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Chapter 1- Introduction

The current global economic and environmental context is placing increasing pressure on agri-food
and forestry systems, requiring scientific research to address challenges that are complex,
interconnected, and rapidly evolving. Among the most critical issues there are the increase in global
food demand, driven by population growth and changing consumption patterns, and the wide-ranging
impacts of climate change on natural resources, ecosystem functioning, and agricultural productivity
(Schneider et al., 2011). These dynamics do not act independently, but rather interact across spatial
and temporal scales, amplifying existing vulnerabilities and creating new constraints for land-based

production systems.

Responding to these challenges increasingly relies on the integration of technological innovation
within agricultural and forestry systems, alongside the refinement of traditional cultivation practices.
Advances in precision agriculture, digital monitoring, and alternative cultivation systems have
opened new possibilities for improving efficiency and resource use. However, technological progress
alone is insufficient if not supported by a solid understanding of the biophysical processes governing
agri-forest systems. Among the multiple variables that regulate these systems, soil stands out as a
central and irreplaceable interface through which climate variability, land management practices, and
technological interventions directly influence both productivity and environmental stability

(Seneviratne et al., 2010).

Soil plays a central role in mediating water fluxes, nutrient cycling, and biological activity, thereby
sustaining plant growth and ecosystem services (Bauke et al., 2022). Improving the understanding of
soil processes and their response to environmental and anthropogenic pressures is therefore a
fundamental step toward supporting resilient agroecosystems, preserving ecosystem functions, and
ensuring the long-term sustainability of food production systems (Smith et al., 2016). Soil is a non-
renewable and increasingly threatened resource, whose degradation has reached alarming levels
worldwide. In fact, according to international assessments by the FAO (2015), the progressive loss of
arable land due to erosion, soil sealing, and fertility decline represents one of the major environmental
emergencies at the global scale (Eswaran et al, 2019). These problems are particularly critical in

regions already characterized by environmental fragility and high anthropogenic pressure.

The Mediterranean basin is widely recognized as a hotspot of climate change impacts and land

degradation. Here, water availability represents a major limiting factor for agricultural and forest
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ecosystems, and this constraint is expected to intensify in the coming decades (Lionello et al., 2014;
Tramblay et al., 2020). Although total annual precipitation has remained broadly stable or has slightly
decreased in recent decades (Caloiero et al., 2019), rainfall is increasingly concentrated in short, high-
intensity events separated by prolonged dry periods (Vallebona et al., 2015). This shift results in
greater surface runoff and accentuated erosion risk, especially where vegetation cover is scarce or

soils are compacted and poorly structured

In Sicily, these issues are further intensified by socio-economic and land-use dynamics. The
progressive conversion of agricultural land to urban areas, infrastructures, and photovoltaic
installations has reduced the extent of productive soils, while the widespread abandonment of
marginal farmland has favoured the development of degraded and poorly vegetated surfaces. These
dynamics, coupled with recurrent drought, loss of soil organic matter, and the advance of
desertification processes, are leading to a progressive decline in both soil fertility and ecosystem
resilience, with cascading effects on biodiversity and local habitats (Giordano et al., 2007). The
relevance of these challenges is clearly reflected in national and regional policy frameworks. In Italy,
strategic instruments such as the National Recovery and Resilience Plan (PNRR) and regional
development programmes, including the PO FESR Sicilia, explicitly identify innovation in
agriculture, sustainable land and forest governance, and hydrogeological risk mitigation as priority

objectives.

By controlling water infiltration, storage, and redistribution, soil governs both water availability for
vegetation and the partitioning of rainfall between infiltration and surface runoff. As a result, soil
hydrological and hydraulic properties play a decisive role in agricultural productivity, ecosystem
stability, and landscape resilience (Vereecken et al., 2022). Gaining a deeper understanding of these
properties is therefore essential to support both agricultural productivity and environmental
protection, particularly in Mediterranean environments characterized by strong climatic variability.
From a management perspective, reliable analysis and evidence-based decision-making are crucial to
addressing two major and complementary challenges. On one hand, during prolonged dry periods,
improving water-use efficiency requires optimized irrigation strategies and soils capable of retaining
and transmitting water effectively within the root zone (Evans et al., 2008). On the other hand, during
intense rainfall events, reducing runoff and erosion risks depends on the ability to identify soils with
limited infiltration capacity or water repellency and to implement targeted environmental engineering
and reforestation measures aimed at restoring soil functionality and landscape stability (Martinez-

Mena et al., 2020).



However, soil hydrological properties are dynamic and can change over time as a result of both natural
processes and human activities (Biddoccu et al., 2017). Natural processes such as the transport and
deposition of fine particles over more permeable surfaces can modify the soil texture distribution,
reducing infiltration capacity and altering water retention. At the same time, anthropogenic actions,
such as the application of organic or mineral amendments, can modify the soil matrix to improve its
structure, porosity, and overall hydrological response. Conversely, human activities may also
introduce pollutants or microplastics into soils, with potentially adverse effects on infiltration and
retention dynamics. Other disturbances, such as wildfires, can also cause significant and often long-
lasting changes in soil hydraulic behaviour. In both agricultural and forest environments, fires can
lead to surface sealing, loss of organic matter, and the onset of soil water repellency, thereby
increasing runoff and erosion risks. Despite their central role, soil hydraulic properties are often
characterized under simplified conditions and remain poorly understood in the presence of the
multiple disturbances that increasingly affect agricultural and forest soils, particularly in
Mediterranean environments. This limits the ability to predict soil-water behaviour under real
management and climatic scenarios, thereby reducing the effectiveness of both agronomic practices

and environmental mitigation strategies.

It is precisely this knowledge gap that motivates the research activities carried out during the doctoral
period. The various forms of disturbance and alteration affecting soils, and consequently their
hydraulic behaviour, give rise to a wide range of conditions that are highly heterogeneous and strongly
context-dependent. Addressing this complexity requires moving beyond generalized assumptions and
focusing on specific, well-defined scenarios that are representative of real agricultural and forest
systems. Accordingly, the research adopted a strongly site-oriented approach, working predominantly
with local soils and disturbance processes that are characteristic of Sicilian agri-forest environments.
For instance, in the case of layered soils resulting from surface compaction or lateral transport and
deposition of finer materials, hydraulic responses can vary substantially depending on the contrast
between layers and their thickness. Investigating these dynamics in representative agricultural soils
allowed a more realistic assessment of how such stratification influences infiltration and near-

saturated flow conditions.

An even higher level of complexity emerges when external materials are incorporated into the soil
matrix. Microplastics provide a clear example: plastics and microplastics can reach soils through
multiple pathways, generating a wide variability in polymer type, shape, and size, which interacts
with the inherent variability of soil properties. Much of the existing literature has attempted to address

the question of “the effect of microplastics” in a generalized manner, often by testing a large number
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of treatments that combine multiple soils, polymers, shapes, and concentrations. In contrast, the
research presented here deliberately focused on a limited number of representative combinations,
selecting three soils commonly used for herbaceous crops in Sicily, five microplastic types widely
employed in mulching films, the main source of microplastics in agricultural soils. and a single,
realistic concentration. This approach allowed a clearer interpretation of soil-microplastic
interactions under conditions relevant to Mediterranean agriculture. Similarly, with regard to soil
amendments, the research addressed a less explored aspect of the literature, namely their influence
on soil hydrodynamic and hydrostatic properties. While the agronomic benefits of amendments such
as compost, biochar, and zeolite are well documented in terms of soil chemistry and fertility, their
effects on water flow and retention, particularly under near-saturated conditions, remain insufticiently
quantified. The studies therefore examined these effects using Sicilian agricultural soils and scenarios
typical of Mediterranean systems, including surface disturbances such as rill formation, where

hydrological processes play a key role in erosion development.

Taken together, these research choices reflect the need to investigate soil hydraulic behaviour under
altered but realistic conditions, where natural processes and human interventions intersect. Rather
than seeking universal responses, the work aims to contribute detailed, context-specific knowledge
that improves understanding of how soils function when subjected to common agricultural and
environmental pressures, thereby supporting more informed soil and land management strategies in

Mediterranean regions

Equally important is the methodological dimension of soil research. Accurately describing soil
hydraulic behaviour requires robust experimental approaches and reliable measurement techniques
capable of capturing spatial and temporal variability. Continuous improvement in sampling strategies,
measurement procedures, and data analysis methods is therefore essential to properly represent soil
behaviour across space and time and to ensure the comparability of results among different studies
and sites. Within this perspective, specific research activities were carried out with the aim of
improving the optimization and reproducibility of laboratory methodologies, which represent a
fundamental prerequisite for the correct characterization of soil hydrodynamic responses. Refining
laboratory procedures contributes not only to reducing experimental uncertainty, but also to

strengthening the reliability of infiltration measurements and their interpretation.

Building a solid, data-based framework for soil hydrology thus becomes a key objective. Such a
framework enables the integration of experimental observations with modelling and mapping tools,

supporting informed decisions in land use planning, irrigation management, and ecosystem
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restoration. In this way, methodological advances play a crucial role in translating scientific research

into effective and operational solutions for sustainable soil and water management.

1.1 Thesis Structure

The thesis is structured into three main sections and an appendix, each addressing a specific stage of

this research path. The first three sections present work that have been published to international peer-

reviewed journals, while the appendix includes ongoing works that have not yet been completed or

published.

The Infiltration Measurements with the Mini Disk Infiltrometer section focuses on
evaluating different column packing methods for laboratory analyses, aiming to improve the
accuracy and repeatability of infiltration measurements under controlled conditions together

with the development and testing of a 3D-printed Mini Disk Infiltrometer (MDI).

The Infiltration Processes in Layered Soils section analyses the effects of soil stratification
on infiltration dynamics, focusing on how textural discontinuities influence water flow

through the soil profile.

The Hydrological Behaviour of Amended Soils section investigates the hydraulic response
of soils modified by the presence of anthropogenic materials such as microplastics or
agronomic amendments including compost, zeolite, and biochar, with the goal of assessing

how these additions alter soil hydrodynamic properties and water flow processes.

The Appendix includes two completed experiments under analysis: the first follows the
previous laboratory investigation on amended soils, transferring the laboratory experience to
field conditions, in ordet to evaluate how the effects of compost and zeolite evolve over the
medium term after exposure to atmospheric agents. The second examines the development of
soil water repellency after wildfires. Both studies are based on completed experimental
activities and include preliminary analyses of the collected data. They are presented here
because they document a significant part of the research conducted during the PhD
programme, and the completion of data processing and interpretation is expected to lead to

the preparation of manuscripts for submission to peer-reviewed journals.

Figure 1 provides a schematic overview of the conceptual framework and structure of the PhD

research. It summarizes the main research objectives and illustrates how the different thematic areas

are integrated and logically connected within the overall research pathway.
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Chapter 2 — Instruments and Measurement Methods

2.1 Soil Water Retention Curve Measurement methods

The relationship between soil volumetric water content (0) and matric potential (yy,) is a key
hydraulic property of soils and is typically determined through laboratory measurements. The
experimental procedure involves subjecting a moist soil sample to a sequence of imposed matric
potentials and allowing the system to reach equilibrium at each step. Since the 0(h) relationship
exhibits hysteresis, its shape depends on the direction of the applied pressure head sequence. For most
practical and agronomic purposes, attention is focused on the drying or drainage branch of the
retention curve. Consequently, measurements are commonly performed following a monotonically

decreasing sequence of matric potentials.

In practical applications, one of the most commonly employed techniques for determining the soil
water retention curve is the tensiometric method. In this approach, the saturated sample is placed
inside a funnel (Fig. 1) equipped with a saturated porous ceramic plate at its base, which is connected
to a water reservoir. The imposed pressure induces water to drain from the soil until hydraulic
equilibrium is reached, meaning that the matric potential at the base of the sample equals the applied

pressure head from the reservoir.

Free water
=

Fig. 1 Hanging water column system in Hydrology Laoratory of University of Palermo

In the hanging water column system (Burke et al., 1986), a funnel equipped with a saturated porous
ceramic plate is hydraulically connected to a 50 cm® graduated burette mounted on a vertical meter

stick, with the zero corresponding to the top surface of the ceramic plate (Fig. 1). The soil sample,
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previously saturated on the porous plate, is subjected to a monotonically decreasing sequence of
matric potentials by progressively lowering the burette along the graduated rod and allowing
equilibrium to be reached at each step. As water drains from the sample, the water level in the burette
rises, and the burette must be adjusted continuously to maintain the imposed potential. Once
equilibrium is established at the lowest potential in the sequence, the sample is removed, and its
volumetric water content is determined by termo-gravimetric analysis. The water contents
corresponding to the preceding potentials are then calculated retroactively by adding the volumes of
water drained at each previous step to the final water content. During the experimental activities
conducted throughout the PhD, this method was systematically employed to determine soil water
retention up to a matric potential of —0.1 bar (or —1 m), a value typically associated with field capacity.
For more negative potentials, the pressure plate method was applied (Dane and Hopmans, 2002). In
this case, moist soil samples were placed inside a pressure chamber, with a saturated porous
membrane installed at the chamber base (Fig 2). The chamber was then pressurized with pressurised
air to a selected value above atmospheric pressure, forcing water to flow through the porous plate
until the sample equilibrated at a matric potential equal in absolute value to the applied pneumatic
pressure. Using this method, soil water contents were determined for five pressure steps: —0.1 bar
(final step of the tensiometric sequence), —0.33 bar, —1 bar, =3 bar, and —15 bar, the latter representing

the wilting point.

Pressure source
C‘ Pressure cell

J Porous plate

I
Soil sample

UL
(HHHHHH
ST OO T I

Qutlet

Cell at atmospheric pressure
Mercury
manometer

Fig. 2 Pressure plate method in Hydrology Laoratory of University of Palermo

In the range of higher matric potentials (approximately > —1 m), soil water retention is strongly
influenced by the structural porosity, the pore space between aggregates (Dexter et al., 2008). In this
case, it is preferable to use undisturbed soil samples that preserve the natural pore network as found
in situ. For pressure head values lower than approximately —1 m, laboratory-prepared samples can be
employed. These are typically obtained by packing air-dried and 2-mm sieved soil into small
cylindrical rings. In this samples, water retention is mainly governed by matrix porosity, which

includes pores formed within aggregates and between individual soil particles (Dexter et al., 2008).
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Empirical functions are often adopted to describe the soil water retention curve by fitting
experimental 6—h data pairs. Among the most widely used models are those proposed by Brooks and
Corey (1966) and van Genuchten (1980). In particular, the van Genuchten (1980) model is expressed

as:

;. ) (1)

= [1+(ayglhIM)™

where a (L"), n, and m are empirical fitting parameters, typically with m defined as m = I — 1/n or

m = I — 2/n (van Genuchten et al., 1991). S, is the effective saturation, defined as:

S, = (2)

where 0; (v/v) is the residual water content and 05 (v/v) is the water content at saturation. According
to the capillary rise equation, a relationship exists between the matric potential and pore size: a
decrease in matric potential from yn,, to Y, causes the drainage of water from pores whose radii lie
between r: and r.. Therefore, the water retention curve also provides indirect information about the

pore size distribution of the soil sample (Hillel, 1998).

2.2 Hydrodinamic parameters under unsaturated conditions: Mini
Disk Infiltrometer (MDI)

2.2.1 Physical principles of MDI experimental trials

The Mini Disk Infiltrometer (MDI), manufactured by Meter Group (Pullman, WA, United States), is
a widely used field and laboratory instrument designed to estimate key hydraulic properties of the
soil under unsaturated conditions. The instrument consists of a plexiglass tube divided into two
chambers: the upper chamber, or Mariotte reservoir, sets the pressure head (typically between ho =-6
cm and -0.5 cm), and the lower chamber, or water reservoir, contains approximately 95 ml of water
that infiltrates the soil through a porous sintered stainless-steel disk (45 mm in diameter and 3 mm
thick), preventing free drainage into the air (Fig. 3). The MDI is especially valued in hydrological,
agronomic, and environmental studies due to its portability, ease of use, and ability to generate data
rapidly in both natural and managed soils. Two key hydraulic parameters can be derived from MDI

infiltration data under a given imposed pressure head (h), each reflecting a distinct physical
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mechanism driving water movement in unsaturated soils: sorptivity (S) and unsaturated hydraulic

conductivity (K).

Sorptivity (S) quantifies the soil’s capacity to absorb water. It is driven by capillary forces and is
predominant in the early stage of infiltration, when the soil is initially dry and water is rapidly drawn
into the matrix. During this phase, gravitational forces are relatively less important, and the infiltration
rate is primarily controlled by the microstructure of the soil matrix. Thus, sorptivity provides an
integrated measure of the soil’s near-surface capillary behaviour and is a key descriptor of initial

infiltration dynamics.

Unsaturated hydraulic conductivity K(h), by contrast, describes the soil’s ability to transmit water
once the initial capillary intake has declined and gravity-driven flow becomes dominant. K represents
the capacity to sustain water movement through the pore network under an applied hydraulic gradient:
as the soil becomes wetter, flow occurs through continuous macropores, yielding higher conductivity;
as it dries, the loss of hydraulic continuity restricts flow to thin films and micropores, causing a sharp

decrease in K.

Together, S and K(h) provide complementary insights into the hydrodynamic behaviour of soils under
a given imposed pressure head (h). For a specific h, they jointly describe the infiltration process: S
captures the initial, capillary-dominated response that governs the early stage of water entry into the
soil matrix, while K(h) characterizes the subsequent quasi-steady, gravity-driven phase of flow
through the pore network. Quantifying both parameters at defined pressure heads allows a more
comprehensive understanding of soil-water interactions, particularly when assessing the effects of

amendments or pollutants that modify soil structure, pore connectivity, or surface properties.

During an MDI test, the operator records the volume of water infiltrated from the reservoir at set time
intervals. These data are used to construct the cumulative infiltration curve, which expresses the total

volume of infiltrated water as a function of time.

The procedure begins with the preparation of the instrument: the MDI is filled with water, ensuring
the reservoir and the porous disk are free of air bubbles. The pressure head is set using the adjustable
suction tube, depending on the objective of the test and the soil type. Before starting the measurement,
the base of the infiltrometer is gently placed in contact with a leveled and smoothed soil surface,
taking care not to compact the soil or cause leakage around the disk. Once positioned, infiltration
starts through the steel porous disk at the base of the infiltrometer, allowing water to enter the soil

under a known and controlled pressure head. At regular time intervals (e.g., every 30 seconds or 1
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minute), the operator manually records the drop in the water level within the graduated reservoir.
These volume readings are then converted into cumulative infiltration values over time. The shape of
the infiltration curve reflects two dominant processes. Initially, a rapid infiltration occurs due to
capillary uptake, producing a steep slope; later, the infiltration rate diminishes and stabilizes as gravity
takes over. Analyzing both these phases enables accurate extraction of sorptivity and unsaturated

hydraulic conductivity from the early and late parts of the curve, respectively.

Suction
[~ Control

Tube
Stopper
Bubble

Chamber

Mariotte
Tube —

Chamber
Barrier
90
-l
Water L
Reservoir
7

[

Sintered
Steel Disc

Fig. 3 Mini Disk Infiltrometer by Meter

2.2.2 Methods for the estimation of K(h) and S

Several analytical models have been proposed to estimate soil hydraulic parameters from cumulative
infiltration data, including those by Warrick (1992), Haverkamp et al. (1994), and Zhang (1997a, b).
These models commonly rely on a two-term cumulative infiltration equation that can rappresent both

a 1-dimensional and 3-dimensional process:

I(t) = C,tY/% + C,yt 3)
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where I(t) [L] is the cumulative infiltration over time t [T], and C; [L T"V?] and C> [L T''] are
empirical parameters; C; represents the influence of capillary forces, whereas C> reflects the

gravitational component of the infiltration process (Zhang, 1997a, b).

Among these analytical models, the method proposed by Zhang (1997a) has gained widespread
application due to its simplicity and effectiveness, particularly under dry initial conditions where
capillary forces dominate the infiltration process. For this reason, it has also been recommended by
Decagon Devices Inc. (2012) as a standard approach for interpreting infiltration data collected with

the MDI.

According to this model, assuming homogeneous and isotropic soil conditions with a uniform initial
water content profile, the infiltration process beneath the infiltrometer disk can be effectively
described using the same two-term equation, where the parameters C; and C», are directly related to

two key hydraulic properties:
Cl = A150 and Cz = AZKO (4)

Here, S, [L T "?] is the soil sorptivity and K [L T-'] is the unsaturated hydraulic conductivity at the
imposed pressure head /o [L]. The dimensionless coefficients A and A> depend on the soil water
retention characteristics and the geometrical and operational parameters of the infiltrometer. For soils
characterized by a van Genuchten (1980) type retention function, Zhang (1997a) derived these

coefficients through numerical simulations of the infiltration process:

_ 1.4b%°(8, — 0,)*%exp[3(n — 1.9)a,gh] (5)
e (avGr)O'ls

0.25
11.65(n%1-1) " exp[2.92(n-1.9)a,cho]
(aper)09t

A2=

forn>1.9 (6)

01_ 0.25 _
AZ _ 11.65(11- 1) exp[7.5(n—1.9)ay,ghg] forn<1.9 (7)

(avgr)01

where ho (cm) is the applied pressure head during the infiltration process (ho is negative for
unsaturated conditions), n and avg (cm™!) are the water retention parameters, r (cm) is the radius of
the infiltrometer, 09 (cm® cm™) is the soil water content at h0, 6; (cm® cm™) is the initial soil water
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content, and b is a parameter set at 0.55 (Warrick and Broadbridge 1992). The van Genuchten
parameters, required by the procedure, can be estimated from soil texture or they can be obtained by
fitting laboratory determined soil water retention data. Using numerically simulated MDI data for 12
soils with varying textures, Dohnal et al. (2010) found that Zhang’s (1997a) method tends to
overestimate unsaturated hydraulic conductivity, with absolute relative errors in Ko reaching up to
70%. The largest discrepancies were observed in soils with n<1.35. To address this limitation, an

alternative formulation was proposed to estimate the A parameter more accurately for such cases.

0.82_1\025 -
4, = 11.65(n 1) “exp[34.65(n—1.9)aycho] forn<1.35 (8)

(ayer)0o

2.3 Water repellency measurement: Water Drop Penetration Time
Method

The Water Drop Penetration Time (WDPT) test (Bisdom &Dekker, 1993; Doerr, 1998; Letey et al.,
2000) is one of the most widely used techniques for assessing Soil Water Repellency (SWR). The test
quantifies the time required for a water droplet placed on the soil surface to infiltrate, providing an
indirect but effective measure of hydrophobicity. The method can be performed both in the field and
in the laboratory; however, field measurements are generally preferred because they preserve the
natural structure and composition of the soil, avoiding disturbances that could alter the results (Dekker
et al., 2009). The procedure is relatively simple and quick: a fixed drop of water is gently placed on

the soil surface, and the infiltration time is measured using a stopwatch.

The classification of Soil Water Repellency (SWR) based on the Water Drop Penetration Time
(WDPT) provides a standardized framework for interpreting the degree and persistence of
hydrophobic behavior in soils; according to the commonly used classification (Dekker and Ristema,
1994), soils can be grouped into discrete classes depending on the time required for a water droplet
to infiltrate the surface. Soils with a WDPT shorter than 5 seconds are considered wettable and do not
exhibit any significant hydrophobicity. When the WDPT ranges between 5 and 60 seconds, soils are

described as slightly water-repellent, typically representing conditions of temporary repellency that

may disappear with increasing soil moisture. Values between 60 and 600 seconds define strong water
repellency, where infiltration begins to be significantly delayed. WDPT values from 600 to 3600

seconds correspond to severe water repellency, indicating the presence of persistent hydrophobic
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coatings on soil particles that strongly hinder water entry. Finally, when the WDPT exceeds 3600

seconds (1 hour), soils are classified as extremely water-repellent.
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Chapter 3 — Infiltration Measurements with the Mini
Disk Infiltrometer

3.1 Introduction

Soil-water interactions are governed by multiple, interrelated physical mechanisms strongly
influenced by both the intrinsic properties of the porous medium and the external conditions during
experimental activities. Infiltration processes are strongly affected by soil heterogeneity as a result of
variability in particle size and composition, the presence of rock fragments, the distribution and
connectivity of macropores, and the spatial arrangement of fine and coarse materials (Sharma et al.,
1980). Beyond structural variability, soils also exhibit considerable heterogeneity in hydraulic
behaviour. Under dynamic flow conditions, differences in the rigidity of the soil matrix, meaning its
resistance to deformation, together with the connectivity of the pore network, influence how the
matrix responds to wetting and thereby affect water flow paths and the soil’s capacity to transmit and
retain moisture (Assouline et al., 2002). Moreover, differences in soil compaction, the presence of

organic matter, and stratification or layering within the profile increase the complexity of the system.

Beyond soil-related factors, additional considerations concern the measurement procedure itself. For
instance, when focusing on unsaturated infiltration, even under identical soil conditions, different
instruments (e.g., mini-disk, tension infiltrometers), or experimental setups (e.g., disc size, applied
pressure head) can yield markedly different results (Fusco et al., 2024). Together, these factors create
a system in which infiltration is highly sensitive to both intrinsic soil properties and experimental
conditions, making accurate and reproducible measurement particularly challenging (Ruggenthaler
et al., 2016); therefore, infiltration measurements require selecting methods that achieve a favourable

trade-off between realistic conditions and experimental control.
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Generally, investigations with the MDI can be divided by the nature of the soil sample:

Experiments on undisturbed soil aim to characterize the hydrological properties of agricultural
and forest systems under natural conditions (Basset et al., 2023), maintaining the original pore
structure and the prevailing boundary conditions, such as the natural soil layering; this
represents the most direct approach for characterizing the hydrological behaviour of soil under
natural conditions. This kind of experiments are conducted both in the field and in the
laboratory. Applying field experiments, it is possible to obtain direct and realistic information
on infiltration dynamics, without the risk of altering the pore structure through sampling or
manipulation. However, these clear strengths are associated with important limitations as
spatial variability, amplified by rock fragments; moreover, achieving consistent contact
between the instrument and the soil can be challenging due to uneven surfaces, potentially
affecting measurement accuracy. Laboratory tests on undisturbed soil cores offer a
compromise between experimental control and the preservation of natural soil characteristics.

By transferring intact samples to a controlled environment, researchers can standardize key
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factors such as temperature, initial water content or water content, and boundary conditions,
which helps reduce unwanted variability and facilitates reproducible measurements. At the
same time, these cores retain the intrinsic spatial heterogeneity of the field, including natural
layering and aggregate distribution; maintaining this variability is crucial, as it allows a
realistic representation of water flow and retention processes, which are essential for
interpreting soil hydraulic behaviour. Moreover, even with careful sampling and handling,
minor disturbances to macropore networks and other structural features are unavoidable

(Gilbert, 1992).

e Experiments on repacked soil samples have been developed to achieve a greater degree of
control over initial conditions (Lewis et al. 2010; Bagarello et al. 2022): through sieving and
repacking, key parameters, as bulk density, initial water content, and compaction, can be
imposed and systematically varied. This high level of control permits the isolation of singular
factors and reduces the background variability that often complicates the interpretation of field
data. Moreover, repacked soil columns or cylinders can be designed to reproduce specific
configurations, such as layered profiles or the inclusion of contrasting materials (Snehota et
al. 2015). The main drawback of these experiments, however, is their limited
representativeness: by reconstructing the pore network, macropore continuity and preferential
flow pathways are inevitably affected, which limits the applicability of the results to natural

conditions (Lewis et al. 2010).

In this context, the Mini Disk Infiltrometer (MDI) is one of the most widely adopted instruments for
quantifying soil hydraulic behaviour, with relevance to infiltration processes under both natural and
controlled conditions. The MDI is commonly used in the field to measure three-dimensional (3D)
infiltration processes (Gonzalez-Sosa et al., 2010; Fodor et al., 2011; Alagna et al., 2013), offering an
experimental setup that replicates the natural movement of water through the soil. Alternatively, the
MDI can also be used for one-dimensional (1D) infiltration measurements in soil columns (Ghosh &
Pekkat, 2019; Naik et al., 2019; Bagarello et al., 2022), which allows more controlled experiments
where single factors can be isolated and their effects on infiltration more easily evaluated. Its
extensive use is reflected in the scientific literature, where a search on major databases yields dozens

of studies employing this device across a wide range of soils and experimental contexts.
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The table below provides a summary of selected studies published between 2021 and 2025 in

scientific journals, in which the Mini-Disk Infiltrometer (MDI) was employed to investigate soil

infiltration processes.

