded that the lateral capillary flow had limited influence on the steady infiltration flux under un-
confined field conditions. The steady-state infiltration rate can be therefore considered mainly dominated by gravity flow thus making
it reasonable to compare the field MDI 3D tests conducted during the first operating season (TO and T1 sampling dates) and the
laboratory MDI 1D tests on repacked columns.

At the time of green roof construction (T0), the median steady-state infiltration rate was 37.5 mm/h under near-saturated con-
ditions (hg = —30 mm) with an interquartile range (IQR) of 0.1 mm/h. For quasi-saturated conditions (hy = —5 mm), a median i; =
147.8 mm/h was detected with an IQR of 35.2 mm/h (Table 2). Assuming the ratio between IQR and median value as a measure of the
relative spatial variability of i;, it was 0.003 at hy = —30 mmand 0.452 at hy = —5 mm. Field MDI experiments thus showed that initial
packing of substrate resulted in a highly uniform distribution of pores with equivalent diameter, d, lower than 1 mm whereas relative
spatial variability of larger pores (d, > 1 mm) was two orders of magnitude higher. As documented by Alagna, Bagarello, Concialdi,
Giordano and lovino [17], following one operating season (T1), the steady-state infiltration rate significantly increased by a factor of
2.4 athy = —30 mm and a factor of 1.9 at hy = —5 mm. Spatial variability increased for both small pores (IQR to median ratio = 0.395)
and large pores (IQR to median ratio = 0.548). Therefore, during the first ten months following construction, the active pores un-
derwent a rearrangement that yielded a more conductive growing substrate with increased spatial variability. Increased infiltration
capacity for both near- and quasi-saturated conditions is expected to affect the detention capacity of the green roof as rainfall will flow
more rapidly through the growing medium with increased outflow peak rate and reduced delay between rainstorm and runoff.

The field campaign conducted after five operating seasons yielded a median i; value of 51.9 mm/h under near-saturated conditions
(hy = —30 mm) and 267.7 mm/h under quasi-saturated conditions (hy = —5 mm) (Table 2). Compared to the values collected at the
end of the first growing season (T1), median infiltration rate significantly decreased by a factor of 1.71 at hp = —30 mm but was
practically unaffected under quasi-saturated conditions (i.e., i; decreased by a not significantly factor of 1.02). At T2 sampling date, the
maximum spatial variability of the considered monitoring period was observed, with a ratio between IQR and median values of i; equal
to 0.943 and 0.715 for hy = —30 and —5 mm, respectively (Fig. 4).

At hy = —30 mm, the long-term (T2) median i; value was intermediate between the initial (T0) and the short-term (T1) median
values. However, the maximum i; at T2 was close to the maximum i; value observed at T1 and around 28% of the i; data collected at T2
were lower than the minimum value observed at TO (Fig. 3). At hy = —5 mm, the long-term (T2) and short-term (T1) median i; values
coincided and 22% of long-term i; data were higher than the maximum value observed at the end of the first operating season. In
summary, long-term modifications increased variability but did not increased the average infiltration rate of the growing substrate as
could be expected if the washing off process suggested by Alagna, Bagarello, Concialdi, Giordano and Iovino [17] had continued to
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Fig. 2. Ratio between the mean infiltration rate and the steady-state infiltration rate, i,/i, vs. initial gravimetric moisture content, U,, of the
experimental plot for field experiments conducted at the two pressure head values (hy = —30 and —5 mm).
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Table 2
Statistics of steady-state infiltration rate, i, (mm h '), for the different sampling dates and applied pressure heads.
ho = —30 mm ho = —5mm
TO T1 T2 TO T1 T2
N 18 18 18 18 18 18
min 34.2 71.1 12.6 61.3 135.6 75.5
max 40.4 150.9 150.8 298.7 327.9 602.3
median 37.5a 89.2 ¢ 51.9b 147.8a 274.3b 2677 b
IQR 0.1 35.2 49.0 66.8 150.2 1914

For a given pressure head value, values followed by the same letter are not significantly different (P = 0.05).
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Fig. 4. Empirical frequency distributions of steady-state infiltration rate, i, determined at the two pressure head values (hy = —30 and —5 mm) for
the three sampling dates; a) ho = —30 mm, b) hy = —5 mm.

operate in the spell from T1 to T2. The long-term detention capacity of the green roof is therefore relatively unaffected by aging and it
should be expected that, following the decay of the first operating season, the hydrological performances will preserve with time.
However, the increased heterogeneity of infiltration characteristics at T2 should be considered with caution given that, in specific spots
of the vegetated roof, the detention properties could be severely jeopardized as a consequence of extremely high values of i; under
quasi-saturated conditions (Fig. 4).