Tab.1 Summary of recent works involving MDI

arcas

Authors Year Objectives Experiments
o Effects of biochar on soil properties, specifically in | Repacked soil
Libutti et al. 2021 .
clay loam soil. columns
Indirectly determining wetting water retention ‘
. o ' o Repacked soil
Naik e Pekkat | 2022 | characteristics and saturated hydraulic conductivity
o columns
in soils.
Understanding how soil physical properties
. ] g ) Y ) Undisturbed soil
Cleophas et al. | 2022 | influence infiltration rates in a logged-over tropical (ficld)
ie
rainforest in Malaysia
Investigates the infiltration capacity and soil ' _
. ‘ o Undisturbed soil
Murta et al. 2022 penetration resistance of plinthic soil under a (ficld)
ie
riparian forest in Central Brazil
How tree planting affects soil infiltration in a clay- | Undisturbed soil
Revell et al. 2022 . . .
textured area in Warwickshire (field)
Undisturbed and
Investigates the changes in water infiltration rates repacked
Bondi et al. 2023 _ _ _
of an extensive Mediterranean green roof over time | substrate (field
and laboratory)
How different land uses affect soil macropore ) )
o ' o Undisturbed soil
Wang et al. 2023 | characteristics and hydraulic conductivity in a dry-
i _ (laboratory)
hot valley region of Southwest China
To compare hydraulic conductivity estimates using ) .
‘ S ~ | Undisturbed soil
Fattah et al. 2023 | falling head and Mini Disk Infiltrometer methods in
' _ (laboratory)
gypsiferous soil
Investigates soil hydraulic conductivity on a plot in . .
) ) Undisturbed soil
Jobbagy et al. | 2023 | Slovakia comparing compacted and uncompacted (ficld)
ie
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Highlighting the significance of evaluating site-
o _ . Undisturbed soil
Svetina et al. | 2023 | specific infiltration rates for effective stormwater (ficld)
ie
management.
) How agricultural management affects soil . .
Defterdarovi’c o . . Undisturbed soil
2024 compaction, infiltration, and water dynamics on
et al. . _ _ (field)
hillslopes in a vineyard
Investigates the impact of long-term cultivation on ) )
. . . . . Undisturbed soil
Peng et al. 2024 soil properties, focusing on infiltration
i (field)
characteristics and pore structure
Investigates the physical properties of soil in both
. ‘ . Undisturbed soil
Pereira et al. 2024 rows and inter-rows of a syntropic agroforestry (ficld)
ie
system,
How shallow-depth hardpans affect soil hydraulic ‘
Rathnayake et . R o Repacked soil
2025 properties, revealing significant reductions in
al. . . . . columns
infiltration rates and hydraulic conductivity.
o ‘ _ ‘ Repacked
Muhammed et The estimation of hydraulic properties of soilless
2025 _ o o substrate
al. growing media using a Mini Disk Infiltrometer.
columns
Evaluates three infiltration models—Horton, _ _
‘ . _ Undisturbed soil
Zhao et al. 2025 | Kostiakov, and Philip—to determine the best fit for (field)
e
simulating matrix infiltration processes in biocrusts.

All the experimental activities with the MDI reported in Tab.1 are inevitably associated with practical
challenges, in addition to the intrinsic limitations already discussed. Laboratory measurements on
repacked soil columns with the MDI are typically undertaken with the expectation that, under
identical conditions, repeated experiments would yield consistent and reproducible results. In
practice, however, this idea is rarely achieved. Even in carefully prepared repacked column,
variability can arise from the specific methods used for sample preparation and compaction (Ghosh
et al., 2019; Bagarello et al., 2022), as well as from subtle differences introduced by the operator
during soil column preparation. Moreover, many studies reported in the literature are based on a
limited number of replicates (Assouline and Narkis, 2011; Kargas et al., 2018; Tanner et al., 2021),
which further constrains the ability to distinguish between true soil responses and experimental noise.
On the other hand, in the field, logistical difficulties, such as transporting water to the experimental
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site (a problem partially solved with MDI), and the overall duration of measurements represent the
main practical challenges. A further common issue in both contexts is the need for manual readings
of the MDI, a task that makes the experimental process time-consuming and less reproducible,
particularly in the field, where the instrument sits at ground level and measuring requires working in

an awkward position.

The contributions presented in this chapter were specifically designed to address these challenges.
Regarding the first study, it is aimed to investigate the sources of variability in laboratory experiments
with repacked columns, with particular attention to the impact of manual compaction procedures and
the operator-driven variability. The second study, carried out during my research stay at the Czech
Technical University in Prague, focused on developing an innovative 3D-printed MDI prototype
equipped with an automatic data-acquisition system designed to simplify measurements and enhance
reproducibility. This experimental tool embodies an effort to combine the portability and practicality
required for field applications with the precision and standardization typical of laboratory
experiments, offering new perspectives for the use of the MDI in hydrological research and practical
settings thanks to its automatic reading system, particularly useful in field experiments, and its general

lower price respect to the commercial MDI.
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ABSTRACT

Performing infiltration experiments on sieved and repacked soil columns seems a generally
underrated topic from a methodological point of view. This study assessed how the descriptive
parameters of the infiltration process were influenced by (i) the operator; (ii) the number of replicated
runs; and (iii) the soil sample preparation method. A total of 135 loam soil columns, each 20 cm high
were prepared by two operators. Four packing methods, differing by the number of steps required to
prepare the sample, were applied. One-dimensional infiltration runs were carried out on each soil
column using a Mini-Disk Infiltrometer set at a pressure head of —3 cm. A statistical, or at least
practical, similarity of the infiltration parameters obtained by the two operators was detected. Six
replicated runs were found to be enough to obtain an acceptable description of the entire infiltration
process. Differences between the packing methods were noticeable since infiltration parameters
differed by up to 2.7 times, probably because soil compaction energy varied with the applied packing
method. Two operators can achieve consistent and reproducible results using the same equipment and
packing method since the number of steps in which the soil column is prepared has an appreciable

effect on its hydrodynamic response.

INTRODUTION

Laboratory infiltration experiments on sieved and repacked soil columns are carried out for many
purposes, including studying soil sealing under controlled rainfall events [ 1], establishing the effects
of water quality [2,3] or amendments of various nature [4—7] on the soil hydrodynamic response.
Performing experiments on sieved and repacked soil columns seems a generally underrated topic [8],

even if it presents several critical issues [9—11]. Factors to be considered include the following: (i)
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the operator preparing the soil column and performing the infiltration run; (ii) the number of
replicated runs; and (ii1) the method applied to prepare the soil sample. An experiment can be carried
out by a single operator or by two or more operators, who may have different abilities in applying
experimental methods. The operator-to operator variation is a common aspect of all experimental
methods [12,13]. Such variation affects replicability of the experiment and hence its scientific
robustness. Variation induced during the sample preparation stage and the subsequent measurement
phase can stem from several factors, including the level of experience of the operator. In particular,
more experienced operators can be expected to prepare the sample with higher precision and
consistency than less experienced operators. However, even duly trained operators can prepare a soil
sample in a different manner due to their physical prowess or perhaps fatigue. Although the literature
occasionally mentions operator-induced variability [12,14,15], it does not seem that the impact of this
type of variability has been extensively tested in relation to measurement of soil hydrodynamic
properties. Notably, a sample has to be representative of the target population. Larger sample sizes
are expected to better represent the population, but too large sample sizes lead to a loss of time, human
resources and money. On the other hand, the risk with too small sample sizes is that they do not
satisfactorily represent the sampled population [16,17]. Choosing an appropriate sample size requires
considering the actual data variability [18]. Hydrodynamic properties of field or undisturbed soil
generally show a noticeable variability, and this circumstance implies that the measurement has to be
replicated many times [18,19]. Instead, working in the laboratory with sieved and repacked soil can
be expected to require less replications of the measurement since a more homogeneous porous
medium is used in this case [20]. To the best of our knowledge, however, large datasets providing
realistic estimates of the actual data variability have not been developed with reference to
hydrodynamic properties of repacked soil columns. Therefore, the usability of small sample sizes for
these types of investigations still needs support. When working with repacked soil samples, it is
necessary to choose an appropriate packing method. This choice depends on the purpose of the
investigation, but also on several practical constraints, such as the equipment available to researchers
and the size of the sample that can be prepared in a laboratory. Several methodologies are, in principle,
usable, such as vibrating devices [21] or press pistons [22]. In other cases, soil columns are prepared
by manual methods involving a step-by-step procedure [7,23,24]. At each step, a mass of soil is
poured into the cylinder, and this mass is then compacted by a pestle or by repeatedly dropping the
soil column from a certain height. Packing method effects on measurement of soil hydrodynamic
properties can be significant [25], and hence, they should be taken into account when the experiment

is planned. The Mini-Disk Infiltrometer, MDI [26], is a compact tension infiltrometer, designed for
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quick and straightforward measurement of the infiltration process under unsaturated conditions. In
particular, pressure head values, ho, ranging from —0.5 cm to —7 cm can be established at the
infiltration surface. Typically, this device is employed in the field for measuring three-dimensional
(3D) infiltration processes for a specific ho value [27,28]. However, the MDI is also usable for
measuring one-dimensional (1D) infiltration on smalldiameter repacked soil columns [3,29]. Many
investigations, some of which are mentioned in Table 1 as an example, have been carried out in the
laboratory by applying the MDI on sieved and repacked soil samples. In general, the number of
operators performing the experiment is not indicated, the number of replicates varies with the
experiment—settling, however, on rather small values—and soil packing methods change from one
investigation to another or they are not described. The fact that experimental methods differ with the
investigation, or they are not described at all, makes the interpretation of the data difficult and hinders
comparison between different investigations [30]. The general objective of this investigation was to
test factors influencing 1D infiltration experiments with the MDI on sieved and repacked soil
columns. The specific objectives were to establish—for loam soil and a given pressure head on the
soil surface—the dependence of the measured infiltration parameters on (i) the operator performing
the experiment; (ii) the considered sample size; and (iii) the applied packing method to prepare the

soil column.
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Table 1. Examples of experiments performed with the Mini-Disk Infiltrometer (MDI) on repacked soil columns.

Reference Soils Aims of the MDI Application %‘:l:f the Soil Column Preparation
Evaluating the impact of
15 vears of irrigation with Air-dried, crushed and sieved soil
Assouling and Narkis [3 Clavey treated wastewater on sol 10 cm long = The <2 mm fracton of the
ssouline and Markis [3] ayey hvdraulic properties and flow 5.2 cm in diameter agemeeates was kept for the study.
processes companed to the use Packing method not described
of freshw ater
Comparing methods to
. . o Poorly determine =oil hydraulic . o . o
Fatehnia et al. [31] graded sand conductivity from Not described Mot described
infiltration data
Static compaction of the soil ata
Inorganic Determining infiltration rates in fived moisture content. Compaction
Bordolei et al. [32] low plastic . .d 17 cm long x ; & rers along the
32 P compacted natural 15.5 cm in diameter in three equal layers along the
=it fiber-meinforoed soil composibe ' longitudinal axis of the mold at
established densities
Testing the impact of biochar, o So dha?g’ ““’“"g* i"“jr'_"'gllit;jt
Alghamdi et al. [33] Sandy bentonite and compost on soil tmlong x ocm - sevedat s mm. Lolumns hffed o
- hveical charcteristics in diameter obtain a given bulk density value.
P Packing method not described
Investigating differences
between three- (3D) and one- :"thr;j:,”r’;f;ri’gl'jm
Sandy-loam; (112} dimensional infiltration \xperiment) and Air-dried soil, passed through a
Kargas et al. [29] Loam; Silty- and determining the o om lox 2 mm sieve. Packing method
- Lot . ) cm long » .
clay-loam parameter of the A not described
- . 4.5 cm in diame ter
Haverkamp et al.’s [34] (1D experiment)
infiltration model P
Mass of air-dried soil mixed with a
gwven amount of water to obtain the
Testing the effect of the imtial desired soil water content. Soil
Ghosh et al. [35) Sand; compaction state on 3cmlong x 20ecm packed in three layers by an equal 4
nosh et a = Clay-loam near-saturated soil in diameter number of blows witha 17 kg
hvdraulic conductivity rammer on each layer. Mumber of
blows varving with the state of
compaction for a particular soil
. . Determining hydraulic Use of fixed amounts of soil and
Silty-clay- . -
I‘ - conductivity of three tvpes of
Row et al. [36] , Uf,m’ . s0il in both frozen and unfrozen
- Silty-clay;

17.8 cm long =

water to obtain a given inahial water
) conditions with five initial spil 20 o in diameter
Sandy-loam

content. Soil columns prepared

3
laver by layer to attain a
witer contents pre-established bulk density value
i Using the MDI for estimating Mearly dry soil. Soil compacted in
Naik and Pekkat [37] Loam; water retention characteristic = o ong % 30 cm three layers by maintaining a 3
Silt-loam in diameter . N .
Curve parameters uniform bulk density
Air-dried and passed through a
2 mm sieve. Partition of the soil
e i . mass into three equal parts. First
DL]“L_"."'.'“'“H “;’]L}‘.'“Ef“:t of soil E— third poured in the oylinder and soil
Autovino et al. [38] Loam; Clay ayering on 1) maltraton A-iicmlong X mpacted by a wood pestle. Then, 9
rT processes established with 5.3 cm in diameter N X
the MDI

the rotation of the pestle around its
vertical axis. Application of the
same procedure with the second

and third parts

* Number of replicates for a given treatment.
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Materials and Methods
Soil

The investigation was carried out on a soil collected in Sicily (Italy), in an orchard of the Department
of Agricultural, Food and Forest Sciences of the Palermo University (38°0624" ' N, 13°21'06' ' E).
The soil (Typic Rhodoxeralf) has a relatively high gravel content, an organic carbon content of 27
g/kg [39] and it is mostly sandy-loam or loam down to a depth of at least 0.30 m. Average values of
saturated soil hydraulic conductivity determined in the field using the so-called BEST procedure [40]
vary during the year between 16 and 194 mm/h [41]. For this investigation, an area where the texture
was loam (clay = 19.0%, silt =30.3%, sand = 50.7%; USDA classification system) was sampled [39].
The soil, collected from approximately the upper 10 cm of the profile, was transported to the
laboratory and spread on plastic sheets for natural drying at room temperature. This process lasted
about 40 days, during which the soil was manually stirred every 2-3 days to facilitate drying. Once
the soil was air-dry, it was sieved for 5 min through a 2 mm mesh sieve and the fine fraction was

retained for the experiment.
Experimental Methods

Soil columns were prepared in 25 cm long Plexiglas cylinders having an inner diameter, d, of 5.3 cm.
Two different operators (V and Z) prepared the soil columns and performed the infiltration runs. The
V operator was a master student whereas the Z operator was a PhD student. Soil columns were
prepared by pouring the soil into the cylinder and manually pressing the poured soil using a wood
pestle with a circular disc with a diameter of 5.0 cm at its bottom. The diameter of the disc was a little
smaller (by 3 mm) than that of the cylinder to make it easier to slide the pestle into the cylinder. After
concluding pressing, the pestle was rotated clockwise and counter-clockwise around its vertical axis
for a few times. Different packing methods (P1, P2, P3 and P4) were applied in this investigation to
prepare soil columns with a final length of 20 cm using 537 g of air-dry soil. For P1, all the air-dry
soil was poured into the cylinder at once and pressed 200—220 times. For P2, 268.5 g of soil was
poured and pressed 80—-100 times. Then, another 268.5 g of soil was added and compacted another
80—100 times. For P3, the soil was added in three steps (179 g of air-dry soil at each step), and it was
pressed 30 times at each step. For P4, the soil was added in four steps (134.25 g of soil at each step)
and pressed 10—15 times after each soil addition. The fact that an operator manually compacted the
soil impeded the determination of the dissipated energy for preparing the sample. However, assuming
that the pressing action did not vary appreciably between two pestle applications, it can be suggested
that 3.3-5.5 times higher energy was required to prepare the soil column using the P1 method than

34



the P4 method. A direct measurement of the dry bulk density, py (g/cm3), of a soil column was not
available since the soil used to fill the cylinder was air-dry and not oven-dry. Therefore, pb was

determined by the following relationship [20]:

ms Mgd
1 Vo= (14 i :I

op = (1)

where m; (g) is the mass of the dry soil, Vt (cm3) is the bulk volume of the soil sample, 744 (g) is the
mass of the air-dry soil and wad (g/g) is the gravimetric soil water content of the air-dry soil that was
measured each working day. Each operator (V and Z) prepared N = 45 soil columns using the P3
packing method. A single operator (Z) prepared N = 15 columns with each of the four packing
methods, namely P1, P2, P3 and P4. On average, p» was equal to 1.17 g/cm3 (coefficient of variation,
CV =0.8%; N = 135), and the volumetric air-dry soil water content, 6,4, obtained by p» and wad, was
equal to 0.051 m3/m3 (CV = 5.4%). Therefore, the soil columns were overall homogeneous with
reference to both p, and G.4. A Mini-Disk Infiltrometer, MDI, was used to measure 1D infiltration in
a laboratory where approximately constant temperature and humidity conditions are maintained. For
each run, the MDI was filled with tap water at room temperature. A pressure head, h0, equal to —3
cm, was established at the base of the device. This choice was made to avoid flow along pores with
an equivalent diameter > 1.0 mm [42] and, hence, to only consider flow through the soil matrix.
Before each test, the soil column was placed on a perforated support that allowed air to easily escape
from the bottom of the sample. For each run, the infiltrated volumes were measured every 10 s for
the first minute, 15 s for the subsequent minute, 30 s for another two minutes and then every minute
until the complete emptying of the MDI reservoir occurred. Cumulative infiltration, I (mm), at a given
time, t (h), was obtained by dividing the cumulative infiltrated volume by the cross-sectional area of
the soil column. A risk of obtaining inaccurate data with the MDI, as with all tension infiltrometers,
is linked to poor hydraulic contact between the rough soil surface and the base of the device [43].
This risk was likely minimal in this investigation since using the pestle implied preparing the
smoothest possible infiltration surface. The depth of the wetting front, d\s (cm), with respect to the
soil surface, was also measured at the end of the infiltration run. These measurements were performed
along four verticals established at a radial distance of 90° and the four values were averaged to

characterize the soil sample.
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Infiltration Parameters

The mean infiltration rate, irmed (mm/h), was calculated for each run as the ratio between cumulative
infiltration by the end of the run and its total duration. In addition, the empirical Horton [44]
infiltration model was fitted to the I vs. t data by minimizing the sum of the squared residuals between

the measured and the predicted I values [45]:

lgg —ir
[ =icgt+ OH — 'fH (] _ E,—ka) ()
) kp

where ion (mm/h) is the initial infiltration rate (t = 0), im (mm/h) is the final infiltration rate and the
constant ky (1/h) describes the rate at which ion approaches im. For given ion and im values, the
smaller the ky, the more gradual the transition from the initial to the final conditions [46]. The quality
of the fitting was evaluated by calculating the relative error, Er (%), in agreement with Lassabatere
et al. [45]. The Er values varied from 1.2% to 5.2%, with a mean value of 3.2%. According to
Lassabatere et al. [45] a relative error that does not exceed 5.5% denotes an acceptable fitting of an
infiltration model to the data. Therefore, the fitting of the model to the infiltration data was
satisfactory for all individual runs. The model developed by Horton was chosen since it describes the
infiltration curve in some detail, that is by three different parameters expressive of the initial and the

final stages of the process and also of the transition between these two stages.
Data Analysis

Five response variables, that is irmed, 1on, i, kKn and dws, were considered in this investigation. Initially,
a comparison was established between the experiments performed by the two operators. Taking into
account that the operators V and Z yielded similar results, a single dataset of irmed, 1on, i, kn and
dwf, values (N = 90 for each variable) was developed by pooling the data obtained by these two
operators. The number of samples, Nr, required to estimate the mean of a variable with a given
tolerance, d, for a given confidence level (95% in this investigation) was then calculated according to
Warrick [19]:

-2 o gt -2 72
N, — Z05a SD7 _ z55,CV
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where z0.5a is the normalized difference from the mean, SD is the standard deviation, CV is the
coefficient of variation and a is a fraction of the mean, Me, such that d =a x Me. According to Warrick
[19], the sample coefficient of variation was used in the calculations. Using large sample sizes (i.e.,
N =90) for estimating CV was considered advantageous in the perspective to obtaining reliable Nr
values. Using Equation (3) with a (fraction of the mean) values ranging between 0.05 and 0.25 to
estimate appropriate sample sizes is common in investigations on soil hydrodynamic parameters (e.g.,
[47-50]). Finally, a comparison was performed between the four packing methods. Variability of the
data was considered low, medium and high for CV < 15%, 15% < CV < 50% and CV > 50%,
respectively [19]. All comparisons were carried out by using F and t tests at p = 0.05. Percentage

differences between two means, A, were also calculated as

highest mean — lowest mean

A =100 x
lowest mean

Results and Discussion
Operator

With reference to irmed, the means obtained by the two operators differed by a not statistically
significant A value of 8.8% (Table 2). Considering the fitted parameters of the Horton model, A =
8.1% was obtained for ion, A = 5.5% for imq and A = 1.9% for ku, and no difference between two
corresponding means was significant. For dwr, A was equal to 1.4% and differences were statistically
significant in this case. Following Warrick [19], variability of irmed, 101, 11 and ky was medium. A low

variability was instead detected for dwr.
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Table 2. Statistics of the irmed, lon, i, ki and dwr values obtained by the two operators (V and Z) (sample size, N = 45 for

each operator).

Parameter Operator Min Max Mean CV (%)
ir,  (mm/h) Y% 68.4 1690 109.9 a 21.0
med Z 89.3 180.6 119.6 a 19.5
. /h V 381.5 1304.3 685.6 a 29.1
‘oH (mm/h) Z 342.0 1398.4 741.3 a 33.0
iq1 (mm/h) Vv 56.0 122.8 81.1a 20.6
/ Z 63.9 128.5 85.6 a 185
Vv 21.0 85.8 481 a 29.5
ku (1/h) Z 217 97.1 491a 346
d,r (cm) Vv 10.5 11.6 11.0a 2.6
of z 10.5 11.3 109b 2.1

irmeq = mean infiltration rate; ipy = initial infiltration rate; !_'_,[3 = final infiltration rate; kyy = decay constant;

Aoy = depth of the wetting front; Min = minimum value; Max = maximum value; CV = coefficient of variation. For
a given parameter, two means in a column followed by the same lowercase letter were not significantly different
according to an F test and a two-tailed f test at p = 0.05. Means followed by a different lowercase letter were
significantly different.

According to Wells et al. [51], differences of 0.4 cm in wetting front depths of approximately 2 to 6
cm can be considered small and nearly negligible. Adapting the conclusion by Wells et al. [51] to this
investigation, the difference between the two means of dwf obtained by the V and Z operators (Table
2) was significant but negligible in practice, since it was <0.2 cm. Therefore, differences between the
two corresponding means were small and not significant or small and practically negligible.
Consequently, the results of the experiment did not depend on the operator, or they differed only
marginally. In other words, two different operators repeating the same experiment with exactly the
same equipment and applying the same manual packing method yielded results that were consistent

with each other.
Sample Size

Table 3 summarizes the irmed, lon, i1, kn and dwr values obtained by pooling the data by the V and Z
operators (N = 90) and it lists the sample sizes, Nr, required to estimate the mean value of each

considered parameter within +5%, +10%, +15% and +25% at the 95% confidence level.
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Table 3. Statistics of the irmed, ioH, i, ku and dwr values overall obtained by the V and Z operators (sample size, N = 90)
and required sample size, Nr, to obtain sample means differing at the most by a fraction, a, from the true mean with a 95%

confidence level.

N
Parameter Min Max Mean CV (%) .
a=005 a=01 a=015 a=025
ifyeq (mm/h) 68.4 180.6 114.8 20.5 64.6 16.1 7.2 2.6
igg (mm/h) 3420 13984 713.5 314 151.4 37.8 16.8 6.1
f_ﬂ_] (mm/h) 56.0 1285 834 19.6 59.0 14.8 6.6 24
kg (1/h) 21.0 97.1 48.6 32.0 157.7 394 17.5 6.3
d-u-1_|r (cm) 10.5 11.6 10.9 25 0.9 0.2 0.1 0.04
iryeq = mean infiltration rate; iy = initial infiltration rate; iy = final infiltration rate; k13 = decay constant;

= depth of the wetting front; Min = minimum value; Max = maximum value; CV = coefficient of variation.

For a given a value, the required number of replicates was minimal, and also very small (<1 regardless
of a), for dws, intermediate for irmeq and im and largest for ion and ku. Therefore, a very limited
experimental information was enough to reliably determine the depth of the wetting front. For a given
sample size, the mean and the final infiltration rates were generally more reliable than the initial
infiltration rate and the decay constant. In other words, the infiltration process was one, but it was
easier to characterize this process in terms of irmed and im than ion and im. Taking into account that
the actual sample size was N = 90, the means of irmeq, ifr and dwr reported in Table 3 differed by even
less than 5% from the true mean with a 95% confidence level. Instead, the estimates of ion and kn
differed a little more, that is by 5% to 10%. This investigation contributed to giving an answer to two
different questions. One question was whether a small number of replicates can be used in practice,
as is common (Table 1). Another question was if the experiment could be improved to substantially
reduce uncertainties of the estimated means for all parameters. Working with numerically simulated
data, Reynolds [52] suggested that an individualestimate of saturated soil hydraulic conductivity is
accurate if it differs from the true value by no more than 25%. Reynolds [52] suggested such a
stringent accuracy criterion since, in his analysis, the data were free of the perturbations embedded in
field and laboratory measurements. If a criterion of this type can be accepted under ideal conditions,
it can be even more so with reference to experimental data. Therefore, assuming that a difference of
25% can be considered practically negligible for other soil hydrodynamic parameters and with
reference to the mean value of a soil hydrodynamic parameter, this investigation supported the
usability of small sample sizes in experiments on repacked soil columns with the MDI. The reason
was that Nr = 6 was enough to obtain sample means differing at the most by +25% from the true mean

with a 95% confidence level for all considered parameters (Table 3). Therefore, the answer to the first
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question was that small sample sizes can indeed be used. The uncertainties are larger for the
parameters expressive of the transient stage of the infiltration process but practically acceptable. With
reference to the second question, the analysis suggested that 150—160 individual determinations of
i0H and kH should be carried out to obtain an accurate estimate of the mean (i.e., a=0.05 in Equation
(3)). This is likely an impractically large number. Therefore, the answer in this case was that there is
a practical limit to the reliability of a given parameter. The reason is that substantially improving the
quality of the estimated mean of this parameter would imply an experiment that cannot be carried out

in practice.
Packing Method

Infiltration rates (irmed, ion and i) decreased monotonically from the P4 to the P1 packing methods
(Table 4). The irmed and i values decreased according to the P4 =P3 > P2 > P1 sequence. The largest
difference, detected between the P1 and P4 methods, was by a factor of 2.7 for irmeq and 2.4 for im.
The ion values differed according to the P4 = P3 > P2 = P1 sequence and the largest difference, also
detected between the P1 and P4 methods, was by 1.8 times. Variability was medium in ten of the
twelve cases considered (three parameters x four packing methods) and low in the other two cases.
The lowest CV values were obtained with the P4 method for irmeq and iy and with the P2 method for
ion, yielding, however, a very similar result to that obtained with the P4 method. The means of ky
decreased according to the P4 = P1 = P3 > P2 sequence since the only significant difference (A =
27.6%) was detected between the P2 and P4 methods. Even in this case, the variability of the data
was medium regardless of the packing method, and the lowest CV value was obtained with the P4
method. Finally, dwf decreased according to the P2 > P1 > P3 > P4 sequence. Two means differed by
2.3% to 15.6%, depending on the established comparison. The variability of the data was low for all
packing methods, and the highest CV value was obtained for the P4 method.
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Table 4. Statistics of the irmed, ion, i, ku and dwrvalues obtained by four different packing methods (P1, P2, P3, P4).

Packing Method

Parameter Statistic
P1 P2 P3 P4
Min 31.2 36.4 93.5 104.8
. /h Max 70.8 113.9 180.6 154.1
Wmed (mm/h) Mean 485a 81.8b 1239 ¢ 132.4¢
CV (%) 27.0 31.2 20.8 9.7
Min 277.7 435.7 408.6 556.8
. /h) Max 957.4 856.3 1398.4 1280.2
‘oH (mm Mean 519.9 a 590.9 a 805.1b 939.5b
CV (%) 31.9 21.0 36.5 21.9
Min 30.3 33.0 63.9 831
iq1 (mm/h) Max 55.1 89.0 128.5 109.8
fH Mean 409 a 64.4b 884 c 97.8 ¢
CV (%) 20.1 30.2 20.9 8.2
Min 28.1 28.9 23.3 36.0
ki (1/h) Max 108.4 76.2 97.1 86.5
H Mean 54.8 ab 52.6a 53.7 ab 67.1b
CV (%) 39.9 241 406 22.0
Min 10.7 11.6 10.5 83
d.yr (cm) Max 11.4 131 11.3 11.0
wf Mean 11.1a 12.0b 109 ¢ 10.4d
CV (%) 16 3.1 18 5.8
iryes = mean infiltration rate; ipy = initial infiltration rate; i = final infiltration rate; kg = decay constant;
du_._f = depth of the wetting front; Min = minimum value; Max = ‘maximum value; CV = coefficient of variation. For

a given parameter, the means followed by the same lowercase letter were not significantly different according to an
F test and a two-tailed ¢ test at p = 0.05. Means followed by a different lowercase letter were significantly different.

Overall, the effect of the used packing method was noticeable for the infiltration rates and the depth
of the wetting front, and it was relatively small with reference to the decay constant of the infiltration
model. As reported by Lewis and Sjostrom [10], homogeneous packing requires adding soil in very
small increments, at least in case of sand [9], but relatively large increments are commonly used
[53,54]. According to this investigation, the greater the number of layers, the higher the infiltration
rates. This result likely occurred because, as the number of layers increased, the efforts made to
compact the soil were overall smaller and more evenly distributed along the soil column. Reducing
and distributing these efforts along the vertical axis of the column gave rise to the formation of a more
permeable and homogeneous soil sample than that obtained when these efforts were concentrated on
a single or a few exposed soil surfaces. In other words, it seems that the infiltration data obtained on
a soil column prepared with a multi-layering method tends to be expressive of an infiltration process
that occurs in an overall rather homogeneous soil column. Instead, if the soil is poured into the

cylinder only once, the upper soil layer is appreciably more compacted than the subsoil, and this
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circumstance makes the infiltration process slower. In particular, infiltration is mainly controlled by
the upper soil layer. In this investigation, the applied packing procedure did not appreciably influence
the decay constant, ku. Therefore, not all parameters that describe the dynamics of the infiltration
process show the same sensitivity to the applied packing method. In particular, this sensitivity is
appreciable for the parameters expressive of the rate at which infiltration occurs (irmed, ion, i), but it
is smaller with reference to the rate at which ion approaches im. Using a relatively large number of
layers to prepare the soil column appears advantageous for improving reproducibility of the
infiltration experiment. This suggestion was based on the fact that the CV values for irmed, ion, i and
ku were lowest, or almost so, with the P4 packing method. However, some word of caution is
necessary with reference to this finding since CV did not decrease monotonically from the P1 to the
P4 methods. In other words, other investigations should be performed to verify the suggestion that
more layers imply less variability in the data. It also seems that the larger the number of layers, the
smaller the thickness of the wetted soil volume tends to be, although the decrease in dwr from the P1
to P4 methods was not monotonic either. Perhaps this was a consequence of the fact that, with a multi-
layering packing method, pores were overall larger, as also suggested by the higher infiltration rates.
Filling these pores required relatively large amounts of water. Consequently, there was not enough
water to also fill the pores of the deepest zone of the soil column. To improve the interpretation of
packing effects on infiltration, future investigations could also include an accurate characterization
of the pore structure in soil samples prepared with different methods. The expectation could be to
better understand the link between soil hydrodynamic response and pore system characteristics,
including pore volume, size and tortuosity (e.g., [55,56]). Moreover, simple packing devices, such as
the one recently developed by Bagarello et al. [57], could be used with a double potential advantage:
(1) the dissipated energy to compact the soil could be expressed quantitatively, and (ii) exactly the

same experimental method could be applied in different laboratories.
Conclusions

This investigation tested factors influencing 1D infiltration experiments with the MDI on columns of
a sieved and repacked loam soil. According to this investigation, it appears reasonable to believe that
two operators who apply the same manual method to prepare a soil column and perform an experiment
with the Mini-Disk Infiltrometer can collect comparable infiltration data. Obtaining a mean value
differing from the true mean by no more than a fixed percentage at a given confidence level requires
less replicates of the run for mean and final infiltration rates than for the parameters describing the
initial stage of the process. In general, however, a relatively small number of replicated runs is enough

to obtain an acceptable description of the entire infiltration process. With a manual packing method
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to prepare a soil column, the number of steps in which soil is added from time to time has an
appreciable effect on the hydrodynamic response of the tested soil column. Therefore, an experiment
carried out by one or two operators applying a given packing method could be considered replicable
in other circumstances. In particular, preparing a soil column in subsequent steps is recommended
since this choice seems appropriate for reducing variability of the individual measurements of the
infiltration parameters. This conclusion is valid for this experiment, and therefore it cannot be
considered general unless, perhaps, with reference to other loam soils and an infiltration process that
excludes the largest pores, i.e., one that only occurs through the soil matrix. The experiment should
be repeated with other soils and other established pressure heads at the infiltration surface, with the
goal of collecting experimental information that can be used to reach general conclusions. The
methodology applied in this investigation, using simple devices and laboratory methods, could easily

be extended to other scenarios.
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ABSTRACT

Hydraulic conductivity on the surface of the soil is crucial to address many hydrological and
environmental issues. This study presents the development and validation of a low-cost Autonomous
Mini Disk Infiltrometer (AMDI), fabricated using fused deposition modeling (FDM) 3D printing.
AMDI integrates a transparent PET-G Mariotte chamber and a TDT-based TMS-4 sensor to allow
automated measurement of cumulative infiltration under controlled pressure head levels. Calibration
was performed using polynomial regression (cubic) to relate the readings of the TDT sensor to
changes in water volume. Laboratory infiltration experiments on loamy Chernozem soil compared
AMDI with a commercially available, manually operated minidisk infiltrometer (MDI) at pressure
head levels of h0 = -6, -3 and -1 cm. The results of ANOVA did not show significant differences
between AMDI and MDI in higher pressure heads (p < 0.05), with notable discrepancies at -1 cm (p
> 0.05) likely attributed to differences in the porous sintered stainless-steel disks, despite the
hydraulic conductivity of the CTU disk being significantly higher than that of the soil. The influence
of the porous disk was tested using MDI alone, which clearly demonstrated its effect on infiltration.
This aspect should be further investigated to better define the impact of the disk on infiltration
measurements. Moreover, despite the inherent porosity of FDM prints, air leakage was minimized
through optimized printing parameters, allowing for reliable operation without post-processing or
specialized equipment. The AMDI offers a functional, cost-effective (approximately € 218), and
customizable alternative to traditional MDIs, with potential for broader adoption, including in citizen
science applications. Further field testing is needed in diverse soil types and environmental

conditions.
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INTRODUCTION

Infiltration of water into the soil is a key component of hydrological modeling (Chow and Maidment,
1998). Theoretical developments, from Darcy’s law (1856) to Richards’ (1931) equation, emphasize
the importance of accurately measuring saturated and unsaturated hydraulic conductivity (K) under
various soil conditions. Other process-based models used in hydrology to describe infiltration also
incorporate K (Green and Ampt, 1911; Philip, 1969, 1957). Therefore, determining K is essential for
accurate hydrological modeling. K vary significantly between soils, and substantial variability may
also occur within the same soil type due to factors such as soil management practices, crops, edaphon,
topography, groundwater, freeze-thaw cycles, and meteorological conditions (Angulo-Jaramillo et al.,
2000; Elkateb et al., 2003; Green et al., 2003; Kloffel et al., 2024; Kool et al., 2019; Leuther and
Schliiter, 2021; Meurer et al., 2020; Rosenbaum et al., 2012; Severino et al., 2003; Teng et al., 2023),

making infiltration one of the most complex components of the hydrological cycle (Mein et al., 1971).

Unsaturated hydraulic conductivity can be measured directly in the laboratory or in the field, or it can
be estimated indirectly using related soil properties through water retention curves (Brooks and
Corey, 1964; Burdine, 1953; Morel-Seytoux et al., 1996; Mualem, 1976; van Genuchten, 1980; Van
Genuchten, 1978; Vogel et al., 2000) or pedotransfer functions (Deb and Shukla, 2012; Kubat et al.,
2024; Wosten et al., 1999). Nimmo (2009) reviewed various methods to determine both saturated and
unsaturated K. Laboratory steady-state methods using constant pressure or flux (through Darcy’s law)
are best suited for wet soils, while centrifugal methods are effective in drier conditions. Unsteady
methods, such as instantaneous or evaporation-driven profile approaches, estimate K by monitoring
changes in soil water content and hydraulic head over time. Field-based indirect methods involve
fitting infiltration data to simulated water flow models. A widely used field and laboratory method is
the tension infiltrometer (Ankeny et al., 1991; Jarvis et al., 1987; Nestingen et al., 2018; Perroux and
White, 1988; Simtnek and Van Genuchten, 1996; Snéhota and Cislerova, 2002), which estimates K
from infiltration rates under controlled pressure heads.

A miniaturized version of the tension infiltrometer, the Mini Disk Infiltrometer (MDI) manufactured
by Meter Group (Pullman, WA, United States), is commonly used to assess soil hydrodynamic
properties, particularly hydraulic conductivity near saturation (Meter Group, 2021). The instrument
consists of a transparent (polycarbonate) tube divided into two chambers: the upper chamber, or
Mariotte reservoir, sets the pressure head (typically between /o = -6 cm and -0.5 cm), and the lower
chamber, or water reservoir, contains approximately 95 ml of water that infiltrates the soil through a
porous sintered stainless-steel disk (45 mm in diameter and 3 mm thick), preventing free drainage

into the air. During an MDI test, the operator measures the water volume leaving the reservoir at
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specific time intervals to construct a cumulative infiltration curve, which allows estimation of the
unsaturated hydraulic conductivity (K, in mm h™") corresponding to the applied pressure head. The
MDI is commonly used in the field to measure three-dimensional (3D) infiltration processes (Alagna
et al., 2013; Fodor et al., 2011; Gonzalez-Sosa et al., 2010), it is also suitable for one-dimensional
(1D) infiltration measurements in repackage soil columns (Autovino et al., 2024; Bagarello et al.,
2022; Ghosh and Pekkat, 2019; Naik et al., 2019).

Despite its advantages, manual use of tension infiltrometers is labor intensive. Automation of
infiltrometer measurements generally involves monitoring changes in water level. In early work,
Ankeny et al. (1988) used a pair of pressure transducers to determine the hydrostatic pressure in the
Mariotte column and thereby the actual water volume. The advent of microcontrollers, such as
Arduino, has facilitated infiltrometer automation. Di Prima (2015) developed a compact automated
single-ring infiltrometer using Arduino and a differential pressure transducer, significantly reducing
costs and enabling faster and more precise data collection. Similarly, Madsen and Chandler (2007)
automated the mini disk infiltrometer. Recently, Morales-Ortega et al. (2023) utilized a Time-of-
Flight (ToF) sensor in combination with an Arduino microcontroller to automate tension
infiltrometer. Klipa et al. (2015) automated multiple mini disk infiltrometers by measuring the
buoyancy force of the water in the Mariotte bottle on a miniature load cell, with the system validated
in a long-term field study (Zumr et al., 2019). An innovative method for measuring very low
infiltration rates was presented by Hallett and Gordon (2014), who detected bubble formation by
measuring changes in electrical resistivity in the bubbling tower of the infiltrometer. In another
approach Moret-Fernandez et al. (2012) developed a complex setup with a micro flowmeter and
solenoid valves to automate multipotential tension infiltrometry trials. Moret et al. (2004) advocated
for the registration using a time domain reflectometry (TDR) probe in the reservoir tube.
Alternatively, Jara et al. (2012) proposed a method involving sequential imaging of water levels in
the reservoir using an automatic or smartphone camera, with images analyzed through particle
tracking image analysis. A similar approach was recently adopted by Latorre et al. (2021), although
it requires dyeing of the infiltrating water to enhance image contrast.

Focusing on the development of autonomous MDIs through prototyping and customization, we
adopted additive manufacturing (AM) techniques as a method suitable for fabrication of complex
three-dimensional geometries. AM, commonly known as 3D printing, constructs objects by layering
materials (Ngo et al., 2018), which is expected to revolutionize the manufacturing sector (Mitchell et
al., 2018; Patwardhan, 2018). Fused deposition modeling (FDM) and stereolithography (SLA) are the
most widely used 3D printing techniques (Ngo et al., 2018; Patel et al., 2022; Percoco et al., 2012).
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SLA, one of the earliest methods developed in 1986 by Charles Hull, uses UV light (or an electron
beam) to initiate a chain reaction on a layer of resin or monomer solution (Melchels et al., 2010).
SLA prints high-quality parts at fine resolutions as low as 10 pum (Gibson et al., 2015). However,
SLA is relatively slow and costly, with limited material options and complex curing kinetics (Ngo et
al., 2018). FDM, on the contrary, is inexpensive, fast, and simple but suffers from weaker mechanical
properties, visible layer lines, poor surface quality, and limited material choices (Chohan et al., 2017;
Mohamed et al., 2015). Despite these limitations, FDM is suitable for prototyping due to its
affordability and simplicity. A common issue in both techniques is porosity, which compromises fluid
containment, which is critical for MDI function. Achieving watertight, and even more airtight FDM
prints remains a challenge (Wu et al., 2024). However, successful leak prevention has been achieved
by adjusting the printing parameters (AL-Hasni and Santori, 2020; Leite et al., 2018; Romanov et al.,
2018), including layer height, extrusion flow, print speed and temperature, shell thickness, and seam
positioning. Therefore, it is achievable to limit liquid leakage.

The availability of low-cost, user-friendly instruments can support citizen science initiatives. For
example, the Parrot Flower Power soil moisture sensor has been used successfully in citizen science
projects, providing valuable environmental monitoring data (Xaver et al., 2020). Affordable scientific
instruments can also support research and education in developing countries and disadvantaged
regions.

To reduce costs of tension infiltration measurement, lower the labor cost and improve adaptability,
our objective was to develop and validate an Autonomous Mini Disk Infiltrometer (AMDI) by
integrating commercially available autonomous low-cost sensor (Time Domain Transition) for
automation of infiltration measurement process and 3D printing for fabrication. The aim was to
provide AMDI design in the form of an open-source platform to be further developed in the scientific

community.

Materials and Methods
Design of the AMDI

AMDI consists of an interconnected infiltrometer body with bottom lid, Mariotte bottle, and TDT
sensor. The 3D printed were designed in Fusion 360 (Autodesk, United Kingdom). To assemble a
functioning AMDI, the following components are required: five O-rings (one piece 45 x 3.6 mm, one
piece 5 x 2.0 mm, and three pieces 20 x 3.6 mm), one TMS-4 sensor, sintered stainless steel disk (45

mm in diameter and 3 mm in thickness), and 3D-printed parts A, B, and C (Figure 1). The fully
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assembled AMDI is 29.5 cm high and 5 cm in diameter (22.5 cm without the sensor). The Mariotte
chamber consists of part B1 (the chamber itself) and part B2 (the suction tube). The suction tube is
fixed and the desired pressure head is adjusted by setting the water level in the Mariotte chamber. The
chamber has an imprinted scale from 0 to 6 cm, marked in increments of -0.5 cm, and is connected
to the Mariotte tube using part A2 (a nozzle-shaped connector). Regarding the pressure head, the
offset of the AMDI; the distance between the Mariotte tube and the sintered disk; is -9 mm. This offset
must be considered in the calculation of hydraulic conductivity (K), as is also required for the Meter
MDI. Parts B1 and B2 are printed separately and then glued together using ethyl 2-cyanoacrylate glue
(Henkel CEE GmbH, Germany) and rest for at least 24 hours. A similar procedure is applied to bond
parts A1l and A2, as well as part C and the sintered stainless-steel disk (similar to one used in the study
by Klipa et al., 2015; Zumr et al., 2019), which must also be glued into place. The porous disk was
manufactured from SIKA-R 80 AX sinter metal filter disk (GKN GmbH, Germany) with a nominal
pore size of 80 microns. Before inserting the TDT sensor, the O-rings (20 % 3.6 mm) should be placed
in the openings and a non-silicone lubricant (preferably a lubricant used for plastic sewerage tubes or
similar) should be applied to minimize the risk of damaging the sensor or AMDI. AMDI. When the
TDT sensor is placed, the status diode should face the Martiotte chamber. Once the TDT sensor is
inserted and all components are glued together, the AMDI can be assembled. The Mariotte chamber
features sliders that match the rails in part Al, keeping the chamber in place and facilitating its
positioning. Before sliding the Mariotte chamber into place, it should be filled with the desired water
level (using a syringe), and the connector should be fitted with the O-ring (5 x 2.0 mm). The
infiltrometer should be filled with 150 ml of water, which represents an increase compared to the 90
ml capacity of the conventional MDI. Lastly, the lid (part C), equipped with the O-ring (45 % 3.6
mm), should be screwed into place and tightened to prevent undesirable leakage. All printable parts

and 3D printer settings are available at the GitHub repository (Kubat and Snéhota, 2025).
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Figure 1: Cross section and visualization of the 3D printed AMDI, parts denoted A, B, and C are 3D
printed using FDM technology.

3D Printing

We utilized fused deposition modeling (FDM) technology for 3D printing (Patel et al., 2022;
Percoco et al., 2012). All parts of the AMDI were manufactured using polyethylene terephthalate
glycol (PET-G) filament produced by Prusa a.s. (Czechia). We employed clear filament (color:
E4E7ES) with a diameter of 1.75 £ 0.02 mm. Since the pressure head is set by adjusting the water
level in the Mariotte chamber, the transparency of the material is crucial. To prepare the parts for
printing, we used the open-source software PrusaSlicer version 2.9. The printing was performed
using three different printers: Prusa MINI+, Prusa 13 MK3S+, and Prusa XL, all produced by Prusa
a.s. (Czechia), with the same slicer settings applied to all parts across the different printers. To

simulate a realistic printing scenario, no enclosure was used, with ambient temperatures fluctuating
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between 22 and 28 °C. Each part was treated with a 400 °C heat gun to remove strings (for

approximately 30 s), which resulted from the set parameters.

Given the nature of the measurements for which the device is intended, watertightness and
airtightness are essential properties. Achieving liquid tightness of the prints is challenging, however,
it is possible to minimize the leakage rate by adjusting the printer parameters (AL-Hasni and Santori,
2020; Wu et al., 2024). Therefore, we minimize the porosity (pore connectivity) of the printed objects.
Since the number of adjustable printer parameters can easily exceed 300, here is only a brief summary
of key parameters (Table 1). The complete MK3S+ configuration is available in the supplementary
material (see SP1). In general, we significantly reduced the print speed, increased the temperature

and extrusion rate, and lowered the cooling.

Table 1: Key parameters adjusted of the 3D printer to achieve minimal liquid leakage through the printed object.

Parameter Value
Layer height 0.1t00.15 mm
Extrusion multiplier 1.1
Max print speed 15mms’!
Printing temperature 260 °C
Wall thickness 2.5 mm
Infill 100%
Cooler speed 15 to 20%
Retraction length disabled
Infill/perimeters overlap 20%

Airtightness of 3D printed parts

Sufficient air tightness of the mini disk infiltrometer assembly is critical for successful infiltration
tests. To determine the air leakage of the material in relation to infiltration, we used a procedure
similar to the Darcy falling head experiment, assuming laminar flow through the material. A simple

U-shaped glass tube with a valve was used to set the pressure head; the tube was marked with a scale

55



in centimeters and had an inner diameter of 22.7 mm. We 3D-printed an enclosed Mariotte chamber
with a wall thickness of 2.5 mm and a surface area of 103.6 cm?, featuring a single opening. This
opening was connected to the instrument inlet using silicon tubing. Before measurement, a pressure
head of -10 cm was applied. After connecting the Mariotte chamber, the valve was opened to link it
to the U-tube. Because the air leakage was very low, we set up a camera to record a time-lapse at 30-
second intervals until the water level in the tube equilibrates. The change in water level was manually
recorded from the time-lapse at 10-minute intervals. From these readings, the volume of leaked air
was calculated, assuming no compression of the air in the tube and isothermal conditions. The mean
air conductivity (K,) was then calculated from the incremental time steps using the following

expression:

K _ AVl
“ " A-Ah; - At;

where:

- K,iis the air conductivity for a given time step (mm h'"),

- AViis the change in volume between time steps (mm?),

- Listhe wallthickness (mm),

- Aisthe cross-sectional area of the Mariotte chamber (mm?),
- Ah;is the pressure head gradient for the given time step (mm),

- Atjis the duration of the time step (h).

Maximum air leakage was calculated using the K, obtained, considering the worst-case scenario: a
simple empty tube with a wall thickness of 2.5 mm and a surface area of 362.09 cm?. The result was
then interpreted as the minimum water infiltration rate that can still be measured using AMDI at a
pressure head of -6 cm. Below this infiltration rate threshold, water infiltration would be slower than
air inflow through the body of the AMDI which would lead to false measurement of K, namely, poorly
defined pressure head. It is important to note that as long as air bubbles are observed during

infiltration, the instrument is functioning correctly.
Water Level Change Sensing

Following the proposition by Moret et al. (2004) to measure water level changes using Time Domain
Reflectometry (TDR), we adopted a similar approach but replaced the sensing technology with Time
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Domain Transmission (TDT). Similarly to TDR, TDT measures the propagation speed of high-
frequency electromagnetic pulses; however, it does so through transmission along a closed circuit
rather than reflection of a pulse. Due to their less demanding electronic requirements, TDT sensors
are significantly more cost-effective than TDR systems. To monitor changes in water level, we
employ commercially available autonomous soil moisture sensors, TMS-4 'Lollipop' (TOMST sro.,
Czechia). Detailed sensor specifications are described by Wild et al. (2019). In the TMS logger, high-
frequency shaped pulses (approximately 2.5 GHz) are transmitted through a printed circuit
approximately 30 cm in length. Upon arrival of a pulse at the counting unit, another pulse is emitted,
a process repeated within a 640-microsecond timeframe. These pulses are quantified as a raw
moisture signal (ranging from 50 to 200 MHz). The number of pulses counted is inversely
proportional to the moisture content; as the moisture increases, the number of pulses received
decreases. After inversion, the counts are scaled to a numeric range of 1-4095 (raw TDT data). The
recorded values typically range from 100 (ambient air) to 3500 (distilled water). The sensor includes
integrated flash memory and a built-in battery for long-term operation. Configuration and data
retrieval were performed using the manufacturer’s Lolly Manager software (version 1.18.6.6), which
supports conditional data recording mode. In this mode, measurements were taken every second,
while the data were stored only when a change in the inverted raw count value of the water level was

detected between two subsequent readings. The resulting data were saved in CSV format.
AMDI Calibration and Validation

To establish a relationship between the raw TMS-4 signal and the actual change in water volume
within the reservoir, we conducted a calibration test for each AMDI unit. The reservoir was first filled
with water and the instrument was placed on a holder attached to a precision balance. The Mariotte
chamber was then removed to allow air to enter and initiate water outflow through the sintered disk.
Weight loss was recorded every 5 seconds as water exited the reservoir. The balance data were later
matched with the sensor data and a third-degree polynomial (i.e., cubic) regression model was derived
to describe the relationship between the raw TDT signal and the change in water volume. Through
trial and error, we identified two key issues: (i) the plastic-covered portion of the sensor continues to
provide readings, but with a different response ratio due to its varying thickness, and (ii) as the water
level approaches the temperature sensor, the signal no longer follows a monotonic decline, which
may compromise measurement reliability. To address these anomalies, we calculated the optimal
initial water volume so that the water level would cover only the active sensing portion of the sensor
at the start of the test and reach the temperature sensor only after 90-95 ml of water had infiltrated,

equivalent to the maximum volume that the Meter MDI reservoir can contain. The calibration models
57



used to process the infiltration data were derived from trials that account for these two issues: Each
calibration trial used 150 ml of water, and readings from the temperature sensor zone were excluded.
In the infiltration trials, we utilized two AMDI units to assess potential differences between them and
further strengthen the reliability of our results. The calibration process produced individual calibration
equations for each AMDI. Upon comparison, it became evident that the relationship between the raw
signal and the change in water volume differed significantly for each AMDI (Figure 2). Therefore, it
is necessary to calibrate each AMDI individually prior to measurement. To evaluate the accuracy of
the cubic approximation used for calibration, we calculated the root mean square error (RMSE) and
the normalized RMSE (NRMSE). For AMDI Mark 1, the RMSE was 0.77 and the NRMSE was
1.12%, while for Mark 2, the RMSE was 0.52 and the NRMSE was 0.64%, indicating a good fit to

the measured data.
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Figure 2: Cumulative outflow measured, and raw signal fitted with cubic model. The zone without data corresponds to

the temperature sensor zone.

The constants and models are reported with high precision because reducing the precision
could negatively impact the estimation of infiltrated volume. The calibration equation for AMDI

Mark 1 is as follows:

y = 0.00000001394024182x% — 0.00011716285275x*
+0.37165278918x — 357.35312208
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where:

- yisthe water volume (ml)
- xistheraw TDT signal (count)

And similarly, the calibration equation for AMDI Mark 2 is:

y = 0.000000011587655934x3 — 0.000084056506359x>
+0.24301347335x — 189.13442161

Experimental Setup

To carry out the infiltration trials, we prepared a soil box under controlled laboratory conditions. The
box was first lined with a 2 cm layer of expanded clay at the bottom, followed by a permeable material
sheet (geotextile), and then filled with sieved soil (<1 cm). The soil was collected from Ledce
(50°12'22.4"N, 14°01'01.6"E) and is classified as Chernozem (Batjes, 2016) with a loam texture class
according to the USDA classification system. The partial contents of clay (13%), silt (49%), and sand
(38%) were determined using a laser diffractometer, Mastersizer 3000 (Malvern Panalytical, UK),
with measurement parameters set according to (Bieganowski et al., 2018; Vrana et al., 2024). The soil
was gently compacted and subjected to a wetting—drainage cycle to promote structural development.
After drying, the surface crust was broken, the top few centimeters were mixed, and the surface was
compacted using a pestle. This procedure was designed to replicate field conditions, minimize
variability within the box, and ensure proper contact between the soil surface and the infiltrometer

(Bagarello et al., 2022).

In total, we conducted 27 infiltration trials using three instruments: two AMDI units (referred to as
Autol and Auto2) and one Meter MDI. The trials were carried out at three pressure heads (49 = -6
cm, -3 cm and -1 cm), with three replicates for each combination (3 instruments x 3 pressure heads
x 3 replicates = 27 trials). The experiments were conducted between February and March under
controlled laboratory conditions. Before each trial, a thin layer of air-dried, sieved soil (<2 mm) was
applied directly to the surface at the trial location. This layer was then spread and gently compacted
to ensure optimal contact between the infiltration disk and the soil surface. To avoid any interaction
between wet zones of adjacent tests, each test cycle was limited to six infiltration trials. After each
cycle, the upper soil layer was homogenized, reconsolidated, and allowed to dry for 48 to 72 hours to
ensure uniform initial conditions across all experiments. For the Meter MDI, an operator manually

recorded infiltration data at regular intervals, whereas the AMDI units used TMS-4 sensors to
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autonomously record signal changes within the reservoir. These signals were subsequently converted
to water volumes using the calibration equations described earlier (Eq. 2 and Eq. 3).

Moreover, although the disk should theoretically not affect infiltration as long as water continuity is
maintained for the set pressure heads and its hydraulic conductivity is significantly higher than that
of the soil being measured, we also determined the hydraulic conductivity of the disk to ensure the
rigor of the study. This aspect had not been previously addressed in the study by Klipa et al. (2015).
To measure the saturated hydraulic conductivity of the sintered disk, we employed a variation of the
falling head experiment described earlier (Section 2.3). Since the Meter disk and CTU disk have
identical dimensions, we used the Meter MDI body to conduct infiltration into a free water level. The
MDI was positioned so that its outflow was directed into a metal cylinder with a sharp edge, which
was filled with water to maintain continuous contact between the sintered disk and the water surface.
The MDI was filled with 90 ml of water, and an empty Mariotte chamber was attached. The suction
tube was sealed with a finger to prevent water flow. When the finger was released, the infiltration
trial began. This procedure was repeated three times for each type of disk. The saturated hydraulic

conductivity for each trial was then calculated using the following equation:

_ QL

K.. =
st AAhl

where:

- Ks;iis the saturated hydraulic conductivity for given time step (mm h™")
- Qiis the outflow forms the MDI (mm?* h™)

- Listhe wallthickness (mm)

- Aisthe cross-sectional area of the Mariotte chamber (mm?)

- Ah;is the pressure head gradient for the given time step (mm).

Following the determination of each disk's saturated hydraulic conductivity (K;), additional trials
were conducted using only the Meter mini disk infiltrometer (MDI) to further investigate the
influence of the disk on the infiltration process. A total of six trials were performed, three at an initial
pressure head (49) of -3 cm and three at /9 of -1 cm. These trials were carried out on a soil different
from that used in the infiltration measurements described above. The soil was collected from another
agricultural site in Nucice (Li et al., 2023; Zumr et al., 2019) and is classified as Cambisol (Batjes,

2016), with a silty loam texture class according to the USDA classification system. The soil
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composition included 3% clay, 61% silt, and 36% sand. Sample preparation and infiltration trials

were carried out as previously described.

Scanning Electron Microscopy of Parts

To inspect the morphology of the 3D-printed parts and sintered disk, we used a Phenom XL scanning
electron microscope (SEM) (Thermo Fisher Scientific, United States). Since the analysis required
small samples, we specifically designed and printed three types of samples; a cube with a hollow
middle part, a wall, and a closing top layer; using the settings given in Section 2.2. Prior to analysis,
the samples were dried at 40 °C for 48 hours, which should not alter the properties of PET-G. Then
they were mounted on 12.5 mm diameter pin stubs using carbon adhesive tape. Loose particles were
gently removed with compressed air, and the specimens were coated with a thin conductive metal
layer (Pd:Au = 80:20) using a SC7620 sputter coater (Quorum). SEM imaging was performed under
high vacuum conditions (1 Pa) a secondary electron detector (SED) at 5 kV.

Data Analysis

To estimate the unsaturated hydraulic conductivity, K(4), we used model proposed by Zhang (1997)
which was later modified by Dohnal et al. (2010) and as described in METER Group Mini Disk
manual adapting their macro and van Genuchten parameters (Meter Group, 2021). To analyze the
differences between the Zhang model and the measured data, we used the Root Mean Square Error
(RMSE) and normalized RMSE (NRMSE). After calculating the K values, we divided the data into
three groups based on pressure heads (-1, -3, and -6 cm) and instrument type (AMDI Mark 1, Mark
2, and Meter MDI). Each group was tested for normality at confidence level of 0.05 using the Shapiro-
Wilk test, which is suitable for small datasets (Shapiro and Wilk, 1965). Since all groups yielded p-
values greater than 0.05 we applied a one-way analysis of variance (ANOVA) to assess the
significance of differences. If the ANOVA produced a p-value less than 0.05, a Tukey post-hoc test
was performed to identify the source of the significant difference. All statistical tests were performed

using the SciPy library for Python (Virtanen et al., 2020).
Results
Properties of 3D printed parts

Air leakage due to imperfections in 3D printed parts was determined in three repetitions; the water

levels inside the glass tube equilibrated on average after three hours at a pressure head of -10 cm, as
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described in Section 2.3. We successfully measured the air conductivity (K,) of the 3D-printed parts,
which, for the modified version of the Mariotte chamber, yielded 8.0-10* £ 2-10* mm h™!. Using this
K, value, we estimate the minimum infiltration rate measurable for pressure head between -0.5 and -
6 cm (see Appendix A). For 49 =-6 cm, and considering that the AMDI is almost empty, the minimum
measurable infiltration rate is 0.42 + 0.11 mm h™!. Given the assumptions used in the estimation
method, the minimal measurable infiltration rate can be considered conservative. To closely inspect
imperfections in 3D prints that can cause air leakage, we used SEM imaging (Figure 3). It should be
noted that the images show an intentionally selected location on the surface prone to imperfections to
trace the sources of air leakage. Using the XYZ coordinates, where Z is the vertical axis in Figure 3a
and b a corner in the XY plane depicts the adhesion in two cases: good corner adhesion (Figure 3a)
and poor adhesion (Figure 3b). The corner gap in Figure 3b may indicate a potential source of air
leakage. Figure 3c and d depict the top layer infill in the XY plane. Both images reveal prevalent
over-extrusion due to the printer settings. Finally, Figure 3e and Figure 3f show vertical wall layer
adhesion in the XZ plane. Figure 3e demonstrates good adhesion and layer overflow from over
extrusion, while Figure 3f reveals slightly reduced vertical adhesion, with visible isolated openings
between layers. These gaps are not interconnected and are therefore considered isolated pores. The
white artifacts circled in red in all images are air bubbles trapped within the material structure formed
during printing, which are also not interconnected. Air leakage due to the imperfection in the 3D

printed parts was determined in 3 repetitions; the water levels equilibrated on average after 3 hours.
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Figure 3: SEM images obtained using a BSD sensor at 250x magnification, illustrating key 3D printing features and
defects related to adhesion and extrusion quality. (a) Corner perimeters with good adhesion. (b) Corner perimeters with
poor adhesion, indicating a possible source of leakage. (c) Infill of the top layer exhibiting overextrusion. (d) Artifact
resulting from the infill of the top layer on the extrusion. (e) Vertical wall layer showing good adhesion to overflow due
to overextrusion. (f) Vertical layer of the wall showing slightly reduced adhesion, with visible openings between layers.