Trying to explain the increased spatial variability of infiltration characteristics at T2, two possible phenomena could be invoked.
One is the root growth that resulted in an uneven occlusion of conducting pores [5,30]. Another, is the onset of hydrophobicity due to
vegetation exudates and decomposing materials [31,32]. Indeed, the characteristic upward concavity of the cumulative infiltration
curve was observed only in four out of 36 infiltration runs conducted at T2 (Fig. 2). Both phenomena (i.e., root development and
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hydrophobicity) can concur to reduce infiltration rate in smaller pores as they can be more easily occluded by roots and more affected
by hydrophobicity than the large pores [33,34].

3.2. Laboratory experiments

The different initial water content of the soil columns affected the duration of the experiments. Near-saturated infiltration tests (hg
= —30 mm) were conducted under substrate dry conditions as the initial gravimetric water content ranged from 0.019t0 0.024 g g '
with a mean value of 0.022 g g ' (coefficient of variation, CV = 5.47%). Average duration of the experiments was 1.35 h but a high
variability was observed with a range between minimum and maximum duration of 4.10 h. Infiltration experiments at hy = —5 mm
were conducted under much wetter conditions (mean U; = 0.342, CV = 5.43%) and the total volume of the MDI reservoir (approx-
imately 85 cm®) took from 0.03 to 0.93 h to completely infiltrate into the soil column (mean duration 0.21 h). Independently of the
applied pressure head at the column surface, a clear steady-state infiltration condition was always detected following a more or less
prolonged transient stage. Coefficients of determination for the regression between measured and estimated I(t) data were always
greater than 0.9937 (mean R? = 0.9986). The average maximum relative error between the regression line and the measured I values
was 2.1% and the threshold of 5% for E,,, was exceeded only in two out of 54 infiltration experiments. The estimated i; values can thus
be considered representative of the steady-state 1D infiltration process in the repacked soil columns.

For both near-saturated (hy = —30 mm) and quasi-saturated (hy = —5 mm) conditions, the slope of the regression line between
mean infiltration rate, in, and steady-state infiltration rate, i;, was not different from unity (P = 0.05) and the mean ratio im/is was 1.24
and 1.22, respectively. Notwithstanding the different initial moisture content, the two mean i,,/i; values were not statistically different
thus confirming that the influence of capillarity was generally negligible for the substrate under study. The condition iy/i; < 1,
indicating occurrence of hydrophobicity, was observed for a relatively high number of experiments (18 out of 54) mostly conducted
under quasi-saturated conditions (hg = —5 mm). In particular, hydrophobic conditions (i,/i; < 1) were observed in 7 out of 9 ex-
periments on non-washed (NW) samples.

The mean steady-state infiltration rate for the non-washed columns was 29.4 mm/h under near-saturated conditions (minimum i
= 1.9 mm/h, maximum §; = 134.5 mm/h) and 717.3 mm/h under quasi-saturated condition (minimum i; = 107.2 mm/h, maximum i
= 1569 mm/h) (Table 3). Increasing the surface pressure head from —30 to —5 mm thus determined, on average, more than one order
of magnitude increase of the steady-state infiltration rate. Following simulated rainfall, the mean i; increased by a factor of 1.50 at hy =
—30 mm whereas it decreased by a factor of 1.25 for hp = —5 mm. In both cases differences were not significant.

Boxplot of i; data estimated at hy = —30 mm for non-washed conditions (Fig. 5) highlighted the presence of an outlier, that is a
single i; data point that was more than twice the upper quartile value. When this outlier was disregarded, the mean i; for UP-NW
reduced to 16.3 mm/h and the difference between mean i; values measured in the upper layer before and after washing resulted
significant. Therefore, as a consequence of rainfall washing off, small pores contribution (d. < 1 mm) tended to increase whereas large
pores (d. > 1 mm) contribution was practically unaffected (Fig. 5). This finding was not surprising given it is likely that prolonged
leaching of samples mobilized the fine particles of the upper layer while the coarse ones, that are less mobile, remained in-situ. In
agreement with this interpretation, variability of near-saturated i; reduced (CV decreased from 141% to 87%) but remained almost the
same for quasi-saturated i; (Table 3).