The coarse particles observed in the images are predominantly dust.

Infiltration Curves

In total, we conducted 27 soil infiltration trials. Cumulative infiltration was calculated according to
Eq. 2 and Eq. 3 for each AMDI. The resulting infiltration curves obtained from the automatic
instruments generally exhibited a well-defined shape, comparable to those recorded with the METER
MDI (Figure 4). The minor noise observed in the AMDI data may be attributed to occasional reading
inaccuracies or to limitations in the approximation of the calibration equations. The slight deviation
of AMDI compared to MDI at a pressure head of -3 cm (Figure 6B) and the greater deviation at a

pressure head of -1 cm (Figure 6C) are likely due to differences in the porous disk.
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Figure 4: Cumulative infiltration curves for Soil Ledce under three pressure head conditions: (4) -6
cm, (B) -3 ¢cm, and (C) -1 cm. The curves show the difference between infiltrometer types: AMDI

Mark 1 (yellow), AMDI Mark 2 (magenta) and Meter MDI (blue) with the fitted infiltration data from
the Zhang (1997) model (dotted lines).

The application of the Zhang model to the infiltration curves revealed similar fit performance for both
AMDI and the METER infiltrometer with low (< 4%) and nearly identical NRMSE values between
the two devices (Appendix B). The resulting fitted curves were similar in shape and trend, showing
no substantial differences between the two measurement systems. Using the Zhang model and
measured infiltration curves, we calculated hydraulic conductivity (K) for all trials (Table 2). Each
device was treated separately to determine whether the two AMDI results were comparable. The K
values were grouped according to the pressure head levels of o= - 6, -3 and -1 cm, and ANOVA was
used to assess the differences. For the pressure head /9= -6 cm, ANOVA yielded p = 0.096, indicating
that there were no significant differences between the groups, with the F statistic = 3.56. Similarly,
for the pressure head /9 = -3 cm, p = 0.1 with the F statistic = 3.46, again indicating that there is no
significant difference. However, for the pressure head /9 = -1 cm, p = 0.005 with F-statistic = 14.26.
Given the significant difference observed, the post hoc Tukey HSD test was used to further investigate
the group differences. The Tukey HSD test revealed that AMDI Mark 1 and AMDI Mark 2 did not
show significant differences, with p = 1.0. On the other hand, Mark 1 and Mark 2 exhibited a
significant difference compared to the MDI of the Meter, with p = 0.009 in both cases.
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Table 2: Hydraulic conductivity (K) obtained for all measurements.

K (mm h)
ho(em) — AMDI AMDI
mark1 mark?2 MDI Meter
-6 1.12 0.81 0.94
-6 091 0.41 1.18
-6 0.42 0.54 1.47
-3 2.51 4.49 7.45
-3 1.92 1.39 10.37
-3 541 5.50 5.16
-1 17.97 9.66 45.01
-1 15.30 21.77 29.98
-1 9.92 11.70 46.93

Influence of the Sintered Stainless-Steel Disk on Infiltration

In contrast to the previous section, where both the AMDI and MDI meters were used, only the MDI
meter was used to conduct the experimental runs in this section. The saturated hydraulic conductivity
revealed significant differences between the Meter and CTU disks at lower pressure heads.
Measurements were performed in triplicate for each disk (Figure 5C) as described in Section 2.6. The
Meter disk produced a K, of 540.9 + 101.1 mm h'!, which is, on average, 50% higher than the K
measured with the CTU disk (275.2 +200.3 mm h™!). This difference also results from soil infiltration
measurements, especially at the lower pressure head (Figures 4a and b). Furthermore, it can be
observed that the higher standard deviation of the CTU disk also propagates to infiltration
measurements on the soil. Since the nominal pore size of the Meter disk is not disclosed, we utilized
SEM imaging (Figure 6) to further investigate the difference between the Meter and CTU disks, which
clearly shows that the Meter disk has larger pores (300 microns).

65



A:hg=-3cm B: hg =-1cm C:ho=0cm
€ 504 i ]
£ 50 50
S 40 - E 40
©
£ 30 . 30 -
£
2 20- // - 20 1
©
g 10 A T Meter Disk 10 A
3 ' —— CTU Disk
0 T T T T T 0 T T T T T T
0.00 050 1.00 1.50 0.00 0.05 0.10 0.0 1.0 2.0 3.0 4.0 5.0 6.0

Time (h) Time (h)

Time (min)

Figure 5: Cumulative infiltration curves comparing meters and CTU disks at two pressure head levels: (A) -3 cm, (B) -1

cm and outflow (C) 0 cm (free water level).

Figure 6: SEM images captured at 250x magnification using a BSD sensor, comparing the pore morphology of sintered

stainless-steel disks from Meter (bottom row) and CTU (top row).
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Discussion

Considering the shape of the infiltration curves, we can confirm that the AMDI operates effectively
and produces reproducible and reliable results, accurately representing the infiltration process under
laboratory conditions. Both AMDI mark 1 and mark 2 exhibited a good fit to the Zhang (1997) model,
with NRMSE values below 4%, comparable to Meter MDI (NRMSE < 4%). As no significant
differences in the majority of hydraulic conductivities (K) were found between the two AMDI
versions, it can be inferred that the instruments perform similarly, supporting the reproducibility of
the AMDI design. The only significant differences (p < 0.05) in K between AMDI and Meter MDI
were observed at a pressure head level of 4o = -1 cm. However, if these discrepancies had resulted
from the nonuniformity of the pressure heads within the porous disk or from poor contact between
the soil and the porous disk, the measurement deviations would be expected to increase with higher
pressure head levels. Because this trend was not observed, we attributed the differences to the intrinsic

properties of the sintered porous disk.

The CTU disk used in the AMDI features a denser and more compact morphology, whereas the
observed differences are more likely attributed to the characteristics of the Meter disk, which has
visibly smaller and less interconnected pore structures. This contrast in porosity appears to influence
the infiltration. The 50% higher K average for the Meter disk compared to the CTU disk, along with
consistent infiltration measurements using the Meter MDI with both disk types, demonstrates that
while the infiltration rate of the CTU disk remains significantly higher than that of the in soil, it still
affects the infiltration process enough to cause significant differences in the results. This opens the
general question of the influence of the properties of porous disks on the infiltration and the resulting
K. In the future, the differences in the sintered disks might be added to the Zhang (1997) model using
the numerical approach, similar to Dohnal et al. (2010), who however neglected any effect of the
disk. Previous studies have focused on the effect of contact between the disk and the soil on the
diameter of the disk, but we are not aware of a study dealing with the hydraulic conductivity of the
porous disk itself. Although the observed differences between AMDI and Meter MDI at low pressure
heads are most likely caused by the characteristics of the porous disks, a detailed investigation of the
hydraulic properties of the disks under varying conditions is beyond the scope of this study. A
dedicated follow-up study would be necessary to quantify and model these effects across different
disk types. Given the constraints of the porous disk, determining its air-entry value is the most reliable
way to assess its suitability for lower pressure heads before adjusting the pressure head range beyond
-6 cm.
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Our 3D-printed AMDI offers an open design, cost-effective, and accessible approach to automating
mini disk infiltrometers (MDIs) compared to commercially available models. Unlike the infiltrometer
developed by Madsen and Chandler (2007) which primarily utilizes differential pressure transducers
and various head control methods such as capillary tubes or bubbling chambers, our design integrates
a low-cost autonomous TDT sensor and relies on visual adjustment of the water level within a
transparent PET-G Mariotte chamber to set the pressure head. Other automated infiltrometers, such
as the tension infiltrometer by Morales-Ortega et al. (2023), use distance sensors with an Arduino-
based SCADA system, or the disc infiltrometer by Moret-Fernandez et al. (2012), which employs
micro flowmeters and solenoid valves. These systems require precise manufacturing, in some cases
use costly sensors, and require connection to external units to operate and log data. Our AMDI
distinguishes itself through the extensive use of FDM 3D printing for most of its components. This
manufacturing method, also used by Morales-Ortega et al. (2023), allows low-cost fabrication and
easy customization. However, it presents challenges such as achieving sufficient airtightness and

optical clarity due to the layered structure of FDM prints, as discussed by Klipa et al. (2015).

The air leakage rate (K,) through the body of the AMDI was determined using a modified version of
the Darcy falling head experiment, assuming incompressible and isothermal conditions. In terms of
volume, the amount of leakage through the material for pressure head at -6 cm after 6 hours would
be 4 ml, which is negligible (Appendix A). Given the assumptions used in the estimation, this minimal
infiltration rate can be considered fairly conservative. However, it is important to note that as long as
air bubbles are observed in the reservoir during infiltration, the AMDI is clearly maintaining a pre-
set pressure head. For example, AL-Hasni and Santori (2020) reported for vacuum of 8.2 kPa and
24h duration leakage rate 2.36 10° Pam® s™! for resin infused FDM prints, which according to their
classification was categorized as leaky, however, the AMDI operates under only slight underpressure

in relation to atmospheric pressure.

Since we utilized established, low-cost, yet reliable TDT sensor (price level as of 2025 approx. 100€),
custom made stainless steel sintered disk (various price levels dependent on scale of the order, approx.
100€ as of 2025) and FDM 3D printing utilizing commercially available 3D printers and widely
available PET-G filament (8€), simple sealants and glue (10€) we were able to lower the material cost
of the device significantly to 218€ without tax, excluding the cost of 3D printer itself. In comparison,
the commercially available manual MDI is sold for a multiple of this price. The open-design, low-

cost and simplicity of the device may stimulate the scientific community in further development of
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the device as well as its use in citizen science projects. Addressing the primary purpose of the AMDI,
which is to measure the unsaturated hydraulic conductivity K(%), the device retains all the advantages
of manual MDI while significantly expanding its application potential. Given its low cost, the AMDI
enables the use of multiple units to measure K(%). For instance, because the AMDI only requires
attention during setup, a single operator can manage multiple infiltration trials simultaneously. This
greatly reduces data collection costs while enhancing data quality. Additionally, multiple devices can
be arranged in a spatial pattern to assess the spatiotemporal variability of K(%), a task that is typically
labor-intensive and costly (e.g. study by (Gadi et al., 2017).

In general, disregarding the automation, the main difference between the AMDI and the Meter MDI
lies in the body material and manufacturing process, which significantly influence the instruments'
properties, for summary refer to Table 3. In terms of size, the AMDI has a wider and shorter body
with a lower center of gravity compared to the Meter MDI, making it more stable in windy conditions.
However, it is also twice as heavy, which contributes to its stability but slightly reduces its portability
when carrying large number of units. AMDI has 60% higher water volume for infiltration, which may
be advantageous under certain conditions that require prolonged infiltration. However, AMDI offers
a slightly narrower pressure head range, up to -6 cm (potentially extendable with careful
modifications), whereas the Meter MDI supports up to -7 cm. The disk dimensions, and thus the
contact area, are similar for both devices, and the porous disk can be replaced based on desired
properties. The material used for the AMDI (PET-G) imposes limitations for applications such as
water repellency assessment, for which polycarbonate is more suitable. While FDM-printed
components are typically porous, we successfully adapted the printing method to achieve an almost

watertight design and limited air leakage sufficiently to maintain the device in an operable state.
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Table 3: General overview of AMDI and Meter MDI materials and features.

Feature AMDI Meter MDI
Body height (cm) 22.5 31.8
Maximum height (cm) 29.5 39.8
Body diameter (cm) 5.0 3.1
Weight (empty) (g) 325 150
Water capacity (ml) 150 90
Pressure head range (cm) —0.5to0 -6 —0.5to -7
Variable with tube
Pressure head offset (cm) —0.9 ' _
insertion (usually —2.0)
Disk diameter (cm) 4.5 4.5
Disk thickness (cm) 0.3 0.3
Infiltration water readings Automatic TDT Manual visual
Body Material PET-G Polycarbonate
Suction tube material PET-G Stainless steel
' ' not specified by
Average disk pore size
80 manufacturer, estimated
(nm)
300
Watertightness Nearly full Full
Airtightness Limited Nearly full
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Although field validation was beyond the scope of this study, the laboratory conditions were carefully
designed to simulate field-relevant scenarios (e.g., loam texture, wetting—drying cycles, compaction),
making the results applicable for preliminary field research and educational purposes. Future studies
should evaluate field performance under diverse conditions. Another disadvantage of AMDI is that it
is not suitable for measuring soil water repellency, as such measurements typically involve the use of
95% ethyl alcohol (Lichner et al., 2007). Exposure to ethyl alcohol would cause brittleness in the
AMDI due to the use of PET-G (Told et al., 2022). This issue might be mitigated by replacing PET-
G with polycarbonate; however, such a modification requires comprehensive testing to ensure that

all requirements are met.

Conclusions

This study aimed to develop an Autonomous Mini Disk Infiltrometer (AMDI). We successfully
utilized commercially available FDM 3D printers and low-cost TDT sensors, along with a custom
sintered stainless-steel disk, to manufacture a low-cost AMDI (218 €). In most cases, the AMDI
produced results that were not significantly different from those obtained using the traditional manual
Meter MDI, although the characteristics of the porous disk may have negatively influenced the
comparison. This makes the AMDI a functional, cost-effective, and convenient alternative to
traditional MDI. By integrating 3D printing for manufacturing and TDT sensing for infiltration
measurement, the AMDI offers potential advantages over traditional MDI in terms of application
flexibility and enhanced adaptability. Although comparable AMDIs have been tested under field
conditions, our 3D-printed AMDI demonstrated reproducible and reliable performance in laboratory
settings, comparable to the manual Meter MDI. We were unable to achieve a fully airtight 3D print
using FDM technology alone, although the leakage rate was sufficiently limited to allow an accurate
AMDI function. The proposed procedure effectively minimized air leakage to a level that did not
compromise measurement accuracy, and this was achieved without any additional post-treatment. We
would like to emphasize that the use of the AMDI in the field should be preceded by proper validation
under controlled laboratory conditions. The differences observed at lower pressure head levels may

be attributed to the characteristics of the porous disk.

Unexpectedly, the preliminary evaluation of the sintered porous disk in our study led to the conclusion
that, although its hydraulic conductivity is significantly higher than that of the soil, the disk can still

negatively influence infiltration measurements. Based on our findings, we propose a dedicated study
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comparing different disk types using a manual MDI, with the potential to incorporate disk

characteristics into the Zhang (1997) model.

Data availability

3D Printing details — refer to SP1 (SupplementaryMaterial SP1 _MK3Splus_settings.ini) which
contains full details of 3D printer settings or refer to GitHub repository (Kubat and Sn¢€hota, 2025).
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Appendix

Appendix A: Minimal measurable hydraulic conductivity (Kmin) for each pressure head setting of

AMDI and estimated volume of air leakage (V) over trial duration.

ho (cm) Kuin (mm h) Hours (h) and V, (ml)

1 2 3 4 5 6 24

-0.5 0.04 0.06 0.11 0.17 022 028 0.34 1.35
-1 0.07 0.11 022 034 045 056 0.67 2.69
-1.5 0.11 0.17 034 051 067 084 1.01 4.04
-2 0.14 022 045 067 090 1.12 135 539
-2.5 0.18 028 056 084 1.12 140 1.68 6.73
-3 0.21 034 0.67 1.01 135 1.68 2.02 8.08
-3.5 0.25 039 0.79 1.18 157 196 236 943
-4 0.28 045 090 135 180 224 269 10.78
-4.5 0.32 0.51 1.01 152 202 253 3.03 1212
-5 0.35 0.56 1.12 1.68 224 281 337 1347
-5.5 0.39 0.62 123 185 247 3.09 370 14.82
-6 0.42 0.67 135 202 269 337 4.04 16.16
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Appendix B: RMSE and NRMSE for measured infiltration and Zhang model.

AMDI mark1 AMDI mark?2 MDI METER
ho(em)  "RMSE
(cm) NRMSE (%) (o) NRMSE (%) (cam) NRMSE (%)

-6 0.55 2.01 0.53 1.82 0.46 2.86
-6 1.20 3.9 0.58 1.88 0.28 1.2
-6 0.50 1.68 0.85 2.76 0.57 2.67
-3 0.72 2.51 0.57 1.84 0.47 1.72
-3 0.77 2.79 0.80 2.77 0.65 2.34
-3 0.66 3.81 0.63 3.53 0.52 2.92
-1 0.62 2.23 0.68 2.34 0.92 3.17
-1 0.75 2.62 0.6 2.03 0.84 2.88
-1 0.47 2.93 0.31 1.73 0.35 2.13
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Chapter 4 — Infiltration Processes in Layered Soils

4.1 Introduction

A perfectly homogeneous soil profile, often assumed in controlled infiltration experiments, and
numerical simulation of hydrological processes, is relatively rare in natural settings, because soils are
commonly characterized by structural heterogeneity produced by both natural processes and external
disturbances. This heterogeneity frequently manifests as soil layering, the vertical configuration of

distinct layers that differ in texture, structure, or hydraulic properties.

Layered soil profiles can exhibit markedly different hydraulic behaviours depending on the texture
and spatial arrangement of their horizons. When a coarse-textured layer overlies a finer, less
permeable one, infiltration initially advances rapidly through the coarse material but slows sharply
once the wetting front encounters the finer sublayer, where smaller pores and higher water-holding
capacity limit downward flow (Hillel, 1998). Conversely, when a fine-textured horizon occupies the
surface, whether of natural origin or caused by disturbance, the infiltration rate is controlled by its
lower hydraulic conductivity. A particularly common manifestation of this condition is the formation
of thin compacted surface crusts. These crusts may develop through repeated wetting—drying cycles
that induce surface sealing (Assouline & Mualem, 1997), through the settling of fine sediments after
flooding (Lassabatere et al., 2010), or through biological processes such as organic-matter
accumulation and decomposition, including the development of microbial or fungal biocrusts (Belnap
et al. 2001). Once established, even a very thin crust can substantially impede water entry, regardless
of the permeability of the underlying soil, thereby altering infiltration patterns and subsequent water

redistribution.

According to Hillel (1998), soil surface crusts can be distinguished as “depositional crusts” and
“structural crusts”. Depositional crusts form when sediment-laden water temporarily covers the soil
surface. In these conditions, a muddy suspension rich in dispersed particles settles gradually, and the
fine materials infiltrate the surface pores, filling and clogging the larger voids and creating a compact,
low-permeability layer. On the other hand, structural crusts form through the breakdown of surface
soil aggregates, typically triggered by the direct impact of raindrops, or by external mechanical forces

that compact the soil, producing a dense layer with reduced infiltration capacity.

Human activities, even when not aimed at deliberate soil modification, can intensify these same
mechanisms, leading to surface conditions that foster the formation of compacted crusts and layered
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profiles (Smith et al., 2005; Batey, 2009).These factors collectively lead also to a variety of soil
alterations, including changes in aggregate stability, pore connectivity, bulk density, and surface
roughness, and may consequently influence water infiltration, retention, and flow paths in ways that

are highly variable and site-specific (Lindstrom et al., 1984; dos Santos et al., 2018).

Soil compaction is a primary factor promoting development of layered profiles and surface crusts in
both agricultural and forest soils and therefore represents a critical issue in the broader field of soil
management. Compaction arises mainly from human and animal activity, although it can also develop
under natural conditions and contribute to soil erosion, nutrient depletion, and pollution, challenges
frequently highlighted in recent reports by the United Nations and other international bodies
(Hartemink, 2008).

In agricultural systems, surface compaction commonly results from the repeated passage of heavy
machinery and, in a smaller measure, from animal trampling (Batey, 2009; Rodriguez et al., 2012).
The pressure exerted by tires or hooves compresses soil particles, increasing bulk density and
reducing porosity in the upper soil layers (0-30 cm) (Batey, 2009). The severity of compaction
depends on factors such as soil texture, moisture content at the time of traffic, machinery load, and
tire inflation pressure, with fine-textured and wet soils being particularly vulnerable (Hamza &
Anderson, 2005). According to Batey (2009), while certain operations, such as seedbed preparation,
can be scheduled when the soil is firm and supportive to minimize compaction, other activities, like
harvesting root and vegetable crops, often must be carried out when the soil is at or above field
capacity, increasing the likelihood of compaction. If the soil is dry and firm throughout the profile,
traffic may have little effect; however, when moist and soft surface layers overlie drier subsoil, a
common situation in late summer due to the first rains of the season, the upper layers can be strongly
compressed. Over time, repeated traffic without sufficient recovery can lead to the formation of a
dense soil crust, which restricts root growth and hinders vertical water movement, with long-term

implications for soil structure and function.

On the other hand, in forest ecosystems surface compaction is primarily associated with logging
operations and the movement of heavy machinery during timber harvesting. Skidding trails, log
landings, and haul roads are well-known hotspots where machinery traffic, especially under wet soil
conditions, can produce significant topsoil compaction (0—10 cm) and reduce macroporosity (Greacen
& Sands, 1980; Ampoorter et al., 2012). Soil susceptibility is further affected by organic matter
content and the frequency of harvesting operations; although some natural recovery may occur

through freeze—thaw cycles, bioturbation, or root growth, compaction in forest soils can persist for
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decades, with long-term consequences for infiltration, aeration, and microbial activity (Kremers &

Boosten, 2018).

The outcome of these processes can markedly affect water movement, retention, and root penetration,
leading to potential modifications in soil aeration, nutrient distribution, and microbial activity (Horton
et al., 1994; Mossadeghi-Bjorklund et al., 2019). Thus, the compacted top layer may interfere with
infiltration during rainfall events, causing increased surface runoff and the risk of erosion, while the

contrasting permeability of the subsoil can create complex flow patterns and localized preferential

pathways (Chyba et al., 2014).

Despite the clear importance of this phenomenon, the hydraulic behaviour of layered soils remains
poorly understood, particularly under varying moisture regimes and in response to repeated
mechanical or natural stresses, with only limited experimental data currently available. A better
understanding of the interactions between the compacted surface horizon and the more permeable
subsoil is therefore critical for predicting infiltration dynamics, optimizing water use efficiency, and

maintaining overall soil functionality in both managed and natural ecosystems.

Understanding how a compacted surface layer affects water infiltration is challenging, due to the
vastity of soil and environmental factors and their interactions. Laboratory experiments offer a way
forward by studying one key factor while all other initial conditions are kept constant. In the research
proposed in this chapter, we specifically compared infiltration in a homogeneous soil with that in
layered profiles containing a low-permeability surface layer of varying thicknesses, in order to isolate
and quantify its direct impact on infiltration. This controlled approach helps answer practical
questions such as how surface compaction might change the rate and depth of water movement after
irrigation or heavy rainfall, or how it influences the recharge of deeper soil layers. The findings can
guide decisions on field traffic management, tillage timing, and strategies to improve water

availability and reduce runoff in both agricultural and forest soils.

86



References:

Assouline, S., & Mualem, Y. (2002). Infiltration during soil sealing: The effect of areal heterogeneity
of soil hydraulic properties. @ Water  Resources  Research, 38(12), 22-1-22-9.
https://doi.org/10.1029/2001WR001168

Batey, T. (2009). Soil compaction and soil management—a review. Soil use and management, 25(4),

335-345.

Belnap, J., Biidel, B., & Lange, O. L. (2001). Biological soil crusts: characteristics and distribution.
In Biological soil crusts: structure, function, and management (pp. 3-30). Berlin, Heidelberg:

Springer Berlin Heidelberg.

Chyba, J., Kroulik, M., Kristof, K., Misiewicz, P. A., & Chaney, K. J. A. R. (2014). Influence of soil

compaction by farm machinery and livestock on water infiltration rate on grassland.

dos Santos, K. F., Barbosa, F. T., Bertol, 1., de Souza Werner, R., Wolschick, N. H., & Mota, J. M.
(2018). Study of soil physical properties and water infiltration rates in different types of land
use. Semina: Ciéncias Agrarias, 39(1), 87-97.

Greacen, E. L., & Sands, R. (1980). Compaction of forest soils. A review. Soil Research, 18(2), 163-
189.

Hartemink, A.E. 2008. Soils are back on the global agenda. Soil Useand Management, 24, 327-330

Hillel, D. (1998) Environmental Soil Physics: Fundamentals, Applications, and Environmental

Considerations. Academic Press, Waltham.

Horton, R., Ankeny, M. D., & Allmaras, R. R. (1994). Effects of compaction on soil hydraulic

properties. Developments in agricultural engineering, 11, 141-165.

Kremers, J., & Boosten, M. (2018). Soil compaction and deformation in forest exploitation. American

Journal for Alternative Agriculture, 7(1-2), 25-31.

Laigle, I., Moretti, M., Rousseau, L., Gravel, D., Venier, L., Handa, I. T., ... & Aubin, L. (2021). Direct
and indirect effects of forest anthropogenic disturbance on above and below ground communities and

litter decomposition. Ecosystems, 24(7), 1716-1737.

87



Lassabatere, L., Angulo-Jaramillo, R., Goutaland, D., Letellier, L., Gaudet, J. P., Winiarski, T., &
Delolme, C. (2010). Effect of the settlement of sediments on water infiltration in two urban infiltration

basins. Geoderma, 156, 316-325. https://doi.org/10.1016/j.geoderma.2010.02.031

Lindstrom, M. J., & Onstad, C. A. (1984). Influence of tillage systems on soil physical parameters

and infiltration after planting. Journal of soil and water conservation, 39(2), 149-152.

Mossadeghi-Bjorklund, M., Jarvis, N., Larsbo, M., Forkman, J., & Keller, T. (2019). Effects of
compaction on soil hydraulic properties, penetration resistance and water flow patterns at the soil

profile scale. Soil Use and Management, 35(3), 367-377.

Rodriguez, L. A., Valencia, J. J., & Urbano, J. A. (2012). Soil compaction and tires for harvesting and
transporting sugarcane. Journal of Terramechanics, 49(3-4), 183-189.

Smith, R. G., Ryan, M. R., & Menalled, F. D. (2011). Direct and indirect impacts of weed management

practices on soil quality. Soil management: Building a stable base for agriculture, 275-286

88



4.2 One-dimensional infiltration in a layered soil measured in the
laboratory with the mini-disk infiltrometer
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Dario Autovino, Vincenzo Bagarello, Gaetano Caltabellotta, Florina Kati Varadi, Francesco Zanna
ABSTRACT

Layered soils can consist of a thin little permeable upper layer over a more permeable subsoil. There
are not many experimental data on the influence of this upper layer on infiltration. The mini-disk
infiltrometer set at a pressure head of —3 cm was used to compare infiltration of nearly 40 mm of
water in homogeneous loam and clay soil columns with that in columns made by a thin layer (1 and
3 cm) of clay soil over the loam soil. For each run, the Horton infiltration model was fitted to the data
and the soil sorptivity was also estimated by considering the complete infiltration run. For the two
layered soils, the estimates of initial infiltration rate and decay constant were similar but a thicker
upper layer induced 2.4 times smaller final infiltration rates. Depending on the infiltration parameter
and the thickness of the upper layer, the layered soils were characterized by 2.2—6.3 times smaller
values than the loam soil and 2.2—-6.6 higher values than the clay soil. Sorptivity did not differ between
the homogeneous clay soil and the layered soil with a thick upper layer and a thin layer was enough
to induce a decrease of this hydrodynamic parameter by 2.5 times as compared with that of the
homogeneous loam soil. Even a thin upper layer influences appreciably infiltration and hydrodynamic
parameters. Layering effects vary with the thickness of the upper layer and the considered parameter.

The applied experimental methodology could be used with other soils and soil combinations.
INTRDUCTION

Infiltration in layered soils, that are frequent in different environments and situations (Wang et al.,
2014; Yang et al., 2006), can differ appreciably from infiltration in non-layered soils (Hillel, 1998).
A special case of layered soil is when a seal layer is formed at the surface, yielding a less permeable
upper layer as compared with the subsoil (Assouline, 2013). The thickness of this upper layer can be
very variable but in a rather narrow range since it should not exceed a few centimeters at the most
(Armenise et al., 2018; Assouline, 2004). Even such a thin layer can have a large impact on the
hydrological response of a field or a watershed (Assouline and Mualem, 2002, 2006). According to
some investigations, when the soil is layered and the upper layer is the less permeable, water
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infiltration should be more representative of the upper layer (Bagarello et al., 2023; da Silva Ribas et
al., 2021; Lassabatere et al., 2010; Yilmaz et al., 2013). To our knowledge, however, there are not
many experimental investigations on the actual correspondence between homogeneous and layered
soils (Di Prima et al., 2018). Testing the similarity between these two kinds of soils is advisable to
improve our ability to interpret soil hydrologic processes and also in the perspective to use the
infiltration data for estimating soil hydrodynamic properties (Assouline and Mualem, 2002; Moret-

Fernandez et al., 2021).