Independently of the applied pressure head, after simulated rainfall the mean steady-state i; of the bottom half of the columns was
significantly lower than the upper one. The differences between the upper and the lower parts of the column were more pronounced for
the experiments conducted under near-saturated conditions for which the steady-state infiltration rate decreased by a factor of 5.3
whereas under quasi-saturated conditions i; decreased by a factor of 3.4. This result is also reasonable as it shows that small pores are
more prone to the clogging phenomena determined by the fine particles washed off from the upper layer.

Seasonal modifications of green roof infiltration characteristics were more pronounced under field than laboratory conditions. In
the time interval from TO to T1, surface roof i; increased by a significant factor of 1.9-2.4 depending on the applied pressure head
(Table 2). Application of similar rainfall depth on the laboratory soil columns did not reveal significant changes in i; or it suggested an
increase on near-saturated i; by neglecting a single data point (Table 3). Two counteracting factors likely contributed to the different
findings for laboratory and field experiments: i) the mechanical compaction operated by rainfall; ii) the presence of plants. The total
seasonal rainfall was applied in only three steps on laboratory soil columns thus promoting mechanical compaction of substrate that
did not occur under natural rainfall. As a matter of fact, a small but significant change of ps that increased from 1.13 to 1.15 kg m > (i.

Table 3
Statistics of steady-state infiltration rate for the upper (UP) and lower (LW) part of the substrate columns before (NW) and after the sample washing
(W).

near-saturated conditions hy = —30 mm quasi-saturated conditions hg = —5 mm

UP-NW UpP-w w-w UP-NW UP-W w-w
N 9 9 9 9 9 9
min 1.9 6.2 25 107.2 150.4 15.2
max 1345 1297 24.3 1569.2 1265.7 384.3
mean 294 b 44.1b 8.3a 717.3 b 575.2b 170.8 a
Ccv 140.7 86.6 78.3 75.8 69.8 90.8

For a given pressure head value, values followed by the same letter are not significantly different (P = 0.05).
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Fig. 5. Boxplot of steady-state infiltration rates collected for: a) near-saturated (h, = —30 mm) and, b) quasi-saturated (h, = —5 mm) conditions in
the upper (UP) part of the columns before (NW) and after (W) simulated rainfall and in the lower (LW) part on the columns after simulated rainfall.

e., by a factor of 1.02) was observed for laboratory columns (Table 4). The substrate compaction, and the subsequent reduction of
porosity, could have masked the effects of self-filtration thus yielding nearly stable or little variable i; values in the upper layer of the
columns. Conversely, under field conditions, plant canopy likely shielded the soil surface while roots contributed to maintain more
conductive conditions in the upper layer of the growing media. Alagna, Bagarello, Concialdi, Giordano and Iovino [17] reported that
the final bulk density of the upper layer was 0.85 times the bulk density at the time of roof construction thus showing that compaction
due rainfall was not effective under field conditions. As a consequence, the self-filtration process was more effective in increasing the
infiltration rates of field substrate.

Nevertheless, simulated rainfall modified the vertical distribution of substrate p, with the upper layer of the soil column that was
less compacted (mean p, = 1.083 kg m ™ ?) and the lower layer that was more compacted (mean ps = 1.218 kg m %) than the unwashed
one (mean p, = 1.131 kg m 3) (Table 4). The observed changes in pj were in agreement with changes in steady-state infiltration rate
highlighting an increase of fine particle in the bottom layer and a decrease of fine particles in the upper layer.

Comparison of the relative proportions of the particles in a given texture class in the two halves of the columns (Fig. 6) showed that,
after the simulated rainfall, the lower part of the sample enriched in small particles. Assuming that, for a given texture class, the initial
vertical distribution of particle was uniform (i.e., 50% by weight of the particles in the upper part of the column and 50% in the lower
part), the percentage of the fine particles tended to increase in the lower layer and decrease in the upper layer. This finding confirmed
that the finest particles were mobilized from the upper layer and settled in the lower layer following the process referred to as self-
filtration [9]. The phenomenon was particularly noticeable for particles with diameter smaller than 0.5 mm which likely were
more mobile along the profile. For these fractions, the relative proportion in the lower layer increased up to 16%. Settling of fine
particle determined phenomena of pore clogging in the lower layer of the soil columns that were considered the main cause of the
observed reductions in steady-state infiltration rate.

4. Conclusions

Following artificial rainfall that mimicked the cumulative seasonal rainfall having occurred between the TO and T1 sampling dates,
the steady-state infiltration rate of the upper layer of the soil columns was not significant different from the initial one. In the field, the
steady-state infiltration rate increased by a factor of 2.4 for near-saturated condition and by a factor of 1.9 for quasi-saturated con-
dition. In agreement between the laboratory and the field experiments, signs were detected that, following simulated rainfall,
contribution of small pores to water infiltration tended to increase as a consequence of prolonged leaching that mobilized the fine
particles of the upper layer while the coarse ones, that are less mobile, remained in-situ.

A possible motivation of the observed differences between field and laboratory measurements of the upper layer i;, may rely in the
different combinations of compaction and self-filtration induced by natural and simulated rainfalls. Specifically, under field condition,
plant canopy likely protected substrate surface, thus preventing compaction of the upper layer, and decay of dead roots improved the
ability of the porous medium to transmit water. In this case, washing off of fine particles was particularly efficient in promoting the
increase of porosity as confirmed by final bulk density (T1) that was 0.85 times the initial (TO) one. For laboratory columns, the two
processes, i.e., mechanical compaction and washing of fine particles, played a counteractive role thus influencing the infiltration
characteristics exclusively for the small pore system.

Simulated rainfall significantly affected the steady-state infiltration rates of the lower part of columns that were 3.4-5.3 times lower
than the upper ones with larger reductions associated to the pore class that are activated for near-saturated condition (d, < 1 mm). The
hypothesized self-filtration process was confirmed by modifications in particle size distribution as the percentage of the fine particles
tended to increase in the lower layer and decrease in the upper layer. It was concluded that rainfall can influence short-term infiltration
characteristics of the green roof as a consequence of the detachment of fine particles from the top layer and clogging in the bottom
layer. The detention properties of the green roof may be severely hampered as rainfall will flow more rapidly through the growing
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Table 4
Statistics of the dry bulk density of the substrate columns before (NW) and after the simulated rainfall (W) and for the upper (UP) and lower (LW)
parts following simulated rainfall.

NW w UupP-w Lw-w
N 9, 9 9 9
min 1.025 1.059 0.994 1.091
max 1.227 1.243 1.174 1.320
mean 1.131 a 1.151b 1.083 A 1.218B
cv 547 4.94 6.89 6.68

Values followed by the same lowercase or uppercase letter are not significantly different (P = 0.05).

90
80
70 o | %
60 = | =
so - JEN SN -
30 abpw
20
10

Particle fraction (%)

Particle diameter (mm)

Fig. 6. Relative fractions of the particles in each considered diameter class after simulated rainfall.

medium due to increased steady-state infiltration rate close to saturation. Compared to the initial hydrological performance of the
green roof, the outflow peak rate will be increased and delay between rainstorm and runoff reduced.

However, the field campaign conducted after five year of operation also showed that degradation of hydrological characteristics did
not continue after the first growing season. Indeed, long-term modifications did not increase the average infiltration rate as could be
expected if the self-filtration process had continued year after year. The lack of increases in i; for quasi-saturated condition, or even the
decrease for near-saturated one, was attributed to occlusion of small pores due to root development and onset of hydrophobicity due to
vegetation exudates and decomposing materials. Uneven occurrence of both these phenomena explained the increased variability in
infiltration characteristics.

Monitoring of infiltration characteristics is crucially important to detect modifications in green roof detention properties that could
jeopardize most of their environmental benefits. Indeed, apart from the reduced ability to mitigate stormwater runoff, washing off of
fine particle also reduces the retention properties of the growing medium thus hampering its ability to store water between two
successive rainfalls. Therefore, plant water supply can be problematic for non-irrigated conditions. Also thermal properties of the
vegetated roof may be affected with negative effects on building energy consumption. The simple and inexpensive MDI method proved
to be effective in detecting both short- and long-term modifications of green roof hydrological properties directly in-situ and has the
potential to be proposed as a routinely technique for temporal monitoring of aging phenomena that could compromise the benefits of
the vegetated green infrastructures. A hydraulic characterization of the porous medium limited to its surface is not enough to properly
describe its hydrological behaviour even if the thickness of the substrate is small.
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