These experiments should preferably be performed on layered soils with thin or relatively thin little
permeable upper layers given that, with large thicknesses, a similarity between the homogeneous and
layered soils is expected more since infiltration occurs in porous media with similar characteristics
for relatively long times. Performing these checks with as simple as possible experimental methods
is advisable to make the experiment easily reproducible and also considering that the experiment is
inherently complex even if a single layered soil is considered. The reason is that replicated
experiments have to be performed on soil columns made with this layered soil but also with each of
the two homogeneous soils that are combined with each other to form the layered porous medium.
An infiltration model, such as that by Horton (1940), could be fitted to the data to characterize a run
by a limited number of relevant parameters. Performing laboratory infiltration experiments on layered
soil columns made with sieved and repacked soil is rather common for a variety of purposes such as
improving knowledge of the process in particular situations (Wang et al., 2014), establishing if the
data allow to recognize the presence of layering (Moret Fernandez et al., 2021), testing predictive
infiltration models for these non-homogeneous porous media (Chen et al., 2019; Mohammadzadeh-
Habili and Heidarpour, 2015; Moore and Eigel, 1981). Investigations differ by several factors,
depending on their specific objectives. For example, simulated rainfall was used in some cases (Yang
et al., 2006) whereas a ponded depth of water was established on the infiltration surface in other cases
(Wang et al., 2014). The total length of the soil column and the thickness of the tested soil layers also
change, even if investigations considering layers of at least a few tens of centimeters seem to be more
frequent. For example, total length was 21 cm (Al-Maktoumi et al., 2015), 100 cm (Yang et al., 2006)
or 300 cm (Ma et al., 2011). The columns by Yang et al. (2006) were made of 60—65 cm of an upper
layer over 3540 cm of a subsoil. The experiment by Ma et al. (2011) was performed on a soil column
filled with five layers of 120, 20, 30, 30 and 120 cm. A 20 cm thick upper layer over a 40 cm thick
subsoil was considered by Chen and Hsu (2012). The columns by Wang et al. (2014) and Chen et al.
(2019) were made by layers of 22.5-25, 20 and 20-22.5 cm. In the experiment by Batsilas et al.
(2023), the height of the upper and lower layers was 45 and 48 cm, respectively. However,
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experiments with thinner upper layers have also been performed. For example, Young et al. (2002)
considered a two layered soil made of 7.5 cm thick layers. In the experiment by Al-Maktoumi et al.
(2015), 15 cm of a soil were overlaid with 6 cm of another soil. A rather simple and cheap method to
obtain infiltration data in layered soils with thin little permeable upper layers is performing one-
dimensional (1D) experiments with the mini-disk infiltrometer (MDI) on relatively small soil
columns, that is on the order of 20-25 cm in length by 5 cm in diameter. With the MDI, a negative
but close to zero pressure head is established on the soil surface. The infiltration data are therefore
representative of a nearly saturated soil matrix (Assouline and Narkis, 2011). The device has already
been used in the laboratory to perform different 1D experiments on repacked soil, such as those testing
the effects of treated wastewater on the hydraulic properties of a clayey soil (Assouline and Narkis,
2011) or performing comparisons with three-dimensional infiltration (Kargas et al., 2018). The
general objective of this investigation was to determine the impact of soil layering on one-
dimensional infiltration processes established with the mini-disk infiltrometer. The specific objectives
were to 1) compare infiltration in homogeneous loam and clay soil columns with that measured in
columns made by a thin layer of clay soil over the loam soil; ii) test the effect of the thickness of the
upper clay soil on infiltration in a rather narrow range of small thickness values; and iii) establish
layering effects on the fitted parameters of a three-parameter infiltration model and also on the

estimated soil sorptivity.

MATERIALS AND METHODS
Experiment

The infiltration experiment was carried out with two soils differing by texture collected in Sicily
(Italy). In particular, a site was the orchard of the Department of Agricultural, Food and Forest
Sciences of the Palermo University (38° 06 24" ° N, 13° 21’ 06’ ’ E). The other site was the
experimental station for soil erosion measurement Sparacia (37° 38" 46’ ° N, 13° 45’ 43 ’E),
located approximately 100 km south of Palermo. The soil at the Palermo site (Typic Rhodoxeralf) has
a relatively high gravel content and it is mostly sandy-loam or loam down to a depth of at least 0.30
m. For this investigation, the soil was collected in an area where the texture was loam (clay = 15.4%,
silt = 36.2%, sand = 48.4%; USDA classification system) (Agosta et al.,2023). The soil of Sparacia
(Vertic Xerocrept) has a clay texture (clay = 62% silt = 33%, sand = 5%) and a negligible gravel
content (Pampalone et al., 2022). The soil collected from approximately the upper 10 cm of the profile
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(nearly 100 kg for each soil) was transported to the laboratory and it was spread on plastic sheets for
natural drying at room temperature. This process lasted about 40 days, during which the soil was

shuffled every 2-3 days to facilitate drying.

Once the condition of air-dry soil was reached, the soil was sieved through a 2 mm mesh sieve and
the fine fraction was retained for the experiment. Soil columns were prepared in 25 cm long plexiglass
cylinders having an inner diameter of 5.3 cm, equipped with a nylon guard cloth and a thin wire mesh
at the base to support the weight of the soil. A total of 36 soil columns were used in this experiments.
In particular, nine columns were prepared with the homogeneous loam soil (AO soil) and nine
columns were prepared with the homogeneous clay soil (SO). The final length of these soil columns
was 20 cm. A layered soil with a little permeable upper layer and a more permeable subsoil was
prepared using these fine clay and coarser loam soils. In particular, nine columns were composed of
1 cm of clay soil over 20 cm of the loam soil (L1 soil). The other nine columns were prepared by
placing 3 cm of clay soil on 20 cm of the loam soil (L3 soil). Each soil column was prepared with a
soil mass that was never used before. The so-called P3 packing method by Bagarello et al. (2022) was
used to prepare the homogeneous soil columns and also the subsoil layer of the layered soil columns.
This packing method is based on the partition of the air-dry soil mass used to fill the cylinder into
three equal parts. One third is poured in the cylinder and the soil is compacted manually by a wood
pestle that is pressed downward repeatedly. After concluding pressing, the pestle is rotated clockwise
and counter-clockwise around its vertical axis for a few times. The second part is then added and the
same compaction procedure is applied again. Finally, the last part of soil is poured and compacted. In
this investigation, all interfaces in packing were gently scarified after compaction and before adding
another increment to improve the hydraulic contact between the layers (Wang et al., 2014). The AO
soil columns were packed in order to obtain a nearly constant dry soil bulk density, pb, equal to 1.18
g/cm3. For each step of the packing procedure, 179 g of air-dry soil were poured into the cylinder and
this soil was pressed 30 times. Therefore, a total of 537 g of air-dry soil was used. The final length of
the soil column and the number of compactions for each layer did not change for the homogeneous
SO soil columns. In this case, a total of 600 g of air-dry soil was used and the pb value was equal to
1.25 g/cm3. With reference to the layered soils, an established amount of air-dry clay soil (nearly 30
g for the L1 soil and 90 g for the L3 soil) was placed on the top of the sample and it was pressed with
the pestle 10 times to obtain for these upper layers the same dry soil bulk density of the homogeneous
SO soil columns (1.25 g/cm3). A direct measurement of pb was not available since the soil used to
fill the cylinder was air-dry. Therefore, pb was determined by the following relationship (Bagarello
et al., 2022):
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where ms (g) is the mass of the dry soil, V'z (cm3) is the bulk volume of the soil sample, mad (g) is
the mass of the air-dry soil and wad (g/g) is the gravimetric soil water content of the air-dry soil, that
was measured on six samples during the experiment. The volumetric air-dry soil water content,
obtained by pb and wad, was equal to 0.05 m3/m3 for the loam soil and 0.12 m3/m3 for the clay soil.
A mini-disk infiltrometer, MDI (manufactured by Decagon Devices, Pullman, WA, USA,
Infiltrometer User's Manual, Decagon Devices Inc., 2014), was used to measure infiltration. For each
infiltration run, the MDI was filled with tap water at room temperature. A pressure head equal to -3
cm was established at the base of the device. A slightly negative pressure head was used in this
investigation to avoid flow along possible large voids resulting from packing or at the contact between
the soil and the wall of the column (Assouline and Narkis, 2011). Before each 1D test, the soil column
was placed on a perforated support that allowed air to easily escape from the bottom of the sample.
For each run, the infiltrated volumes were measured every 10 s for the first minute, 15 s for the
subsequent minute, 30 s for another two minutes and then every minute until the complete emptying
of the MDI reservoir (95 mL for the A0, L1 and L3 soil runs and 90 mL for the SO soil runs, with
differences related to the used device). For the SO soil, the run lasted long and infiltrated water
volumes were measured every 5 min after the first 4 hours of infiltration. Cumulative infiltration, /
(mm), at a given time, ¢ (h), was obtained by dividing the cumulative infiltrated volume by the cross-
sectional area of the soil column. A check of the laboratory data was first performed by visually
examining the 7 vs. ¢ curves to verify if they were initially concave and then smoothly described a
linear relationship, as expected (Pachepsky and Karahan, 2022). The mean infiltration rate, irmed
(mm/h), was then calculated for each run. In addition, the empirical Horton (1940) infiltration model
was fitted to the / vs. ¢ data by minimizing the sum of the squared residuals between the measured
and the predicted / values (Lassabatere et al., 2006):

log — irH

I =ipgt+——"(1—e ab) (2)

where i0H (mm/h) is the initial infiltration rate (z = 0), ifH (mm/h) is the final infiltration rate and the
constant kH (1/h) describes the rate at which iOH approaches if H. For given iOH and ifH values, the
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smaller £kH the more gradual the transition from the initial to the final conditions (Tindall et al., 1999).
The quality of the fitting was evaluated by the relative error, Er (%), in agreement with Lassabatere
et al. (2006). The model by Horton was chosen since it describes the infiltration curve by three
different parameters expressive of the initial and the final stages of the process and also of the
transition between these two stages. Another reason was that this model gave a good representation
of the experimentally determined / v. ¢ relationships in other investigations (Agosta et al., 2023; Iovino
et al., 2021; Shukla et al., 2003). According to Ndiaye et al. (2005), infiltration measured by a one-
dimensional tension infiltrometer experiment can be used to estimate the sorptivity, S (mm/h0.5), and
the soil hydraulic conductivity, K (mm/h), corresponding to the imposed pressure head at the soil
surface. In particular, the two-term infiltration equation (Philip, 1957) is fitted to the data to obtain §

and the 4 (mm/h) parameter:
I=5St% + At (3)

Hydraulic conductivity is then calculated from 4. For each infiltration run, S and 4 were also

estimated by fitting a quadratic equation with a null constant coefficient to the (Z, ¢

0.5) data (Minasny and McBratney, 2000). Each soil column was characterized by a value of S but
not of K. The reason was that S was directly obtained by fitting Eq. (3) to the data collected during
the entire duration of the run. Therefore, the estimates of S were usable to detect differences between
the two homogeneous soils and also to verify how layering influenced the sorptivity estimates.
Calculation of K was not performed for a twofold reason: 1) the procedure by Ndiaye et al. (2005) is
based on the infiltration model by Haverkamp et al. (1994) that is valid for homogeneous soils and
hence is not usable for layered soils; i1) even considering, perhaps forcedly, a sort of equivalent
conductivity for the layered soil, calculating K was not possible since these calculations require an
estimate of the so-called B parameter that, according to recent investigations on three-dimensional
infiltration, is soil-dependent (Yilmaz et al., 2023). This circumstance precluded defining a single
value for a soil column made by two texturally different layers. A comparison was then performed
between the AO, SO, L1 and L3 soils. Initially, all the experimental infiltration rate, i» (mm/h) vs. /
and [/ vs. ¢ relationships for these soils were reported on a single ir vs. I plot and a single / vs. ¢ plot
and they were visually examined to recognize clear differences among the four soils. The ir vs. I plot
was considered, also according to other investigations (Morin and Benyamini, 1977), since durations
changed from run to run, making representation of all data on a single ir vs. ¢ plot confuse. Then, a

statistical comparison between the infiltration (irmed, iOH, ifH, kH) and hydrodynamic (S) parameters
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for the four soils was carried out. A pairwise approach was applied to compare two datasets at a time.
In particular, F and unpaired, two-tailed t tests were used. The statistical tests were carried out at P =

0.05.

RESULTS

Generally, the experimental infiltration processes appeared consistent with theory since the concavity
of'the / vs. t curves was faced downwards, denoting that the infiltration rates initially decreased during
the run, and the 7 vs. ¢ relationship assumed a nearly linear shape at longer times (Fig. 1). However,
some curves obtained in the SO soil exhibited a change in slope in an advanced stage of the run. In
particular, they appeared to become flatter, denoting smaller infiltration rates. This shape was
relatively similar to one of the possible shapes of cumulative infiltration curves recently described by
Pachepsky and Karahan (2022), and particularly to the shape shown in their figure 2J. A possible
reason why this shape was detected was that the initially air-dry clay soil swelled during wetting,
which lasted several hours (on average, 5.85 h), and the consequence was a decrease of the volume
of the largest pores (Kalnin et al., 2021) and hence of infiltration rates. According to Lassabatere et
al. (2006), a relative error, Er, that does not exceed 5.5% denotes an acceptable fitting of an infiltration
model to the data. With reference to the SO soil, adapting the Horton model to the complete
infiltration curves yielded a mean value of Er equal to 4.4% and the threshold of 5.5% was exceeded
in a single case (Er = 6.6%; Table 1). Therefore, this check, suggesting that the fitting of the model
to the complete infiltration curve was overall satisfactory, did not raise any particular concern
regarding the possibility to consider the entire infiltration curve for estimating the infiltration
parameters. In order to make comparison between homogeneous and layered soils easier to follow,
all infiltration rates (AO, SO, L1, L3 soils) were reported on a single ir vs. / plot (Fig. 2a) but the data
were also presented by showing the two homogeneous soils and only one of the two layered soils
(Figs. 2b and 2c¢). The homogeneous AO and SO soils were characterized by the highest and the
lowest infiltration rates, respectively, whereas the two layered soils showed intermediate ir values,
that were generally higher for the L1 soil than the L3 soil. Notwithstanding some data scattering, that
was not surprising (e.g., Wang et al., 2014; Xiao et al., 2019), no contact points were recognized
between the two homogeneous soils on the ir vs. I plot. At the beginning of the process, a certain
overlap between the infiltration rate curves for the homogeneous SO soil and some curves for the
layered soils was evident. This overlap appeared more complete and persisted longer in the case of

the L3 soil than for the L1 soil, as logical. In a later stage of the experiment, the difference between
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the two layered soils became clearer, with the L1 soil yielding higher ir values than the L3 soil. As
the applied water volume increased, the infiltration rates of the AO and L1 soils tended to become
more similar and the infiltration rates of the SO and L3 soils tended to become more dissimilar on the
representation of Fig. 2. The AO vs. L1 soils similarity appeared to be a consequence of decreasing
infiltration rates for the former soil and stabilized rates for the latter one. Even the increasing deviation
between the SO and L3 soils occurred because infiltration rates for the former soil decreased while
those of the latter soil stabilized. Therefore, infiltration rates stabilized after applying a relatively

small water volume in the layered soils but not in the homogeneous soils.
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Fig. 1. Cumulative infiltration curves obtained in the four tested soils (/ = cumulative infiltration; ¢ = time; the mean
values of the cumulative infiltration by the end of the run, Itot, and of the total duration of the run, dtot, are reported for

each soil).

96



Table 1. Summary statistics of the mean infiltration rate, irmed, the infiltration parameters of the Horton model (i0H =
initial infiltration rate; ifH = final infiltration rate; kH = decay constant; Er = relative error) and the soil sorptivity, S

(sample size, N =9 for each soil and parameter with the exception of S for the AO soil for which N was equal to 8).

Parameter | Statistic S0 zoil AQ soil L1 soil L3 snil
irmed min 497 79.8 31.9 12.0
(mm/h) max 10.8 118.5 52.5 22.
mean | 7.43 (a)(c)(e) | 101.1 (a)(d)(H) | 40.1 (b)(c)(d) | 16.1 (b)(e)(D)
CV (%) 236 154 19.5 20.6
itH min 28.8 4763 116.6 1059
(mm/h) max 72.5 933.0 232.7 2619
mean | 42.9 (a)(c)(e) | 671.5 (a)(d)D) | 166.6b(c)(d) | 171.5 b(e)D
CV (%) 32.8 21.1 22.0 31.7
7 min 3.87 59.8 272 10.3
(mm/h) max 8.48 85.1 38.7 18.6
mean | 5.59 (a)(c)(e) | 73.4 (a)(d)}) | 31.8 (b)(c)(d) | 13.3 (b)(e)(D
CV (%) 24.7 14.0 14.4 19.7
ke min 1.77 34.1 7.24 14.0
(1/h) max 6.15 62.9 324 315
mean | 3.12 (a)(c)(e) | 46.1 (a)(d)(f) | 16.1b(c)d) | 20.7 b))
CV (%) 45.9 20.9 51.3 296
Er min 236 2.53 0.88 1.25
(%) max 6.57 3.39 285 2.33
mean | 4.40 (a)(c)(e) | 3.05 @)D | 2.03be)d) | 1.75 be)D
CV (%) 274 10.2 297 222
S min 12.8 50.5 18.3 12.0
(mm/h?~) max 184 692 315 197
mean 15.0 (a)(c)e | 3598 (a)(d)(D) | 23.8 (b)(c)(d) | 15.9 (b)e(D)
CV (%) 136 9.7 15.9 19.0

For a given parameter, two means followed by the same letter not enclosed in parenthesis were not
significantly different according to an F test and a two-tailed t test at P = 0.05. Means followed by

the same letter enclosed in parenthesis are significantly different.
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Fig. 2. Infiltration rate, ir, vs. cumulative infiltration, I, relationships for a) the four tested soils (AO: homogeneous loam
soil; SO: homogeneous clay soil; L1: 1 cm of SO soil over the AO soil; L3: 3 cm of SO soil over the AO soil), b) the

two homogeneous soils and the L1 layered soil, and c) the two homogeneous soils and the L3 layered soil.

On the 7 vs. t plot, the results for the two homogeneous soils defined an empty space that was filled
by the data for the two layered soils (Fig. 3). The data of the L1 soil were closer to those of the
homogeneous loam soil. The data of the L3 soil were closer to those of the homogenous clay soil.
The statistical analysis of the data indicated that the mean infiltration rates, irmed, varied according

to the AO > L1 > L3 > SO sequence (Table 1). The two homogeneous soils differed by more than an
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order of magnitude, that is by 13.6 times. Instead, the two layered soils differed by 2.5 times. The L1
soil yielded a 5.4 times higher irmed value than the SO soil and a 2.5 times smaller value than the AO
soil. The irmed value of the L3 soil was 2.2 times greater than that obtained with the SO soil and 6.3
times smaller than the corresponding value for the AO soil. Therefore, with reference to irmed, the
four soils differed significantly from each other and the layered soils were characterized by
intermediate values as compared with those of the two homogeneous soils that were combined one
with the other to form the layered system. The L1 soil was more similar to the AO soil than to the SO

soil. Instead, the L3 soil was more similar to the SO soil than to the AO soil.

45
40

o 1 2 3 4 5 6 7 8 9
t(h)

Fig. 3. Cumulative infiltration curves for the four tested soils (/ = cumulative infiltration, ¢ = time) for the AO
(homogeneous loam soil), SO (homogeneous clay soil), L1 (1 cm of SO soil over the AO soil) and L3 (3 cm of SO soil
over the AO soil) soils.

The initial infiltration rates, i{0H, varied according to the AO > L3 =L1 > SO sequence (Table 1). The
two homogeneous soils differed by more than an order of magnitude, that is by 15.7 times. Instead,
the two layered soils were characterized by statistically similar values that only differed by 1.03 times.
The L1 soil yielded a 3.9 times higher i/0H value than the SO soil and a 4.0 times smaller value than
the AO soil. The iOH value of the L3 soil was 4.0 times greater than that obtained with the SO soil
and 3.9 times smaller than the corresponding value for the AO soil. Therefore, with reference to iOH,

the two homogeneous soils differed significantly from each other and also from the two layered soils.
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The results of these last two soils were similar to each other and nearly exactly intermediate as
compared with those of the two homogeneous soils. In this case, the thickness of the little permeable
upper layer did not have any impact on the comparison between the layered and the homogeneous

soils.

The final infiltration rates, ifH, varied according to the AO > L1 > L3 > SO sequence. The two
homogeneous soils differed by 13.1 times while the two layered soils differed by 2.4 times. The L1
soil yielded a 5.7 times higher ifH value than the SO soil and a 2.3 times smaller value than the AO
soil. The ifH value of the L3 soil was 2.4 times greater than that obtained with the SO soil and 5.5
times smaller than the corresponding value for the AO soil. Therefore, even with reference to ifH, the
four soils differed significantly from each other and the results for the layered soils were intermediate
as compared with those of the two homogeneous soils. The L1 soil was more similar to the AO soil
than to the SO soil. Instead, the L3 soil was more similar to the SO soil than to the AO soil. In both
cases, more similar meant that means differed by 2.3-2.4 times instead of 5.5-5.7 times. The decay
constant, kH, decreased according to the AO > L3 = L1 > SO sequence. The two homogeneous soils
differed by 14.8 times while the two layered soils differed by 1.3 times. The L1 soil yielded a 5.2
times higher kH value than the SO soil and a 2.9 times smaller value than the AO soil. The £H value
of the L3 soil was 6.6 times greater than that obtained with the SO soil and 2.2 times smaller than the
corresponding value for the AO soil. Therefore, with reference to kH, the two homogeneous soils
differed significantly from each other and also from the two layered soils. However, the results for
these last two soils were similar. Regardless of the thickness of the upper layer, the kH values of the
layered soils were closer to those of the AO soil (differences by 2.2-2.9 times) than to the £H values
of the SO soil (differences by 5.2-6.6 times). The fitting error of the Horton model to the data, Er,
varied according to the SO > AR > L1 = L3 sequence. Therefore, the quality of the fitting was better
for the layered soils than the homogeneous ones but it was satisfactory in general since the means did
never exceed the threshold of 5.5% and this threshold was exceeded for only one of the 36 infiltration
runs. Finally, an estimate of soil sorptivity, S, was obtained for 35 of the 36 infiltration runs (Table
1). The single failure occurred for a run with the AO soil that gave a negative estimate of 4. The

estimates of S obtained in the homogeneous soil columns (coefficient of variation, CV'=9.7 - 13.6%)
were a little less variable than those obtained in the layered soil columns (CV = 15.9 - 19.0%). The

statistical analysis of the data indicated that S varied according to the AO > L1 > L3 > SO sequence.
Sorptivity differed by 4.0 times between the two homogeneous soils and by 1.5 times between the

two layered soils. The L1 soil was closer to the SO soil than the AO one since the layered soil had a
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1.6 times higher S value than the SO soil and a 2.5 times smaller value than the AO soil. The S value
of the L3 soil was 3.8 times smaller than that obtained with the AO soil and it was statistically equal
to the sorptivity determined for the SO soil. In particular, the two estimates of S differed by 6.3% in
this last case. Therefore, with reference to S, the two homogeneous soils differed significantly. The
L1 soil differed significantly from the two homogeneous soils but it was more similar to the SO soil
than the AO soil. The L3 soil was significantly less sorptive than the AO soil but it had the same
sorptivity as the SO soil.

DISCUSSION

Infiltration in a layered soil can be qualitatively similar to that of non-layered soils since infiltration
rates decrease with time and then tend to stabilize (Bagarello et al., 2023; Wu et al., 1997). However,
infiltration in a layered soil with a less permeable upper layer is expected to be more representative
of the upper layer (da Silva Ribas et al., 2021; Lassabatere et al., 2010). This investigation contributed
to better establish what is meant in practice when one speaks of an infiltration curve being more
representative of the upper layer in a context of qualitative similarity of infiltration rate curves for
homogeneous and layered soils. In particular, the investigation tested soil layering effects on one-
dimensional infiltration when the upper soil layer is relatively thin and has a finer texture than the
subsoil. The check performed in this study was strictly valid for i) a layered soil in which the
infiltration parameters of the upper layer, 1 to 3 cm thick, were a little more than an order of magnitude
smaller than those of the subsoil (by 13.1-15.7 times, depending on the parameter), i1) a 1D
infiltration process under a negative but close to zero pressure head (-3 c¢m), and iii) an experiment
performed by supplying nearly the same total amount of water to each sampled soil column (41.3-
43.6 mm), that is infiltration runs having a different duration depending on the sampled porous
medium. The data suggested that, at the beginning of the process, the layered soils actually show
some similarity with the homogeneous clay soil, the more clearly the thicker this upper layer (Fig. 2).
The presence of a loam subsoil then determines higher infiltration rates for the layered soil than the
homogeneous clay soil, the sooner and the more appreciably the thinner the upper layer. Moreover,
infiltration rates appear to stabilize earlier in the layered soils than in the homogeneous ones, in
accordance with other findings (Wang et al., 2014). Therefore, with reference to this specific
experiment, the similarity between the homogeneous and the layered soils (da Silva Ribas et al., 2021;
Lassabetere et al., 2010) appears to depend on the thickness of the upper layer, being more appreciable
with thick upper layers, and also on the characteristics of the infiltration run, being stronger for

relatively small applied water volumes. In any case, even an upper layer of only 1 cm determines an
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appreciable slowdown of the process as compared with that occurring in the homogeneous loam soil
(Fig. 2). According to the data of this investigation (Figs. 1 and 3), in this case the total water volume
supplied with the MDI will take 2.5 times longer to infiltrate completely. With an upper layer of 3
cm, it will take 6.4 times longer for its full infiltration to occur as compared with the homogeneous
loam soil. These slowdowns will effectively make the infiltration process more and more similar to

that occurring in the homogeneous clay soil (Lassabatere et al., 2010).

The investigation also allowed to establish the impact of the detected differences between the tested
soils in terms of the three fitted parameters of the Horton infiltration model, that summarize the entire
infiltration process, and of the estimated soil sorptivity (Table 1). In particular, two layered soils
differing by the thickness of the upper layer can be expected not to differ by the estimated values of
both the initial infiltration rate and the decay constant. The presence of a thicker layer at the soil
surface is only signalled by a lower final infiltration rate. Regardless of the thickness of the upper
layer, each infiltration parameter for the layered soil will be smaller than that obtained in the
homogeneous coarser soil and higher than the one for the homogeneous fine soil. Soil sorptivity of
the layered soil can be expected to be similar or also statistically identical to that of the homogeneous
fine soil, depending on the thickness of the upper layer, even if the used data for estimating S are not
limited to the early stage of the infiltration process (Minasny and McBratney, 2000). To summarize,
a relatively thick upper layer determines an equality between the layered and the fine homogeneous
soils limited to sorptivity. Some parameters (irmed, ifH) are closer to the fine soil than the coarse one.
Other parameters (i0H) are intermediate between the two homogeneous soils. Still other parameters
(kH) are closer to the coarse soil than the fine one. The thinning of the upper layer maintains a greater
similarity between layered and fine soils only with reference to sorptivity. Evidently, trying to obtain
general conclusions requires testing soil layering effects by considering different soils, initial soil
water conditions and established pressure heads and, hence, water conducting pore sizes (Reynolds
etal., 1995). A way to obtain an extensive information without necessarily performing extremely long
and demanding laboratory experiments could consist of using numerical simulation of the processes
of interest (e.g., Dohnal et al.,, 2016). Infiltration experiments performed in the laboratory on
homogeneous soil columns could be used to derive the hydraulic parameters of the tested soils
necessary for the simulations (Wang et al., 2014). In addition, some of the numerically considered
scenarios for a layered soil system could be reproduced experimentally to also establish a comparison
between numerical and experimental results. However, a homogeneous soil column and the upper
layer of a layered soil column differ by their length and they have likely to be prepared with packing

methods that differ to some extent. Packing method effects on the soil sample characteristics are
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expected (Bagarello et al., 2022; Lewis and Sjostrom, 2010; Nimmo and Akstin, 1988; Oliviera et al.,
1996). For example, a relatively long soil column could be less uniform than a relatively thin layer of
the same soil since the soil compacting force decays gradually from the top to the base of any layer
(Gao et al., 2018). Therefore, before performing extensive numerical simulations with laboratory
determined soil hydraulic functions, it seems advisable to verify if the hydraulic functions obtained
experimentally in a column of a homogeneous fine-textured soil are representative for the upper layer

of a layered soil.
CONCLUSIONS

In this investigation, a MDI set at -3 cm and columns of sieved and repacked soil were used in the
laboratory to measure one-dimensional infiltration in a layered soil with a clay upper layer and a loam
subsoil. Even a thin layer of a little permeable soil at the surface should be expected to appreciably
increase the time required by a given water volume to infiltrate. In the early stages of the process,
some overlap can actually be detected between infiltration rates in the layered and the homogeneous
clay soils but not between the layered and the homogeneous loam soils, regardless of the thickness of
the upper layer. The presence of a coarser subsoil makes the infiltration process in the layered soil
more rapid than that of the homogeneous fine soil. Two layered soils differing by the thickness of the
upper layer can be expected not to differ by both the initial infiltration rate and the decay constant of
the Horton infiltration model. Instead, the presence of a thicker layer at the soil surface is signalled
by a lower final infiltration rate. Regardless of the thickness of the upper layer, the layered soil is
expected to yield smaller infiltration parameters as compared with the homogeneous coarser soil and
higher as compared with the homogeneous finer soil. If the upper layer is relatively thick, the
sorptivity of the layered soil estimated by considering the complete infiltration run can be expected
to coincide with that of the homogeneous fine-textured soil. A single investigation is incompatible
with any general conclusion but it can be viewed as a step towards developments of an extensive
experimental information that will make general conclusions possible. Other experiments should be
carried out, by also considering soils that differ more from each other as compared with those of this
investigation, different pressure heads established at the infiltration surface, and also including small
positive pressure heads. The same experimental setup used in this investigation could be used to
perform most of these additional experiments since combining the MDI with relatively small soil
columns guarantees a certain cost-effectiveness of the experiment. Methodological improvements can
be suggested, such as i) automatically recording the infiltration data, that could reduce the
experimental efforts and the noise in the data, and ii) monitoring wetting front advancement during

the run and soil water pressure head at different depths of the column, that could make physical
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interpretation of the process easier and stronger. The experimental data could be used to numerically

simulate infiltration and also to establish comparisons between numerical and laboratory experiments.
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Chapter 5 — Hydrological behaviour of amended soil

5.1 Introduction

Beyond the surface-level physical modifications described in the previous chapter, soils can also
undergo internal changes when amended with materials of anthropogenic origin. This phenomenon
is widespread and highly variable, embracing a range of particle sizes, chemical compositions, and
modes of interaction with the soil, making its understanding essential for interpreting soil structure
and hydraulic behaviour (Neubert et al. 2025). Such inclusions, defined here as any solid particles or
fragments that would not naturally occur within the soil profile, can significantly affect soil
aggregation (Noaman et al., 2022; Sarker et al., 2022), pore connectivity, and water retention (Wang

et al., 2019; Shafea et al., 2023), depending on their physical and chemical characteristics.

These foreign materials can be described and classified according to several complementary criteria,

each of which provides insight into their potential impact on soil structure and hydraulic behaviour.

e Origin: Materials may be intentionally introduced for agronomic purposes or may arrive
unintentionally as contaminants such as plastic fragments, industrial residues, or construction
debris.

e Particle size: Coarse fragments, from gravel-sized inert material (e.g. expanded clay) to large
pieces of plastic, tend to behave like structural components of the soil matrix, influencing
macroporosity, preferential flow paths, and mechanical stability. Fine particles, including silt-
sized industrial dust, microplastic fibers or biochar, are more likely to block pores or interfere
with natural aggregation processes, thereby affecting water retention and infiltration.

e Chemical nature: Their composition may be predominantly organic (e.g., generic organic
matter, organic amendments, plant residues) or mineral (e.g., finely ground construction
waste, metal oxides, mineral fertilizers), which governs reactivity with soil minerals and with
water.

o Chemical reactivity: Some substances are essentially chemically inert, such as many synthetic
polymers or coarse mineral aggregates, while others, like compost or certain industrial
products, can actively participate in soil chemical reactions, altering pH, nutrient availability,

or surface charge.

These categories are not mutually exclusive in the sense that each material can be characterized

according to all of them. Together, they provide a structured framework to anticipate how different
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inclusions may influence pore connectivity, soil aggregation, water retention and hydraulic

conductivity.

Within this framework, the two main topics addressed during the doctoral research concern the effects
on soil hydrological properties arising from two contrasting forms of inputs: the unintentional

incorporation of microplastics and the deliberate inclusion of organic or mineral amendments.

5.1.1 Microplastic

According to Tian et al. (2022), numerous plastics enter the environment without proper disposal
ways, and 79% of total plastic waste has been deposited in landfills. Their durability and resistance
to biodegradation lead plastics to persist in the environment. Owing to photodegradation, mechanical
abrasion, and bioturbation, plastics can undergo fragmentation into microplastics (MPs): particles
smaller than 5 mm (5000 um), commonly classified by size as small (< 1000 pm), medium (1000—
3000 pm), and large (3000-5000 pm) (Liu et al., 2018). Once considered primarily a marine pollutant,
microplastic contamination is now recognized as a growing concern for terrestrial environments,
including agricultural soils, groundwater, and food-production systems, with potential implications

for plant growth and human and animal health (Kumar et al. 2020).

Within soils, microplastics persist because of their chemical stability and can enter through multiple
pathways (Tian et al., 2022; Ren et al., 2024) such as the application of contaminated organic
amendments, atmospheric deposition, irrigation with treated wastewater, surface runoft or the
degradation of plastic mulching film, reported as one of the main sources of MPs in agricultural
environments (Huang et al. 2020). Once incorporated, these minute polymeric particles interact with
soil aggregates and pore networks, potentially modifying soil structure, water retention, and
infiltration dynamics. Their ubiquity, persistence, and capacity to influence key hydraulic properties
make microplastics an emerging focus of soil science and environmental research. Fig. 1
schematically illustrates the main pathways and processes governing the entry, transformation, and
movement of microplastics within soil systems: microplastics enter agricultural soils through multiple

routes and can undergo various physical, chemical, and biological transformations.
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Fig.1 Pathways and processes influencing the introduction, transformation, and transport of microplastics in terrestrial

environments. (Tian et al. 2022)

Variety of MPs sources in agricultural soils introduces a wide spectrum of polymer types with distinct
physical and chemical characteristics. An important feature to highlight, particularly relevant because
of its intrinsic link to soil hydrodynamic properties, is the interaction with water: in general, MPs are
hydrophobic (e.g., polyethylene, polypropylene, polyvinyl chloride) (Prajapati et al., 2022), although
they can develop hydrophilic characteristics as a result of environmental physicochemical or
biological modifications, such as oxidation, exposure to sunlight, or microbial activity (Lozano et al.
2024). Another key variable influencing the interaction between microplastics and soil is particle size
and shape. According to Neubert et al. (2025), medium-to-large microplastic fibers can promote the
aggregation of soil particles, enhancing structural connectivity, whereas very small particles in dust-
like form may instead lead to pore occlusion, potentially reducing soil permeability and altering water
flow pathways. The variability of MPs effect on soil is further amplified by the soil environment
itself, as the same type of MP can produce different outcomes depending on factors such as texture,
mineralogy, and organic matter content. This complexity highlights the importance of investigating
specific MP—soil combinations individually, given that current knowledge does not yet encompass

the full spectrum of possible interactions.

In recent years, the impact of microplastics on soil hydraulic properties has received considerable

attention in the scientific literature, underlining the environmental significance of this emerging issue.
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Nevertheless, most existing studies have concentrated on the estimation of saturated hydraulic
conductivity (Shafea et al. 2023), providing only a partial understanding of how MPs influence water
dynamics in soils; on the other hand, far fewer investigations have examined hydrodynamic properties
under near-saturated conditions (Magbool et al. 2023). Building on these considerations, the study
presented in this chapter was specifically designed with the objective of exploring soil-MP
interactions by focusing on soils of agronomic relevance in Sicily. Two types of microplastics, each
in two different size classes, along with a homogeneous mixture of both, were used to create five
treatments compared with a control sample. The objective was to assess the effects of microplastics

on unsaturated conductivity in the near-saturated range using the Mini Disk Infiltrometer. (MDI).

5.1.2 Agronomic amendments

In the current context, the agri-food sector faces the dual challenge of increasing productivity per unit
of cultivated area while adapting to the environmental constraints imposed by climate change and the
growing emphasis on sustainability. To address these challenges, farmers are called to adopt strategies
that not only mitigate the adverse effects of climate variability but also ensure economic viability by
either reducing production costs or enhancing yield per hectare (Lipper et al., 2014; Makate et al.,
2019; Azadi et al., 2021). Among the different approaches, the improvement of soil physico-chemical
properties represents a particularly effective pathway, in which the use of soil amendments plays a

central role.

Soil amendments include a wide range of materials, whether natural or synthetic, mineral or organic,
capable of modifying and enhancing the chemical, physical, biological, and mechanical
characteristics of soils. Their application is primarily intended to improve soil structure, increase its
resilience, and preserve biological fertility, thereby contributing to both short-term productivity and
long-term sustainability. While the positive influence of organic and mineral amendments on soil
chemistry and organic matter content is well documented (Lima et al. 2009), current knowledge
remains limited regarding their effects on soil hydraulic properties, an aspect that is crucial for
understanding water dynamics and optimizing resource management in agricultural systems.
Accordingly, the investigations presented in this thesis focused specifically on three widely used and
easily available amendments: biochar, compost, and zeolite (Ramesh et al., 2011; Martinez-Blanco et

al., 2013; Schmidt et al., 2021).
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In the broader framework of global efforts to promote circular economy practices, aimed at
minimizing waste generation, recovering valuable resources, and fostering sustainable closed-loop
systems, biochar and compost stand out as key examples. They are produced by recycling organic
waste materials, such as agricultural residues, food waste, and municipal green waste, into useful
products, thereby embodying the core principles of circularity while simultaneously contributing to
soil management and agricultural sustainability (Yaashikaa et al., 2020). Biochar is created through
pyrolysis (thermal decomposition in low oxygen), while compost is produced via aerobic
decomposition (Jakobsen, 1995). These processes divert organic waste from landfills, reduce

greenhouse gas emissions, and return nutrients or stable carbon to soils.

On the other hand, zeolite is a naturally occurring volcanic mineral increasingly integrated into
sustainable soil management practices. Moreover, synthetic zeolites can be produced from industrial
by-products, reinforcing their alignment with circular economy principles by promoting waste
valorization and resource efficiency (Yoldi et al., 2019). Their use contributes to more sustainable
agriculture by enhancing nutrient retention, reducing fertilizer leaching, and mitigating environmental
impacts associated with intensive management. Owing to their crystalline structure, high porosity,
and cation exchange capacity, zeolites improve soil chemical balance and provide long-term stability,
making them a valuable amendment in both agronomic and environmental applications (Ramesh et

al., 2011; Cataldo et al., 2021).
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Tab 1: Origin, particle size and main properties of the amendments considered in the following papers

Amendment | Chemical nature | Average particle size Main physico-chemical properties

High specific surface area; High CEC

Organic 10-500 pm (up to (after oxidation/aging); Chemical
Biochar (pyrolyzed mm-—cm depending stability and resistance to
biomass) on grinding) decomposition; Reactive surface

functional groups

Organic (plant Rich in stabilized organic matter;
<100 pm to >1 mm
residues, Increases CEC; Provides nutrients (N,
Compost (highly
manure, treated P, K, micronutrients); Enhances soil
heterogeneous) ) -
sludge) aggregation and stability

Microporous crystalline structure with
Zeoli Mineral (natural | 1-50 pm (powder) to | high surface area; High CEC; Selective

eolite
or synthetic) mm-cm (granules) | ion exchange capacity (e.g., NH4", K¥);

High mineral stability

Given their widespread use, amendments such as biochar, compost, and zeolite have been extensively
studied, particularly about their physico-chemical structure and their direct beneficial effects on crop
performance, as briefly summarized in Tab. 1. From this perspective, it is reasonable to hypothesize
that they may also exert a positive influence on soil hydrological properties, as a consequence of the

overall improvements they bring to soil structure and chemical composition.

However, such an assumption cannot be taken for granted: any potential hydrological benefit must
be demonstrated through targeted research rather than presumed. Moreover, as in the case of
microplastics, the magnitude and even the direction of the effects of these materials can vary

depending on the specific characteristics of the soil in which they are incorporated.

The studies on amended soils presented in this chapter were developed to address these gaps, each
with distinct innovative aspects. The study on microplastics is particularly relevant, being among the
first to explore their effects unsaturated hydraulic conductivity. Moreover, it differs from most
existing research by adopting a simplified experimental design, with fewer treatments but a larger
sampling size, allowing for more robust and statistically reliable evaluation. Regarding agronomic
amendments, the biochar study introduces new perspectives by examining the combined effect of the
amendment and rill formation on soil hydrodynamics. The experimental design integrates

115



macroscopic analyses, based on infiltration tests with the MDI and measurements of the soil water
retention curve, and microscopic investigations using Nuclear Magnetic Resonance (NMR), enabling
a comprehensive evaluation of the processes at different scales. Finally, the work on compost and
zeolite focuses on two amendments whose beneficial effects on general soil physicochemical
properties are well documented, yet whose specific impact on hydrodynamic properties remains

insufficiently studied.
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5.2 Microplastic contamination effects on hydraulic conductivity of
nearly saturated soils
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ABSTRACT

Accumulation of microplastics (MPs) in agricultural soils is an increasing environmental concern,
with potential effects on soil physical and hydraulic properties. This study investigated the impact of
MP contamination (concentration 0.5% w/v; incubation period 15 months) on soil hydraulic
conductivity in three soil types (Alfisol, Entisol, and Vertisol). We worked at nearly-saturated
conditions by applying three different water pressure heads (—6, —3, and —1 c¢cm) and explored the
influence of MP contamination by testing two polymers (low-density polyethylene, PE, and
polypropylene, PP) in two shapes (fiber, film), both individually and in combination (MP-mix).
Results indicate that MP fibers, regardless of polymer type, had more pronounced effects on soil
physical and hydraulic properties compared to other MP forms, though the extent of these effects
varied depending on soil type. Specifically, the presence of MP fibers led to an increase in bulk density
in the Vertisol, a slight increase in the Entisol (only with PE fibers), and no change in the Alfisol.
Microplastic contamination generally resulted in a decrease in water content, but the intensity of this
effect differed among the three soils, being most evident in the Vertisol with PE fibers and in the
Alfisol with the MP mix. Additionally, the results revealed a trend of increasing hydraulic
conductivity (K) in the Vertisol and Alfisol, whereas the Entisol exhibited a slight reduction, though
modest in absolute terms, due to MP contamination.

These findings highlight important agro-ecological implications, as MP contamination may increase
nutrient leaching while reducing water availability for crops, a critical issue in water-scarce regions

like the Mediterranean.
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INTRODUCTION

One of the main challenges in agricultural management is the study of the effect that human activities,
directly or indirectly, have on soil physical, chemical, and biological properties (Dexter, 2004). Plastic
emerges as a fundamental marker for anthropic activities with mismanagement leading to its
accumulation in diverse forms in the marine and terrestrial ecosystems (Kumar et al., 2020).
Microplastic (MP) is the term used to denote small plastic particles, with sizes smaller than 5000 um,
which are further classified as small (<1000 pm), medium (10003000 pm) and large (3000-5000
um) particles (Liu et al., 2018; Qi et al., 2020). Microplastic pollution is of increasing concern and
has been described as one of the most important scientific issues in the field of environmental sciences
and ecology, also considering that annual plastic release to the land is estimated to be 4-23 times
larger than that released to the oceans (Horton et al., 2017). The origin of MP can be attributed to a
variety of sources such as degradation of plastic mulch films, abrasion from vehicle tires, discharge
from domestic wastewater, fragmentation of macroplastics, atmospheric pollution from urban areas
to rural regions induced by wind (Kole et al., 2017; Lohr et al., 2017; Karbalaei et al., 2018). Due to
this multitude of sources, MP can be identified as a wide array of polymer types and shapes such as
fibers, fragments, films, pellets and flakes.

Inclusion of MP into the soil may induce alterations in its physical and hydraulic properties such as
porosity, bulk density, water retention, hydraulic conductivity and water repellency (Zhang et al.,
2019; Botyanszka et al., 2022; Ingraffia et al., 2022a,b; Shafea et al., 2023). The general effects of
MP addition on soil properties are difficult to establish as they depend on many factors, including
chemical composition and concentration of MP, shape and size of the particles, soil type and
incubation duration, which often interact with each other in complex ways (Lehmann et al., 2019;
Yang et al., 2021; Magbool et al., 2023).

Soil hydraulic conductivity, K, which reflects the soil’s permeability to water, is the primary soil
hydrodynamic property governing water infiltration, drainage and redistribution in the soil profile
(Topp et al., 1997). Soil hydraulic conductivity is also expected to influence transport of MP particles
into the soil (Xing et al., 2021; Yu et al., 2021). Therefore, determining soil hydraulic conductivity in
soils treated with MP has a clear hydrological, agronomic, and environmental importance.
Investigating MP addition effects on K is difficult for at least two reasons. The first reason is that K
depends on the soil water content, 6, and it changes naturally by several orders of magnitude between
saturation and permanent wilting point. The other reason is that the K(0) relationship is extremely
variable both within and among soil types, depending on many factors including volume, roughness,

connectivity, and continuity of soil pores (Topp et al., 1997). In other words, even in the absence of
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any MP addition, characterizing a field with a representative K value or a K(6) relationship and
explaining why that value or relationship was obtained is anything but simple. In this context, the
need arises to establish the effects of the addition of MP on K and to explain the reasons for the
observed effects.

Most of the investigations currently available provide data on the impact of MP addition on saturated
soil hydraulic conductivity, K;. In general, these investigations were carried out using repacked soil
samples, predefined MP concentrations (generally in the range 0.5% to 6% w/w) and measuring Kj
by constant- or falling-head laboratory permeameters. The reported results were highly variable,
probably demonstrating that the scientific community cannot still draw conclusions of general
validity about MP effects on K. For example, Xing et al. (2021), using MP particles made of low-
density polyethylene, reported that the saturated hydraulic conductivity of both a silt-loam and a
loamy-sand soil increased with MP concentration. A similar result was obtained by Guo et al. (2022)
for a clay soil. However, these last authors also reported an inverse relationship between Ky and MP
concentration for a sandy and a loam soil, particularly for MP particles of 500 um.

Considering K; is important since this parameter is measured under saturated conditions and gives
the maximum attitude of a porous medium to transmit water. Therefore, MP addition effects are
evaluated with reference to all active pores of the sampled soil. However, the size of the actually
active pores cannot be specified since the same K value can be expressive of the presence, in the soil,
of either many small pores or a few large pores (Reynolds et al., 1995).

This problem can be overcome if the unsaturated soil hydraulic conductivity corresponding to a pre-
established pressure head value, 4o (L), is considered. In this case, the Young-Laplace equation can
be applied to estimate the diameter, dno (L), of the largest pores that, for a given value of /o, are full
of water and hence can be expected to participate in the transport process (Hardie et al., 2014). Pores
larger than dho do not participate in water transport. Considering negative but close to zero /o values,
1.e. in the range from saturation to —15 cm, makes it possible to exclude the eftects of macropore and
to assess the contribution of the soil matrix saturated hydraulic conductivity (Topp et al., 1997).
Trying to obtain information of general validity, investigations on hydraulic conductivity of
unsaturated but close to saturation soils should be carried out on different porous media since,
according to several experiments mainly focused on static measurements (i.e. on the experimental
determination of the soil water retention curve), the effects of MP addition on soil pore size
distribution can vary from soil to soil. For example, Guo et al. (2022) reported that adding MP reduced
the water retention capacity more in a clay soil than in a loam and a sandy soil. Ingraffia et al. (2022a)

found that polyester MP fiber contamination negatively affected macroporosity of an Alfisol but it
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increased that of a Vertisol. Wang et al. (2023) concluded that the soil texture impact on the soil water
retention curve was higher than those of the MP concentration and particle sizes. The lack of data on
the MP effect on the unsaturated soil hydraulic conductivity is one of the significant research gaps in
the list of research needs recently suggested by Magbool et al. (2023).

The general objective of this investigation was therefore to determine the effects of MP contamination
on soil hydraulic conductivity close to saturation. The specific objectives were to determine if and
how these effects varied with: 1) the soil type; ii) the established pressure head for the hydraulic

conductivity determination; and iii) the type of MP for a fixed concentration.

MATERIALS AND METHODS

Soils and microplastic treatments

Three soils (Alfisol, Entisol, and Vertisol), widely spread in the Mediterranean area, were considered
in this investigation. The soils were sampled at the beginning of January 2022 from the upper 30 cm
of agricultural fields located in Sicily (Italy; Table I). After sampling, the soil was air dried and sieved
at 2 mm. During sieving, it was verified that the three soils were not contaminated with meso- and/or
macroplastic particles. However, analytical procedures to establish contamination with smaller plastic
particles were not applied. Therefore, it cannot be excluded that the control treatments might already
contain a certain amount of micro- and/or nanoplastic particles.

Soils were characterized as follows: particle size distribution, that was determined using conventional
methods, and soil texture, that was classified according to the United States Department of
Agriculture (USDA; Gee and Bauder, 1986); total nitrogen (TN; Kjeldahl method), total organic
carbon (TOC; Walkley—Black procedure according to Nelson and Sommers, 1996), pH, saturated
electrical conductivity at 25 °C (EC), and cation exchange capacity (CEC). The TOC, silt and clay

contents were used to calculate the so-called structural stability index, SSI (%) (Pieri, 1992):

1.724TOC
SSI =—
(silt+clay)

x 100 (1)

The lower the SSI value the more structurally degraded the soil is (Reynolds et al., 2009). Soil
properties were listed in Table I.

Four types of MPs, encompassing two polymer types (polypropylene, PP, and low-density
polyethylene, PE) and two shapes (fiber and film), were used. An additional treatment included all

the four MP types at equal concentrations, i.e. a quarter of the total concentration for each MP type
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(MP-mix). Both fibers were primary MPs. The PP-fiber had a diameter of 21 um ca. and a length of
nearly 3 mm. The PE-fiber had a diameter of 30 um and a length of 1.65 mm =+ 0.35. Both films (PP-
film and PE-film) were obtained by manually cutting commercial macroplastics to produce secondary
MPs. The obtained MPs particles were sieved through a sieve stack of 1 mm and 53 um so that all
the MPs particles used in the experiment had a size within this range.

MP particles were incorporated into the soil at a concentration of 0.5% weight on soil volume (0.05
g/cm?). This approach was used since MP contamination in agroecosystems happens at the soil
surface. Moreover, as the three soil types had different bulk density, the contamination on a volume
basis allowed us to have the same amount of microplastic contamination across the three soils and
therefore it allowed comparisons between soils. The MP contamination level was similar to that used
in previous studies, which reported noticeable changes in the soil biophysical environment and plant
response (de Souza Machado et al., 2018; Lozano et al., 2021; Ingraffia et al., 2022a,b). Moreover,
Meizoso-Regueira et al. (2024) recently reported that, by year 2122, MP contamination in agricultural
soils can be expected to reach a level similar to that applied in this experiment.

Soil contamination was obtained by adding the MP as a band sandwiched between two layers of soil
into a laboratory blender and then mixed following the approach proposed by Ingraffia et al.
(2022a,b). Microplastic contamination was determined singularly for each experimental unit. The
same treatment was also applied to prepare the control samples (Ctr) for which MP was not used.
Each experimental unit consisted of a cylinder of 254 cm? (diameter = 6 cm; height = 9 cm) which
was filled according to the dry bulk density, ps, of the considered soil type, equal on average to 1.07
g/cm?® for the Vertisol, 1.32 g/cm? for the Alfisol and 1.36 g/cm? for the Entisol. The same amount of
soil was used for the Ctr and the five MP treatments within each soil type. A total of 144 experimental
units, that is 3 soil types x 6 MP treatments (5 MP contaminations + Ctr) X 8 replicates, were prepared.
The experimental units were then watered with distilled water to near field-capacity by capillarity,
covered to ensure dark, and incubated outdoors for 15 months (from January 2022 to April 2023)
within a sheltered structure that protected them from natural precipitation. Air temperature data
collected from a weather station within 200 m of the experimental location are reported in
Supplementary Material (Fig. S1). During the incubation period, the experimental units were watered
once a week with distilled water to field-capacity by capillarity. The experimental units were re-

randomized at each irrigation event.
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Laboratory experiment

After incubation, the complete experimental setup was relocated to the laboratory. The hydraulic
conductivity, K, for three pre-determined values of the pressure head, 4o (ho = —6, —3, and —1 cm),
was determined for each experimental unit by a simplified version of the Unit Hydraulic Gradient
(UHG) method (Klute and Dirksen, 1986; Bagarello et al., 2007). With this approach, the same
pressure head is established at the top and the base of the unit, resulting in only gravity-driven
infiltration. This method requires a preliminary step, during which the experimental unit is
equilibrated at the established /o followed by an infiltration test.

To establish a given /o value at the base of the units, a plastic box of 38 (length) x 17 (width) x 13
(height) cm was filled with a bed of sand and several small holes (diameter = 1 cm) were made on
the walls of the box at a downward distance /o (L) from the surface of the sand bend. A metal net was
glued to each hole to prevent sand from escaping. Water was added to the box to form a saturated
zone below the holes and an unsaturated zone above them. At hydrostatic equilibrium, the soil water
pressure head at the surface of the sand bed was assumed to be equal to 4o. Different boxes were
prepared, depending on the considered /o value (ho = —6, =3, —1 cm). The first established pressure
head was ho = —6 cm. The experimental units were placed on the surface of the sand box and left to
equilibrate for 24-48 hours. Small volumes of water were periodically added to the box during this
period to compensate for water lost due to evaporation and sample wetting, thereby maintaining the
ho value at the surface of the sand bed constant.

A Mini-Disk Infiltrometer (MDI, METER Group, 2021), set at the same /o value of the sand surface,
was used to induce a one-dimensional (1D) infiltration process. The MDI is a miniaturized tension
infiltrometer that allows simple and rapid determination of the soil hydraulic conductivity
corresponding to fixed pressure head, 4o, values in the range from nearly —1 cm to —6 cm. Therefore,
the diameter of the largest pores that remain full of water during an infiltration run varies from 3000
(ho =—1 cm) to 500 (ho = —6 cm) pm. Typically, the device is used in the field to establish a three-
dimensional infiltration process (Gonzalez-Sosa et al., 2010; Fodor et al., 2011; Alagna et al., 2013).
However, the MDI was also used in the laboratory on soil columns to perform 1D infiltration runs
(Assouline and Narkis, 2011; Kargas et al., 2018). Using the UHG method with the MDI, a given soil
sample can be equilibrated at fixed, and high (close to zero), 4o values to obtain points of the hydraulic
conductivity curve close to saturation (Bagarello et al., 2007).

For each run, the MDI reservoir was filled with 90 mL of tap water. The run was considered concluded
either upon complete depletion of the MDI or after reaching a maximum duration of 2 hours. Readings

of the infiltrated water at the MDI reservoir were taken visually at 0.5 to 5 min time intervals,
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depending on the imposed pressure head and the stage of the run. Both before and after the run, each
experimental unit was weighed to then determine the gravimetric water content, w (g/g), at the
considered Ao value. The soil water content immediately before the MDI run was denoted by the w;
symbol (i = initial) whereas wy (f = final) was used to indicate the w value at the end of the infiltration
run. The samples were then subjected to the subsequent step placing them on another sand box to
impose the higher /o value of the sequence. After the last run (4o = —1 cm), the experimental units
were placed in an oven at 105°C for 24 hours to determinate the dry weight. Therefore, a total of 432
MDI runs were carried out (144 experimental units x 3 pressure heads). Moreover, for each sample,
the bulk density, p» (g/cm?), of the soil columns was determined at the end of the last infiltration run
(ho=-1 cm).

For each experimental unit and each pressure head value, the cumulative infiltration, / (mm), versus
time, ¢ (h), relationship obtained with the MDI was linear or nearly linear from the early stage of the
run, suggesting a rapid stabilization of the flow process. Therefore, an estimate of K was obtained by
considering the complete infiltration run and determining by linear regression the slope of the 7 vs. ¢
relationship forced to pass through the origin of the axes. The coefficient of determination, R?, of
these relationships was > 0.99.

The gravimetric soil water content was considered in this investigation since w represents a direct

measure of the amount of water in the soil.

Data analysis

Data were first explored to ensure that, according to theory, hydraulic conductivity decreased with
decreasing pressure head values (i.e. =6 <—3 <—1 cm). Three experimental units were found to have
non-conforming data and they were excluded from the dataset (one Ctr in the Alfisol, one MP-mix in
the Vertisol and one PP-fiber in the Entisol).

A Tukey fences test was then performed to identify outliers in hydraulic conductivity data, using a
criterion of 3 interquartile range beyond the 1% and the 3™ quartiles. The test identified five
experimental units with outlier data, which were consequently removed from the dataset (one PP-
fiber and one MP-mix in the Alfisol, one PE-film in the Vertisol, and one PE-fiber and one MP-mix
in the Entisol). Therefore, the final dataset consisted of 408 data points for w and K (136 soil samples
x 3 pressure heads) and 136 p; values.

Due to violations of parametric assumptions, the aligned rank transformation (ART) was applied

using the “ARTool” package (Kay et al., 2021).
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Initially, the control samples were analyzed to identify possible differences between the soils in the
absence of any intentional MP contamination. With this analysis, the effects of the pressure head and
soil type factors and of their interaction on the four considered variables (p», wi, wrand K) were tested.
Subsequently, a pairwise comparison between soils was carried out to obtain the p-value of the two-
sided permutation t-test using the “dabestr” package (Ho et al., 2019). Then, the relationship between
K and wr was tested using the non-parametric Spearman correlation test. Finally, an analysis of the
relationship between w; and wy was carried out and, for each soil, the regression line was compared
with the identity line by calculating the 95% confidence intervals for the intercept and the slope.

To evaluate the effect of MP incorporation on the four considered response variables, a three-way
ANOVA was applied by considering the three explanatory variables (pressure head, soil type, MP
treatment) and their interactions. To investigate the effects of MP treatment within each soil type and
pressure head, effect sizes were calculated as unpaired mean differences. Bias-corrected and
accelerated bootstrapped 95% confidence intervals (CIs) between each microplastic treatment and the
Ctr were generated using the “dabestr” package (Ho et al., 2019). The p-value of the two-sided
permutation t-test was calculated as reported above. This combined approach was applied since there
is an increasing awareness of the limitation of using only p-value statistic approach and avoiding
dichotomous cutoffs (Halsey, 2019; Ho et al., 2019; Wasserstein and Lazar, 2020).

Data visualization was performed using the “tidyverse” meta-package (Wickham et al., 2019) which

includes “ggplot2” (Wickham, 2016). All data analysis were conducted in R (R Core Team, 2024).

RESULTS

Control samples

The bulk density, p», data suggested a physical similarity between the Alfisol and the Entisol while
the Vertisol exhibited significantly smaller values than the other two soils (Table II).

Soil type and pressure head strongly affected initial and final water content (p < 0.001; Table III) but
their interaction did not show detectable effects (p = 0.89 for w; and 0.75 for wy). The results for w;
and wy were quite comparable. All comparisons between the Vertisol and the other two soils revealed
very strong differences (Fig. 1 and Table SI). Instead, the Alfisol and the Entisol differed significantly
only at 4o = —6 cm. Values of wy greater than those of w; were generally obtained (Fig. 2). This was a
physically expected result since w; is the water content of a soil sample in hydrostatic equilibrium,
with an imposed pressure head only at the bottom. Instead, wris the water content of a soil sample in

which both the bottom and the upper side of the sample are maintained at the same pressure head.

127



For each soil, the correlation between the two variables was statistically significant. According to the
calculated 95% confidence intervals for the intercept and the slope (Table SII), the hypothesis that
the linear regression line between wrand w; coincided with the identity line was rejected for the Entisol
and the Alfisol but not for the Vertisol. A way to summarize this result was that, at the hydrostatic
equilibrium, the upper zone of Alfisol and Entisol soil samples was perceivably drier than the bottom
zone near the sand surface in the sand box. In the Vertisol, instead, vertical distribution of soil water
content was more homogeneous.

For soil hydraulic conductivity, soil type and pressure head and their interaction showed a strong
effect (p < 0.001; Table III). Variation of the mean K values with /4o (from —1 to —6 cm; Fig. 1)
depended on the soil type since it was smallest for the Alfisol (ratio between the highest and the
lowest mean of K = 2.7), intermediate for the Entisol (ratio = 6.5) and largest for the Vertisol (ratio =
9.1). The smallest K values were obtained for the Entisol regardless of /4o whereas the largest value
was obtained for the Vertisol at the highest pressure head and the Alfisol at the two smaller 4o values.
As expected, K showed a tendency to increase as wyincreased for all soils even if data were rather
scattered for all soils (Fig. 3). However, according to the Spearman correlation test this tendency was
only hinted for the Alfisol, whereas the correlation between K vs. wy was statistically significant for
the Entisol and the Vertisol (Fig. 3). At 4o = —1 cm the only significant difference was detected for
the comparison between the Vertisol and the Entisol, with the former soil being more conductive than
the latter one (Table SI). At 4o =—3 cm, the Entisol had smaller values than the Alfisol and the Vertisol.
At ho = —6 cm, the Alfisol had higher values than the other two soils. Differences between soils
become more appreciable as /o decreased since the ratio between the highest and the lowest mean of
K increased monotonically from 1.6 for 4o = —1 cm to 2.7 for ho = —6 cm. Based on these results, it
appeared that this investigation explored three soils with a different hydrodynamic response both in
terms of K (Alfisol and Vertisol generally more conductive than the Entisol in the tested range of
pressure heads) but also with reference to the shape of the soil hydraulic conductivity curve, that was

steep for the Vertisol and became progressively flatter for the Entisol and, particularly, the Alfisol.

Microplastic contaminated soils

The bulk density, ps, was affected by the presence of MP (p = 0.003; Table IV) and a marginally
significant interaction between soil and MP was also observed (p = 0.079). The presence of MP
determined a slight increase of ps (between 0.03 and 0.05 g/cm?) in the Vertisol (with PP fiber and
PE fiber) and in the Entisol (with PE fiber) but not in the Alfisol (Fig. 4). Overall, the effect of MP

fibers addition (regardless of MP type) on bulk density was more intense (on average, +3.7%
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compared to the control) than both the films and the mix (on average, +0.5% and +1.6% compared to
the control, respectively).

The gravimetric water content before, w;, and after, wy, the infiltration run was affected by all main
factors in all soils (p < 0.001; Table IV). Moreover, a strong interaction was also observed between
soil type and MP treatment (p < 0.001). In particular, by exploring the effects of MP within each
pressure head and soil type, it was found that, in the Vertisol, only the application of PE-fiber
determined a significant decrease of the water content both before and after performing the MDI run
at all pressure heads (Figs. S2 and S3). In the Alfisol, a similar decrease was observed with the MP-
mix. No significant effects due to MP treatment on gravimetric water content were instead observed
in the Entisol.

Soil hydraulic conductivity was strongly affected by all the three main factors and interactions were
observed between all factor combinations (p-values always < 0.0001; Table IV and Fig. 5). Overall,
at ho = —1 cm, the presence of MPs led to an increase in hydraulic conductivity in the Alfisol and the
Vertisol, compared to their controls. Conversely, in the Entisol, the effects were consistently
diminishing. In all three soils, these effects were particularly pronounced in the MP-mix treatment
with differences from the controls of +53.9, +23.9, and —8.63 mm h~! for the Vertisol, the Alfisol, and
the Entisol, respectively. At smaller pressure heads (—3 and —6 cm), the intensity of the MPs’ effect
was generally reduced, and the differences from the controls were almost always non-significant.
Soil contamination with MP made the correlation between K and wy significant even with reference
to the Alfisol (Fig. 6) but it did not have any effect on the circumstance, already noticed in the absence
of MP (Fig. 3), that the K vs. wy relationships differed widely between the Vertisol on one side and
the Alfisol and the Entisol on the other side. In particular, both in the case of a soil treated with MP
and in that of an untreated soil, a given K value was detected in appreciably wetter soil conditions for
the Vertisol than the Alfisol and the Entisol.

In the Vertisol, w; and wrdecreased at all considered pressure heads by adding PE-fiber (Figs. S2 and
S3), but K was not affected by PE-fiber addition (Fig. 5). Hydraulic conductivity increased at 4o = —
1 cm with the MP-mix treatment and at 4o = —6 cm with the PP-film but neither w; nor wychanged as
a consequence of MP addition in these two cases. In all the other cases, wi, wrand K did not change
as a consequence of the MP treatment. Therefore, adding MP determined a decrease of w that did not
influence K or it induced an increase of K without influencing w. However, these results were only
obtained in a few cases. Instead, the most common result was that w;, wrand K did not change with
the MP treatment. In particular, an ineffectiveness of the MP treatment was detected for 12 (w; and

wy) and 13 (K) of the 15 established comparisons.
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In the Alfisol, the addition of the mixture of the four types of MP (MP-mix), determined a decrease
of both w; and wy for all considered pressure heads while the other MP types did not influence either
w; nor wy. Adding any type of MP did not modify the K values in the more unsaturated soil conditions
(ho = =3 and —6 cm) but it determined an increase of K at 7o = —1 cm with a single exception (PP-
film). Even for this soil, the most common result was that MP addition did not influence w;, wrand K
since a similarity between treated and non-treated soils was detected for 12 (w; and wy) and 11 (K)
comparisons.

Finally, the Entisol was insensitive to MP addition with reference to all tested variables and pressure
heads. In other words, none of the comparisons suggested statistically significant differences between

the treated soil and the control.

DISCUSSION

In this experiment, the effects of MP addition were tested in three soils (namely a Vertisol, an Alfisol,
and an Entisol) differing for their physical and hydraulic properties, which provides an optimal
condition for testing how and to what extent the effects of this treatment may vary depending on the
characteristics of the porous medium in which it is applied. Specifically, the Vertisol was less
compacted (Table II), exhibited a steeper hydraulic conductivity curve (Fig. 1), and required a higher
water content to yield a given K value (Fig. 3) compared to the Alfisol and the Entisol. The Entisol,
compared to the Alfisol, generally exhibited lower water content and hydraulic conductivity.

As a preliminary remark, it should be highlighted that the effects of MP contamination on the physical
and hydraulic properties of the soils investigated here were generally of a small magnitude in absolute
terms. This could have been due, at least in part, to our level of MP contamination (0.5% w/v), which
was chosen to represent a plausible future scenario (Meizoso-Regueira et al., 2024), whereas in other
studies, much higher contamination levels have been evaluated (Xing et al., 2021; Botyanskza et al.,
2022; Shafea et al., 2023; Wang et al., 2023; Xie et al., 2023). As highlighted by many authors, the
magnitude of the MP effects can be expected to be greater as the amount of contaminant in the soil
increases (e.g., Magbool et al., 2023; Wang et al., 2023; Feng et al., 2025).

Although of modest magnitude, some effects, noteworthy for their agro-environmental implications,
were however observed because of soil contamination with MPs. In accordance with the results by
de Souza Machado et al. (2019) and Lehmann et al. (2021), MP fibers (irrespective of MP type) had
more pronounced effects on soil bulk density compared to both MP films and mix (Fig. 4) and the
response to MP addition was different for the three studied soils. Specifically, the presence of MP

fibers (both PP and PE) determined an increase in the soil bulk density in the Vertisol, a slight increase

130



in the Entisol (only with PE fiber), and it had no effects in the Alfisol. The available literature on the
impact of MP fibers on soil bulk density is limited and often inconsistent. For example, de Souza
Machado et al. (2018, 2019) reported a decrease in bulk density in a loamy-sand soil with increasing
concentrations of polyester MP fibers, whereas Zhang et al. (2019), in a study conducted on a clay-
loam soil under both field and greenhouse conditions, observed no significant differences in soil bulk
density. Furthermore, our findings partially differed from those reported by Ingraffia et al. (2022a)
who, in a study involving the same soils used in the present experiment contaminated with polyester
MPs fibers, observed significant reductions in soil bulk density in Vertisol, modest decreases in
Entisol, and no effects in Alfisol. This discrepancy may be attributed to the different types of MPs
used (PP and PE in this experiment vs. polyester in Ingraffia et al., 2022a) and the duration of the
incubation (15 vs. 6 months). These observations suggest that the effects of MPs on soil are highly
context-dependent, with multiple factors influencing the outcomes, acting individually and
interacting, including soil, MPs type, concentration, and shape, incubation time, and experimental
methodology.

A general decrease in water content (w; and wy) occurred due to MPs contamination (Fig. S2 and S3)
but the intensity of these effects was different across the three investigated soils and, specifically,
more evident in the Vertisol with the PE fibers and in the Alfisol with the MP mix. Furthermore, the
results showed a trend toward an increase of K in Vertisol and in Alfisol, while, in contrast, the Entisol
experienced a reduction, though modest in absolute terms, due to the presence of MPs (Fig. 5). In
theory, the presence of MPs, by partially occupying the macropores and consequently reducing their
lumen, should negatively affect soil water movement, as suggested by Guo et al. (2022) and Feng et
al. (2025). This should also lead to a reduction in water content at saturation, which seems to be
confirmed by the w values (both w; and wy) observed in our study. On the other hand, such effects
may have been counterbalanced in the present experiment by both a high hydrophobicity of MPs
(Xing et al., 2021,2024; Cramer et al., 2023; Yu et al., 2023) and the structural changes they induced
in the soil, which could affect the tortuosity of flow paths; both these factors may have contributed to
an increase in hydraulic conductivity. The differences observed in K values across the three soils
investigated may depend, in some way, on the impact that MPs contamination can have on soil
structure, which can vary significantly depending on soil characteristics, as previously highlighted by
Ingraffia et al. (2022a). All this reinforces our belief that MPs impact the soil’s full functionality, and
that the extent of this impact is soil-dependent. Guo et al. (2022) showed that the addition of MPs to
three different soils (specifically a loam, a clay, and a sandy soil) resulted in highly diversified effects

on saturated soil hydraulic conductivity, depending on the soil type as well as the concentrations and
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sizes of the added MPs. The same authors observed great reductions in hydraulic conductivity in the
sandy soil (94% sand), while in the loam soil a slight increase in K values was found at 0.5% MPs
concentration (the same used in the present study). This result further confirms how the type and
extent of interactions between soil particles and MPs particles can differently affect various soil
properties. In this regard, an important role may be played by the amount and type of clay and the
soil organic matter content. Therefore, the greater response in terms of hydraulic conductivity
observed in the present study in the Vertisol can be attributed both to its higher clay content (compared
to the other two soils investigated) and to the mineralogy of the clay itself. It is in fact well known
that montmorillonite, which dominates in Vertisol and is characterized by its expandable nature and
high surface area, is considerably more reactive than kaolinite and illite, which instead dominate in
the Alfisol and the Entisol, respectively. In support of this hypothesis, Ingraffia et al. (2022a)
highlighted that MPs contamination led to a modest increase in newly formed stable aggregates in
Vertisol, with no effect observed in Alfisol and Entisol. Additionally, the different content in soil
organic matter, which provides essential binding sites for MP particles and influences both the
formation and stability of aggregates in MP-contaminated soil (Liang et al., 2021; Ingraffia et al.,
2022a), may help to explain the different results obtained in the present study in terms of hydraulic
conductivity. In fact, the reactivity to the addition of MPs, different among the three soils investigated,
appeared to some extent positively correlated with the soil organic matter content (Vertisol > Alfisol
> Entisol).

Finally, it is interesting to highlight that the magnitude of response to MPs contamination appeared
to increase with increasing SSI values (Table I). This index, which is calculated based on the soil
organic carbon content and soil texture, does not directly relate to the porosity aspects of soil structure,
but rather to the “resilience” of the soil structure (Reynolds et al., 2009). A reduction in SSI value
indicates an increase in soil degradation. In the present study, SSI values were, in order, Vertisol >
Alfisol > Entisol, which therefore seems to indicate that the effects of MP contamination on soil
hydraulic properties are more intense in less degraded soils. Over the 15-month incubation, MPs
likely exploited the very mechanisms underpinning soil stability, such as organic-mineral interactions
and pore networks, revealing that even resilient soils, i.e. those with relatively higher SSI values,

remain vulnerable to these emerging contaminants, which directly target soil’s structural foundations.

CONCLUSIONS
The results of the present study, conducted on agricultural soils with varying chemical-physical

properties and utilizing extended incubation periods (thus allowing for the establishment of stable
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interactions between soil particles and MPs), demonstrate that the impact of MP contamination on
soil is influenced by the shape of the MPs. Fibers, regardless of MP type, produced more pronounced
effects compared to films and MP mixtures, altering water movement by increasing water infiltration
and decreasing water retention. Additionally, the intensity of these effects varied across different soil
types, being most pronounced in soils with higher clay and organic carbon content. Under these
conditions, MP particles probably form stronger bonds with soil particles, leading to more significant
alterations in soil water movements. Further research is necessary to elucidate the mechanisms
underlying this response since understanding how MPs influence soil processes can help inform
sustainable agricultural practices and policies.

These findings have significant agro-ecological implications, suggesting that MP contamination
could enhance nutrient loss through leaching while at the same time reduce water availability for
crops. This latter aspect is especially critical in the Mediterranean region, where water scarcity is
often the primary constraint on crop productivity. Finally, it cannot be ruled out that the effects
observed in this study due to soil contamination with MPs at the concentration used (0.5% w/v) may
become more pronounced if, as many authors suggest, MP levels in the soil continue to rise in the

future.
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Table I. Some physical and chemical properties of the three soils used in the experiment.

Soil USDA Site
Clay Silt Sand TN TOC pH EC CEC SSI
type classification coordinates
gkg! g gkg! dS cmol %
kg™ m! kgl
37.643511°
Typic N
Alfisol 152 431 417 0.77 11.2 7.58 2.01 13.8 3.31
Rhodoxeralf 12.628327°
E
37.561368°
Typic N
Entisol 209 461 330 120 93 7.84 1.88 184 2.38
Xerorthent 13.512904°
E
37.556140°
Typic N
Vertisol 415 357 228 1.54 158 7.74 1.89 30.0 3.52
Haploxerert 13.515400°
E

Clay, silt, and sand were classified according to the United States Department of Agriculture (USDA;
clay <2 pum, silt 2-50 um, and sand 50-2000 um). TN is total nitrogen, TOC is total organic carbon,

EC is electrical conductivity, and CEC is cation exchange capacity.
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Table II. Mean values = standard error of soil bulk density (g cm™) in the three soils used in the experiment with no
addition of microplastics (control samples). The p-values for pairwise comparisons and estimated 95% confidence

intervals (in square brackets) are also reported.

Mean + Difference p-
Soil type Comparison
SE [95% CI] value
1.31+ Alfisol vs. —0.04
Alfisol 0.178
0.03 Entisol [0.11; 0.00]
1.35+ Alfisol vs. 0.26
Entisol _ <0.001
0.01 Vertisol [0.18; 0.33]
-0.31
1.04 £+ Vertisol vs.
Vertisol [-0.36; — <0.001
0.02 Entisol
0.27]

Table III. Analysis of variance: the p-values for the effects of the applied treatments (Soil type, Pressure head, and their
interaction) on some traits (w;, initial soil water content; wy, final soil water content; K, soil hydraulic conductivity)

measured in the three soils used in the experiment with no addition of microplastics (control samples).

Traits
Treatment
Wi wr K
Soil type (S) <0.001 <0.001 <0.001
Pressure head (P) <0.001 <0.001 <0.001
S xP 0.890 0.750 <0.001
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Table IV. Analysis of variance: the F-values and p-values for the effects of the applied treatments (Soil type, Pressure

head, Microplastic addition, and their interaction) on some traits (bulk density; w;, initial soil water content; wy, final soil

water content; K, soil hydraulic conductivity) measured in the three soils used in the experiment.

Bulk density wi wr K

Treatment df F-value p- df F-value p- F-value p- F-value p-

value value value value
Soil type (S) 2 17791 <0.001 2 378.44 <0.001 37091 <0.001 117.31 <0.001
Pressure head (P) - — — 2 137.56 <0.001 140.38 <0.001 324.69 <0.001
Microplastic 5 3.82 0.003 5 1524 <0.001 14.39 <0.001 11.67 <0.001
(MP)
SxP — — — 4 074 0.559 1.78  0.133 44.14 <0.001
S x MP 10 1.74 0.079 10 5.54 <0.001 6.18 <0.001 6.72 <0.001
P x MP — — — 10 0.53  0.866 0.14  0.999 6.00 <0.001
S x P x MP — — — 20 025  0.999 042  0.986 321 <0.001
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Fig. 1. Initial (w;) and final (wy) soil water content, and soil hydraulic conductivity (K) for three pre-established pressure
heads (ho = -1, =3, and —6 c¢cm) measured in the three soils used in the experiment with no addition of microplastics
(control samples). Bars depict the mean values + standard errors. The p-values for pairwise comparisons are reported in

the plots.
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Fig. 5. Soil hydraulic conductivity measured for three pre-established pressure heads (ho=-1,
soils used in the experiment not contaminated (Ctr) and contaminated with microplastics. Bars depict the mean values +
standard errors. PP-Fiber and PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are low-
density polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. The

percentage variation with respect to the Ctr and the p-values of two-sided permutation test between each microplastic

treatment and the Ctr for each soil type are reported in the plots.
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Table SI. Comparison between pairs of soil for initial (w;) and final (wy) soil water content, and hydraulic conductivity

(K): mean difference, 95% confidence interval (CI) and p-value at three pressure head levels (49 =—1, -3, and —6 cm).

ho=-1cm ho=-3 cm ho=-6 cm
Comparison Mean diff. p- Mean diff. p- Mean diff. p-
[95% CI] value [95% CI] value [95% CI] value
wi(gg")
-0.14 —0.13 —0.13
Alfisol vs.
[-0.16; 0.001 [-0.15; 0.001 [-0.16; 0.001
Vertisol
—0.13] —0.12] —0.11]
Alfisol vs. 0.01 0.01 0.02 0.02
Entisol [-0; 0.02] [0; 0.03] [0; 0.02] '
Vertisol vs. 0.15
‘ <0.001 <0.001 <0.001
Entisol [0.14; 0.17] [0.14; 0.17] [0.14; 0.19]
wr(gg")
—0.15 —0.14 —0.14
Alfisol vs.
[-0.17; 0.001 [-0.16; 0.001 [-0.17; 0.001
Vertisol
—0.14] —0.13] —0.12]
Alfisol vs. 0.00 0.01 0.02
. 0.034
Entisol [0; 0] [0; 0.02] [0; 0.04]
Vertisol vs. 0.16
<0.001 <0.001 <0.001
Entisol [0.14; 0.18] [0.14; 0.18] [0.15; 0.19]
K (mmh™)
—14.55 2.92 6.09
Alfisol vs.
) [—29.68; 0.054 0.012
Vertisol [-0.55; 6.62] [2.48; 9.26]
0.01]
2.67 8.08 6.85
Alfisol vs.
[-7.75; 0.69 0.006
Entisol [3.91; 12.09] [3.52; 10.20]
13.69]
17.23 5.16 0.75
Vertisol vs.
. [1.65; 0.03 0.03 0.42
Entisol [0.87;9.11] [-0.83; 2.27]
33.56]
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Table SII. The 95% confidence intervals for intercept and slope parameters of linear regressions between initial (w;) and
final (wy) soil water content in the three soils used in the experiment. Intervals were derived to test whether regression
models significantly deviate from the identity line (intercept = 0, slope = 1), which would indicate a departure from a 1:1
relationship. Soil-specific intervals for the intercept and slope (Variable X1) are reported to assess type dependent

deviations in water content dynamics.

Soil type 95% confidence intervals
Alfisol Intercept 0.0004 0.0923
Variable X1 0.7501 1.0107
Entisol Intercept 0.0235 0.1002
Variable X1 0.7266 0.9565
Vertisol ~ Intercept —0.0412 0.0913
Variable X1 0.8432 1.1111
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Fig S2. Initial soil water content (w;) measured for three pre-established pressure heads (ko = —1, =3, and —6

three soils used in the experiment not contaminated (Ctr) and contaminated with microplastics. Bars depict the mean
values + standard errors. PP-Fiber and PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are
low-density polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. The

percentage variation with respect to the Ctr and the p-values of two-sided permutation test between each microplastic

treatment and the Ctr for each soil type are reported in the plots.
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Fig S3. Final soil water content (wy) measured for three pre-established pressure heads (-1, —3, and —6 cm) in the three
soils used in the experiment not contaminated (Ctr) and contaminated with microplastics. Bars depict the mean values +
standard errors. PP-Fiber and PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are low-
density polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. The
percentage variation with respect to the Ctr and the p-values of two-sided permutation test between each microplastic

treatment and the Ctr for each soil type are reported in the plots.
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5.3 How Rilling And Biochar Addition Affect Hydraulic Properties Of
A Clay-Loam Soil

Published on European Journal of Soil Science, 2025, 76(1), €70034.

Vincenzo Bagarello, Pellegrino Conte, Vito Ferro, Massimo lovino, Calogero Librici, Alessio

Nicosia, Vincenzo Palmeri, Vincenzo Pampalone, Francesco Zanna.

Abstract

Rill erosion is a significant problem worldwide as it determines relevant amounts of soil loss on
hillslopes. Although, in the last few years, many studies have focused on rill erosion and biochar as
soil amendment, their influence on soil hydrological properties and relevance on soil conservation
strategies is still uncertain. In this paper, the effects of rill formation and biochar addition on the
physical and hydraulic properties of a clay-loam soil were assessed by laboratory measurements
(water retention, hydraulic conductivity, minidisk infiltrometer data, and '"H Nuclear Magnetic
Resonance (NMR) relaxometry with the fast field cycling (FFC) setup) and field tests (rill formation
tests at the plot scale). The rilled and non-rilled soils did not show any difference in the volume of
pores with a diameter (d) > 300 um, but the former showed a smaller volume for the pores in the size
range between 300 and 0.2 pm. As compared with an untreated rilled soil, the addition of 5% (w w~
1 biochar in the soil in which the rill is incised did not change the volume of pores with d > 300 um,
while there were more pores of both 30 <d <300 um and 0.2 <d <30 um. Moreover, there were less
pores with d < 0.2 um. Shaping the rill did not influence the hydraulic conductivity of the nearly
saturated soil (pressure head, # = -1 cm), while it determined a significant decrease of the soil ability
to transmit water in more unsaturated conditions (4 < -3 cm). The addition of biochar to the soil
improved, in general, the soil aptitude to transmit water, regardless of the pore size. However, this
improvement was statistically irrelevant in the case of a transport process governed by larger pores.
The hydrological measurements also demonstrated that the addition of a large amount of biochar (5%)
impedes soil characteristics alteration as the changes due to rilling are balanced by adding biochar in
the soil. NMR was also used to measure the structural and functional connectivity of the original soil,
the biochar, and a mixture with three biochar concentrations (i.e., BC =1, 3, and 5 % w w))
traditionally applied in agronomical activity. These measurements revealed that the mixture of soil
and biochar was characterized by longitudinal relaxation time (77;) values, which are related to pore

sizes, longer than those measured for the soil. In addition, the soil empirical cumulative frequency
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distribution of 7; was always skewed towards shorter 7; values, thereby suggesting that the macro-
pore component (that is the largest 77 values) was never dominant while biochar addition increased
the size of mesopores and micropores. Biochar concentrations larger than 3 % (w w™') did not produce
appreciable changes in the pore distribution inside the mixture. The biochar component improved the
structural connectivity up to BC =5 %, while decreased the functional connectivity up to BC = 3%.
A relationship between the water volume contained in soil pores and the NMR data was established
for the micropores (d < 0.2 um). The biochar-amended soil was characterized by fewer small pores,

but these micropores were greater than those in non-treated soil.

Introduction

Soil erosion is a relevant environmental problem whose effects are often underestimated although its
importance is highlighted in many field investigations (Borrelli et al., 2017). The soil loss rate in
agricultural land is estimated as 10-40 times faster than the rate of soil formation, while slope
protection is often inadequate, and strategies to mitigate or even prevent hydrogeological risk are rare
(Carollo et al., 2023).

The evaluation of the link between soil physical and hydraulic properties and soil erosion process is
a complex subject as soil physical and hydraulic properties have to be determined for parameterizing
soil erosion prediction models (Risse et al., 1994, 1995; Nearing et al., 1996; Morgan and Duzant,
2008). Moreover, generally, these investigations are experimentally rather complex as intensive soil
physical and hydraulic characterization, and the monitoring of surface runoff and soil erosion
processes have to be performed at the same time. Perhaps, this is one of the reasons why the direct
measurements of the soil hydraulic properties in relevant contexts from a soil erosion point of view
are not widely reported in the literature.

Rill erosion is caused by soil particle detachment and transport by channelized flows which are
characterized by high flow shear stresses and velocities, which lead to an increased sediment yield.
Rills are small-eroded channels, which rapidly change their own morphology, represent a relevant
sediment source producing most of the sediment transport on hillslopes (Mutchler and Young, 1975;
Zhang et al., 2016), and can have a very appreciable impact on the hydrological response of the field
in its entirety. Quite surprisingly, despite the hydrological relevance of the small field portions
interested by rills, studies about the differences between the hydraulic properties of the rilled and non-

rilled soils are lacking.
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In a context in which alternative soil conservation practices aimed at the limitation of soil erodibility
appear to be a valid solution to mitigate erosion processes, organic amendments, such as biochar
(Mukherjee et al., 2014) or compost (Chia et al., 2020), can be considered as a valid and eco-friendly
solution for soil amendment.

Biochar is obtained from the pyrolysis (i.e., thermal degradation) of biomasses in oxygen-starved
conditions (Sohi et al., 2010; Conte et al., 2021). It improves soil structure (size, arrangement, and
aggregate stability) (Blanco-Canqui, 2017; Conte et al., 2021), increases its organic matter content,
and determines an increase in crop yield and quality (Wang and Wang, 2019; Conte et al., 2021).
However, contrasting effects of biochar addition on runoff and soil loss have been reported since
some authors (Lee et al., 2018; Li et al., 2017; 2019; Zhang et al., 2019) concluded that biochar
addition can promote soil loss, while other investigations (Abrol et al., 2016; Baiamonte et al., 2015;
Doan et al., 2015; Hseu et al., 2014; Jien and Wang, 2013; Lee et al., 2015; Sadeghi et al., 2016;
Smetanova et al., 2013) supported the hypothesis that this addition reduces soil susceptibility to
erosion. Moreover, the existing literature pointed out that the biochar effectiveness is influenced by
the added concentration. Some authors (Li et al., 2019; 2020) suggested that low (from 1 % to 3 %)
and high BC (higher than 5 %) values generally inhibited and promoted soil loss, respectively, while
the results of the meta-analysis by Gholamahmadi et al. (2023) indicated the limit of 2.5 % w w™! by
considering that it seems that larger BC have no effect on the reduction of soil loss.

These contrasting results can be justified by several effects: (i) differences due to the biochar type
and its particle size; (ii) changes in physical and chemical properties of investigated soils; (iii) the
vegetation growth; and (iv) the method used for adding biochar (spread over the soil surface,
incorporated into the soil) (Wani et al., 2021). In particular, when biochar was spread on the soil
surface (Sadeghi et al., 2016; Smetanova et al., 2013), a biochar surficial layer forms and inhibits seal
formation, favors infiltration processes, and reduces runoff and soil loss. Moreover, spreading of
biochar on soil surface produces a preferential transport of low-density biochar particles (Sadeghi et
al., 2016) and a reduction of soil loss. However, biochar is usually applied in the field inside the arable
soil horizon and thoroughly mixed to favor the effects on soil properties.

At present, most of the literature studies deal with interrill erosion processes due to simulated
rainfalls, while few investigations on rill erosion are available (Li et al., 2021; Nicosia et al., 2021).
Li et al. (2021) carried out some experimental runs on the susceptibility to rill formation, and they
observed a decrease in rilling in biochar-amended soil. Nicosia et al. (2021), using the data collected
by Li et al. (2021), demonstrated that the biochar addition led to an increase in roughness, which

determined the decrease in flow velocity and the increase in water depth. Parhizkar et al. (2023)
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studied the effect of rice husk-biochar on rill erosion by flume experiments with both not amended
soil and soil with a BC of 3 % w w!. The measurements revealed that biochar reduced rill erodibility
and critical shear stress for the investigated soil. Furthermore, Parhizkar et al. (2023) found greater
stability of the aggregates and a lower bulk density of the treated soil as compared to the non-amended
one.

Biochar application influences soil porosity via direct pore contribution from pores within the biochar,
creation of packing or accommodation pores between biochar and the surrounding soil aggregates,
improved persistence of soil pores due to increased aggregate stability, increased bioturbation such
as earthworm activity (Hardie et al., 2014; Blanco-Canqui, 2017). According to Hardie et al. (2014),
who worked on a sandy-loam soil, large macropores (> 1200 um) can be formed due to a greater
earthworm burrowing in the biochar-amended soil. In clayey soils, biochar may favor the formation
of mesopores (Lu et al., 2014). For loamy-sand soils, small particles of biochar (< 500 pum) can reduce
the volume of small pores (diameter < 0.5 pm) and fissures (> 500 pm) while can increase the volume
of pores in the range 0.5-500 um (Glab et al., 2016). With reference to coarse soils, biochar addition
might convert large pores into smaller pores (Petersen et al., 2016; Villagra-Mendoza and Horn,
2018).

Biochar addition can also be expected to variably influence soil water transmission properties. For
example, different biochar treatments could not have any statistically significant effect on saturated
soil hydraulic conductivity, K, in clay (Castellini et al., 2015) and loamy-sand soils (Glab et al.,
2016). However, the fill in of larger pores due to biochar addition in coarse-textured soils can be
expected to decrease K and increase the unsaturated soil hydraulic conductivity (Villagra-Mendoza
and Horn, 2018).

An increase in field studies on biochar, the need to focus less on the effects and more on the
mechanisms by which biochar application alters soil physical properties, and more research on
biochar benefits in degraded or problematic soils are some of the research needs on biochar
application that were identified only a few years ago (Blanco-Canqui, 2017).

The word “connectivity” states the way in which an environmental system favors matter and energy
movement inside or among its elements (Pringle, 2003; Bracken and Crooke, 2007; Marchamalo et
al., 2016; Keesstra et al., 2020). This concept highlights the attitude of a vector, such as water, to
transport materials at different spatial and temporal scales (Bracken et al., 2013; Reaney et al., 2014;
Lopez-Vincente et al., 2017), considering the heterogeneity and complexity of an environmental

system.
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Wainwright et al. (2011) proposed to characterize an environmental system by structural (SC) and
functional (FC) connectivity. The first one (SC) represents how the investigated process is affected
by the interactions among structural characteristics of the environmental system (Belisle, 2005;
Turnbull et al., 2008; Baartman et al., 2013; Uezu et al., 2005). For example, this is the case when the
focus is to establish how the grain size distribution and arrangement of soil particles affect water
movement inside the soil. The second one (FC) represents how a specific process (e.g., hydrological)
is affected by the interactions among the structural components of the investigated system and the
vector (e.g., water) (Wainwright et al., 2011). According to these definitions, structural connectivity
provides a time-independent (stationary) response of the examined system, while functional
connectivity reflects a dynamic viewpoint.

Conte and Ferro (2018, 2020, 2022) proposed the concept of hydrological connectivity inside the soil
(HCS) to represent how water movement inside the soil is affected by the interaction of soil spatial
patterns (i.e., SC) with chemical and physical processes (i.e., FC). In this system, the structural
connectivity represents the spatial distribution of soil particles and considers the spatial arrangement
of soil pores and micro-channels, while the functional connectivity complies with the water
movement inside soil pores and is related to the physical-chemical interactions of water with the pore
edges (Conte et al., 2017).

The scientific gaps to overcome concerns the definition of the threshold value of biochar
concentration useful for soil conservation strategies and understanding the connectivity of biochar-
amended soils.

In this paper, experimental measurements performed on rills of a clay-loam soil amended with
different concentrations of biochar are aimed to: 1) investigate how the soil hydrological properties of
the rilled soil with different biochar concentrations (BC = 0, 3, and 5%) change in comparison with
the original soil; i1) assess, by the nuclear magnetic resonance (NMR) relaxometry with the fast field
cycling (FFC) layout, the structural and functional connectivity of the original soil, the biochar, and
mixtures with different biochar concentrations (BC = 1, 3, and 5 % w w!); iii) test if the increase of
BC produces appreciable changes in the pore distribution inside the mixture; and iv) combine
hydrological and NMR measurements to establish a relation between the water volume contained in

different-sized soil pores, and their number and size.
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Materials and methods

Experimental setup

The experimental measurements were performed on a plot, which is a large box (Figure 1) 2 m wide
and 7 m long, located at the Department of Agricultural, Food, and Forest Sciences (AFFS) of the
University of Palermo (38° 06' 25" N, 13° 20' 59" E). The plot is manually filled with a clay-loam
soil (32.7 % clay, 30.9 % silt, and 36.4 % sand), which is the same already used by Carollo et al.
(2021), Di Stefano et al. (2022), and Nicosia et al. (2022a, b), compacted at the field bulk density and
with an average slope of 15%. The soil depth in the plot ranges from 0.45 m (upstream end) to 0.15
m (downstream end). This soil was taken in the area surrounding the Department, which is
characterized by a typical Mediterranean climate (Csa, according to the Kdppen classification
(Koppen, 1918) and vegetation. The soil was collected from different points within the area to
consider field variation. The abovementioned soil texture was determined by the hydrometer method
(Kroetsch and Wang, 2008) for fine size fractions and mechanical dry sieving for coarse fractions,
applied to five samples homogeneously distributed on the plot surface. Other five soil samples were
collected by steal cylinders of known dimensions (5 cm in height and 5 cm in diameter) to determine
bulk density (1.23 g cm-3) (Hao et al., 2008), by oven-drying at 105 °C for 24 h. The organic matter
content of the soil, determined by oven-drying the samples in a muffle furnace at 400°C (Skjemstad
and Baldock, 2008), is approximately equal to 2%. Two trenches (Figure 1a), 5.7 m long, 0.2 m wide,
and 0.1 m deep, were dug in the plot for a total removal of approximately 100 kg of soil for each of
them. The soil removed from each trench was distributed on plastic sheets in piles and left to air-dry

for a week.
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sampling point

FIGURE 1 | View of the experimental plot with the two empty (a) and filled trenches (b), the preferential paths (c) and

scheme of the sampling points (d).
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At the end of the week, three samples were taken and weighted from each pile, and they were
subsequently oven-dried at 105° for 24 hours to determine soil moisture, which was found to be on
average 12.5+ 0.004 %. The pre-established BC of 3% (B3 treatment) and 5% (Bs treatment) was
reached by adding 300 and 500 g of biochar to 10 kg of soil in dry weight, corresponding to
approximately 11.4 kg in wet weight, due to the measured soil moisture. The mixing phase between
soil and biochar was performed for 60 s. Each biochar-soil mixture corresponding to an investigated
BC (3% and 5%) was used to fill a trench (Figure 1b). The experimental runs were carried out after
an incubation period of 30 days to allow biochar incorporation into the soil. Two preferential paths
were established on the surface of the two filled trenches (B3 and Bs treatment) and modeled by a
constant clear inflow discharge of 0.33 L s™! (Figure 1c) applied for 12 min to simulate rilling. A
preferential flow path, evolving in a rill during the run, was also established in a zone of the plot in
which the soil was not treated with biochar (Bo treatment) (Figure 1b) as control. The same discharge

of 0.33 L s™! was applied for 12 min.

Hydrological measurements

After the rilling, the surface soil was sampled in four zones of the plot (Figure 1d) using stainless
steel cylinders (diameter = 0.05 m, height = 0.05 m) to collect undisturbed soil cores. In particular,
for each rill (Bo, B3, and Bs treatments), a total of nine soil cores were collected along the rill in
correspondence of the sampling points shown in Figure 1d. The other nine soil cores were randomly
collected in the upper plot area (Figure 1d), in a zone without rills and where biochar was not added
(C treatment). Therefore, a total of 36 undisturbed soil cores were collected.

Water retention data were obtained for each undisturbed soil core for pressure head, 4, values of 0, -
0.05, -0.075, -0.10, -0.15, -0.20, -0.25, -0.30, -0.40, -0.50, -0.70, and -1.0 m by a self-made hanging
water column apparatus (Bagarello and lovino, 2012; Bondi et al., 2022). The apparatus consists of
an array of 40 glass funnels, each equipped with a sintered porous plate having an air entry value of
-2.0 m that is connected to a graduated burette, which can be moved in height to establish a given
pressure head value and allows measurement of the drained water from the core. The cores were
previously saturated on the porous plate by wetting from below and then equilibrated at decreasing 4
values. The dry soil bulk density, ps, and the volumetric water content corresponding to the last
equilibrium pressure head value were determined by oven-drying the core. The volume of water
drained into the burette was recorded and used to calculate the volumetric water content

corresponding to the equilibrium pressure heads.
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The oven-dried soil cores were placed for several days in a large container containing a few small
plastic cups with water. For a given (negative) 4 value, the hydraulic conductivity, K, of a soil core
was then determined by a simplified version of the Unit Hydraulic Gradient (UHG) method (Klute
and Dirksen, 1986; Bagarello et al., 2007). In particular, to establish a given /4 value at the base of the
core, a plastic box of 38 (length) x 17 (width) x 13 (height) cm® was filled with a bed of sand up to a
certain height, and several small holes were made on the walls of the box at a downward distance 4
(L) from the surface of the sand bend. A metal screen was glued to each hole to prevent sand from
escaping through the hole. Water was added to the box so as to form a saturated zone below the holes
and an unsaturated zone above them. At hydrostatic equilibrium, the soil water pressure head at the
surface of the sand bed was assumed to be equal to 4. Different boxes were prepared, depending on
the considered 4 value (h = -6, -3, and -1 cm in this investigation). The soil core, with an attached
nylon guard cloth at its base to prevent soil loss from the bottom, was placed on the surface of the
sand box and left to equilibrate for several days. Small volumes of water were periodically added to
the box during this period to maintain the 4 value at the surface of the sand bed constant. Then, a
Mini-Disk Infiltrometer (MDI), set at the same /4 value of the sand surface, was placed on the top of
the soil core, and a one-dimensional infiltration process was activated. When necessary, small
amounts of loose soil were applied to the soil surface of the core to improve the contact between the
device and the soil. The first established pressure head was 4 = -6 cm. At the end of the run, the soil
core was subjected to the subsequent step by imposing the higher 4 value of the sequence. Readings
at the MDI reservoir were taken visually at 0.5 to 5 min time intervals, depending on the imposed
pressure head and the stage of the run.

After drying, the soil was used to prepare packed soil samples (diameter = 0.05 m, height = 0.01 m)
at the same bulk density of the soil core. In particular, a pestle was gently used to crush the soil, which
was then passed through a 2 mm sieve. These soil samples were used to determine the soil water
content corresponding to /4 values of -10 and -150 m by a pressure plate apparatus (Dane and

Hopmans, 2002).

Soil water retention and hydraulic conductivity data

Four points of the water retention curve were considered to establish comparisons between the four
treatments (C, Bo, B3, Bs), in accordance with Reynolds et al. (2009). These points corresponded to
pressure heads of 0, -0.1 m, -1 m, and -150 m. Consequently, the saturated soil volumetric water
content, Os (m*/m?), the “saturated” volumetric water content of the soil matrix, 0.9 1m (m*/m?), the

field capacity volumetric soil water content, 8.1m (m*/m?), and the permanent wilting point volumetric
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soil water content, 0.150m (m*/m®) were considered. According to Hardie et al. (2014), the Young-
Laplace equation can be used to determine the size of the largest pores that are full of water for a

given absolute value of the soil water pressure head, 4 (m):

30
d= (D

where d (um) is the pore diameter. All pores are full of water for 6 = 0,. The d values are equal to
300, 30, and 0.2 um for 2 =-0.1, -1, and -150 m, respectively. Equivalent pore diameters < 300 pm
(h < -0.1 m) comprise the soil matrix domain, while diameters > 300 um (%2 > -0.1 m) form the
macropore domain (Topp et al., 1997; Jarvis et al., 2002; Reynolds et al., 2002).

Soil air and water storage capacities were expressed by distinguishing between pore sizes (Reynolds
et al., 2002, 2009). In particular, macroporosity, equal to (0s - 0.0.1m), gives the total volume of large
(macro) pores (i.e., > 300 um equivalent pore diameter), which indicates, albeit indirectly, the soil's
ability to quickly drain excess water and facilitate root proliferation. According to Reynolds et al.
(2009), macroporosity is optimal if (0s - 0-9.1m) > 0.07 m*/m?, intermediate if 0.04 < (65 - 00.1m) <0.07
m>/m?, and limited if (05 - 0-0.1m) < 0.04 m?*/m>. The (0.0.1m - 0-1m) difference (30 < d < 300 um) is
expressive of soil aeration in the soil matrix domain (Reynolds et al., 2002). As suggested by
Reynolds et al. (2002), aeration of soil matrix is good if (0-0.1m - 0-1m) > 0.10 - 0.15 m*/m> and is
limited for smaller values. The (0.0.1m - 0.1m) difference was denoted as drainable porosity and
corresponds to the -1.0 to -10 kPa matric pressure considered in other investigations in other
investigations specifically focused on biochar addition effects on soil water retention (Hardie et al.,
2014). The plant-available water capacity, equal to (0-1m - 0-150m) (0.2 < d < 30 um), represents the
plant available water capacity (Reynolds et al., 2002). According to Reynolds et al. (2009), water
availability is ideal if (0-1m - 0-150m) > 0.20 m*/m?, good if 0.15 < (0-1m - 0-150m) < 0.20 m*/m>, limited
if 0.10 < (0-1m - 0-150m) < 0.15 m*/m>, and poor if (0-1m - 0-150m) < 0.10 m*/m?>.

The S index by Dexter (2004) was also calculated to evaluate the soil physical quality (SPQ) of the
sampled soil by considering the soil water retention curve expressed in terms of gravimetric soil water

content Og (g/g). In particular, the van Genuchten (1980) model was adapted to the measured data:

Og(h)=0gt(Bgs—Ogr)(1+|ahr) ™ 2
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in which Og; (g/g) and O (g/g) are respectively the saturated and residual gravimetric water content,
o (1/cm) is a scale parameter, and n and m (with m = 1—1/n) are shape parameters. Eq. (2) was adapted
to the data by optimizing the parameters O, o, and n. The calculation of S was performed according

to the following equation (Reynolds et al., 2009):

1]—(m+1)

s = |—n(egs —05) |1+ 3)

The S index represents the magnitude of the slope of the soil water retention curve at the inflection
point when the curve is expressed as gravimetric water content vs. natural logarithm of the pore water
tension head. According to Dexter and Czyz (2007), S > 0.050 indicates “very good” soil physical or
structural quality, 0.035 < .§ < 0.050 is indicative of a “good” physical quality, 0.020 < .S < 0.035
suggests a “poor” physical quality, and S < 0.020 denotes a “very poor” or “degraded” physical
quality. This evaluation criterion does not appear to have universal validity since large S values can
also be expected to reflect the soil matrix characteristics rather than the soil structural characteristics
(Reynolds et al., 2009). For this purpose, Dexter et al. (2008) reported that large apparent values of
S, which are not reflected in other physical properties, can be obtained in well-graded sands and
sandstones that have a very narrow distribution of pore sizes and can empty over a very narrow range
of suctions. Nevertheless, the S index is largely used, probably because it allows for defining the SPQ
on the basis of a single value that is expressive of a robust experimental information, given that
determining S requires adapting a model to the experimentally determined water retention data. In
particular, this index was taken into consideration in several investigations testing the impact on SPQ
of various amendments, including biochar (Reynolds et al., 2009; Glab et al., 2016; Dokoohaki et al.,
2017; Fouladidorhani et al., 2023).

For each soil core and each pressure head value, the cumulative infiltration, / (mm), versus time, ¢
(h), relationship obtained with the MDI was linear or nearly linear from the early stage of the run,
suggesting a rapid stabilization of the flow process. Therefore, an estimate of K was obtained by
considering the complete infiltration run and determining by linear regression the slope of the / vs ¢
relationship forced to pass through the origin of the axes. As an example, Figure 2 shows, for the run
no. 7 of the By treatment, the /(¢) data points for the three established pressure heads (-6, -3, and -1
cm) and the corresponding estimates of K coinciding with the slopes of the fitted linear regression
lines. The coefficient of determination, R?, of these relationships was > 0.99. The symbols K.6cm, K-

3em, and K_iem were used to denote the K values corresponding to 4 = -6, -3, and -1 cm, respectively.
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FIGURE 2 | Example of the applied procedure to determine the soil hydraulic conductivity at a given pressure head, 40,

from the MDI runs (/ = cumulative infiltration; ¢ = time).

2.4 Hydrological data analysis

Initially, rilling effects on soil physical and hydraulic properties were tested by comparing the C and
By treatments. Then, biochar addition effects on the soil of a rill were tested by comparing the Bo, B3,
and Bs treatments.

For each tested effect, comparisons were performed by considering the following variables: pp, 0;, 6.
0.1m, 0-1m, 0-150m, (Os - 0-0.1m), (0-0.1m - 0-1m), (O-1m - 0-150m), S, K-6cm, K3em, and K.icm. An F test and a
two-tailed t test at P = 0.05 were applied to establish the statistical significance of the differences. At
this aim, the statistical functions for data analysis of the Excel® spreadsheet (Microsoft Corporation,
Redmond, WA) were used.

Finally, an attempt to describe the combined rilling and biochar addition effects was made by
considering four measured points of the water retention curve (6, 0-0.1m, 6-1m, 0-150m), the S index
obtained from the complete water retention dataset for a core, and also K for the three pressure heads

(K-6cm, K-3Cm, K-lcm) .

Sample preparation for FFC NMR relaxometry analyses

All the soil samples were weighed (= 2 g) in a 10 mm NMR glass-tube. Then, MilliQ grade water
(18.2 MQ cm at 25 °C) was gradually added till saturation occurred. The samples were kept overnight
and, finally, analyzed with the NMR machine described below.
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FFC NMR relaxometry experiments

A Stelar SmarTracer Fast-Field-Cycling NMR Relaxometer (Stelar s.r.l., Mede, PV-Italy) at a
constant temperature of 25 °C was used to carry out the relaxometry experiments. The basics of the
FFC NMR relaxometry are reported elsewhere (Conte and Lo Meo, 2020). Briefly, the technique is
based on the rapidly switching among three different magnetic fields, that are referred to as
polarization (BpoLr), relaxation (Brrx), and acquisition (Bacq) field. In the non-polarized (NP)
configuration, Bpor intensity is kept null. Therefore, only Bacq and Brix are used. The former is
applied to generate the magnetization whose intensity depends on that of Bacq which is changed in
the proton Larmor frequency (vr) interval 0.01 - 10 MHz. The intensity of the latter (i.e., Bacq) was
set at the constant vi value of 7.2 MHz. This was needed to keep the magnetization aligned along the
+y-axis after the application of a 'H 90°() pulse of 6.6 us necessary to generate the observable and,
hence, to allow signal acquisition. Bacq duration (usually indicated with the Greek letter t) was
logarithmically changed at least 32 times between a minimum given by 0.01-T;" and a maximum
given by 4-T1". Here, T:" represents the supposed longitudinal relaxation time of the system under
study (Conte, 2021). The aforementioned 32 t values were automatically calculated by the software
(AcgNMRI95, V. 2.20, 2007) provided with the NMR machine. When Brrx Larmor frequency became
< 3 MHz, the pre-polarized (PP) configuration was used. In other words, Bpor intensity was set to be
non-null. The BpoL intensity (expressed as proton Larmor frequency) used in the present study was
10 MHz. It was applied for a period of time (also referred to as Tror) given by 4-T", having T;" the
same meaning reported above. The necessity of the PP configuration lies in the fact that when Brix
vL < 3 MHz, a lack of NMR sensitivity is achieved. Therefore, the application of a polarization field
prior of Brrx allows sensitivity enhancement and amelioration of FFC NMR data quality (Conte,
2021). A recycle delay (RD) of 4 s was applied when either NP or PP configurations have been used.
This RD value was long enough to prevent any problem due to signal saturation. Finally, a switching
time of 3 ms, an acquisition delay of 8 us, a receiver inhibit of 15 us, and a block size of 512 points

were used.

FFC NMR relaxometry data analyses
Once the FFC NMR relaxometry data have been acquired, the Uniform PENalty regularization
(UPEN) algorithm (Borgia et al., 1998; Conte, 2019) was used to achieve the distribution of the

longitudinal relaxation times to assess the hydrological connectivity inside a soil (HCS).
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For each soil, following the result by Conte and Ferro (2020), the distribution of 7; was obtained
using a sample-to-water ratio of 1:0.25 (w/w), corresponding to the water holding capacity WHC, at
a proton Larmor frequency vt varying from 0.01 to 10 MHz. In other words, the experimental runs
were carried out with a single value of WHC and different values of vi.. Each sample was prepared in
a beaker, and then the wet sample was manually transferred in the NMR tubes to obtain a
homogeneous packing. The FFC NMR measurements were carried out for the original soil (C
treatment), the biochar, and the mixtures with different biochar concentrations (1, 3, and 5%, i.e., Bi,
B3, and Bs treatments). Three replicates of NMR measurement were carried out for each investigated

sample.

Assessing Hydrological Connectivity inside a soil (HCS)

NMR relaxometry measures how quickly the z-component of the nuclear magnetic moment (i.e., the
bulk nuclear spin magnetization) changes from a non-equilibrium state to the equilibrium distribution.
Fluctuations of local magnetic or electrical fields generate a phenomenon, named relaxation, which
is mainly affected by molecular motions. Therefore, measurements of the longitudinal relaxation
time, 77, express the molecular dynamics. The 77 values provide information about motion
frequencies in the range (10°-10® Hz) characteristic of water molecules moving in porous media
(Conte, 2021). If the porous medium is the soil, the shortest 7; values are associated with small-sized
pores (i.e., pores bounded by clay primary particles and small aggregates), while the longest 77 values
correspond to pores bounded by sand particles, silt, and large aggregates (Pohlmeier et al., 2009;
Conte et al., 2017).

Water molecules moving within the micro-pores have a range of 77 values (74 in Figure 3b) near the
lower 77 limit, while molecules moving within the macro-pores are characterized by 7; values near
the upper 7, limit (range named 73 in Figure 3b) of the measured relaxation time distribution. Water
molecules moving within meso-pores are identified by all 77 values included between the upper 77
limit of the micro-pores (point A in Figure 3b) and the lower 77 limit of macro-pores (point B in

Figure 3b).
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FIGURE 3 | Relaxogram (a) and example of the integral curve of the

relaxogram that associates the ratio 471/4 with each 71 value (b).
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Conte and Ferro (2018, 2020, 2022) presented a method for defining the SC and FC of a given soil
by introducing a new mathematical use of the relaxograms obtained by NMR relaxometry. The
quantification of structural connectivity and functional connectivity was made by two indexes, SCI
and FCI, calculated by taking into account the NMR relaxogram shapes. In detail, for a given proton
Larmor frequency, the distribution of the longitudinal relaxation time 7; (i.e., the relaxogram in

Figure 3a) is integrated, and the area, Ar;, bounded by the relaxogram curve, the 7, axis, and the



ordinate value corresponding to 7; value, is related to each 77 value. Figure 3b plots an example of
the integral curve of the relaxogram, associating the ratio A47:/4 with each 77 value. This ratio, ranging
from 0 to 1, is equal to the non-exceeding empirical cumulative frequency, F(77), of each 77 value.
Conte and Ferro (2018, 2020, 2022) demonstrated that F(77) is S-shaped and found two points (A and
B in Figure 3b) characterized by a sudden change in the curve slope. The A point bounds a part of the
curve corresponding to the shortest 77 values and the time range 74 (Figure 3b), while the B one limits
the part characterized by the longest 7 values obtained in the 7 time range. Conte and Ferro (2018,
2020, 2022) set the A and B points to identify the two extreme components of the S-shaped F(77)
distribution: point A, with ordinate F(7;) = 0.01, and point B, with ordinate F(7;) = 0.99. The ordinate
of point A distinguishes the low component (only 1% of the measured 7, values are less than the
abscissa characterizing the A point), whereas the ordinate of the B point distinguishes the high
component (only 1% of the measured relaxation times values are higher than the abscissa
characterizing this point).

The water movement in macropores, mesopores, and micropores is considered by the hydrological
connectivity inside the soil. Adapting the classification by Reynolds et al. (2009) to this investigation,
macropores have a diameter d > 300 um, mesopores vary in size between 300 and 0.2 pum, and
micropores have d < 0.2 um. Note that this classification is similar to some extent to the one by
Russell (1973), distinguishing between coarse (> 200 um), medium (200-20 pm), fine (20-2 um) and
very fine (< 2 um) pore width classes. Associating the relaxation times with pore sizes, the low
component of the F(77) distribution, corresponding to 77 values lower than the abscissa of the A point
(Figure 3b), identifies micro-pores, where limited space causes a reduction of molecular movement.
The high component, corresponding to 7; values higher than the B point abscissa (Figure 3b), is
related to macro-pores characterized by wide mobility.

For the NMR analysis, the pore-size ranges suggested by Pagliai and Vignozzi (2002) were applied.
In particular, micropores have a diameter less than 50 um, mesopores range from 0.5 to 50 pm, and
macropores have d > 50 um. Therefore, according to Conte and Ferro (2018), in Figure 3b, the
abscissa of the point A (774) corresponds to the micropore limit (d < 0.5 pum), while 7 represents
the lower limit of the macropore range (d > 50 um). The range between 774 and T3 represents the
mesopore size interval. The limit of this approach is the unavailability of a direct relationship between
the measured 7, values (relaxogram) and pore diameter sizes. In other words, a calibration of the
relaxogram, where the 7, scale corresponds to the pore diameter size scale has not been attempted

yet.
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Bulk water movement, characterized by a high sensitivity by the NMR technique (Conte, 2019), is
related to the limb of the F(77;) curve (bounded by the A and B points of Figure 3b), whereas the high
and low F(7T;) components refer to water interacting with the soil pore edges.

Conte and Ferro (2018, 2020, 2022) proposed the ratio 7p/T4 as FCI. This definition of functional
connectivity allows for taking into account that the 77 values in the range 7,4 identify water trapped
in small pores, whereas those in the range 73 correspond to water contained in large pores. Conte and
Ferro (2018, 2020, 2022) proposed to use the AB limb zone of the F(77;) curve (Figure 3b), falling in
the central range of 77 values, to calculate the SCI. In other words, the spatial pattern inside the soil
can be represented by the central range of 7; values, identifying water moving in meso-pores.
Considering the relationship between 77 values and pore size, the SCI is the coefficient of variation

of T; values characterized by 0.01< F(77) < 0.99.

Results and discussion

Rilling

The ps values did not differ between the C and Bo treatments (Table 1). The non-rilled soil had
significantly higher 6s and 0.0.1m, equal 0.1m and smaller 0.150m values as compared with the rilled soil.
There was not any statistically significant difference between the C and Bo treatments with reference
to (05 - 0-0.1m) but the former treatment yielded higher (6-0.im - 6-1m) and (0-1m - 0-150m) values than the
latter one. Regardless of the treatment, data variability was low for ps, 0s, 0-0.1m, 0-1m, 6-150m and (6.
im - 0-150m) and medium for (0.0.1m - 6-1m) (Warrick, 1998). The variability of (0s - 0.0.1m) was high for
the C treatment and medium for the Bo one.

According to the S calculations, the soil had a very good physical or structural quality (Dexter and
Czyz,2007), regardless of whether sampling was performed in the control area or in the rill. However,
the S index differed significantly between the C and By treatments since the former treatment yielded
a significantly larger S value than the latter one. The relative variability of S varied only minimally
with the treatment, and it was medium in both cases.

Therefore, rilling did not influence dry soil bulk density. However, as compared with the control, the
soil of the rill had a smaller water content at saturation and at -0.1 m, a similar water content at -1 m,
and a larger water content at -150 m. Consequently, (0s - 6.0.1m) did not vary significantly between the
two treatments since both 0, and 6.9.1m decreased from the C to the By treatment. A decrease of (0.0.1m
- 0.1m) occurred in the rilled soil because 0.9.1m decreased while 6.1m did not vary. The decrease of (0.
1m - 0-150m) from the C to the By treatment was due to the circumstance that the soil of the rill had a

higher 6.1s50m value than the control. As compared with the non-rilled soil, rilling implied that the
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volume of pores with d > 300 um did not change. There were fewer pores of both 30 < d <300 pm
and 0.2 < d < 30 um and more pores with d < 0.2 pum. According to the S calculations, rilling

determined a decrease in the SPQ that, however, remained very good.
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and 5§ values obtained in the non-rilled upper

area of the plot (control, C)and in the rills treated with biochar at a rate of 0% (Bg), 3% (By) and 5% (Bs) ksaru.ple gize, N=28 for the C treatment and

N=0 for the B, B, and B, treatments; d = pore diameter).

Parameter Statistic C BO B3 B5
p, (gfcm?) Min 1.134 1127 0.920 0.989
Max 1.298 1.295 1.214 1186
Mean  1235a 1207aA  1087B  1088B
CV (%) 43 47 9.3 6.9
8, (m*/m?) Min 0.482 0.429 0452 0489
Max 0.660 0.528 0.597 0.633
Mean  0.557a 0.484bA  0.503A  0.561B
CV(% 128 7.0 10.4 8.8
8_y 1 (M3M?) Min 0.412 0.341 0.347 0.393
d=<300um Max 0.536 0.448 0.475 0.470
Mean  0.463a 039 bA  0412A 0449B
CV (%) 8.8 8.4 9.6 5.5
e, (m¥m? Min 0.229 0.233 0.218 0.241
d=<30pm Max 0260 0269 0272 0.305
Mean  0.248a 0249aA 0248A 0.274B
CV (%) 456 57 7.1 7.4
8, cpry (M) Min 0.098 0.109 0.098 0090
d=0.2um Max 0.109 0.126 0122 0114
Mean  0.103a 0I117bA  0112ZA  0.102B
CV (%) 3.4 5.0 7.4 77
8,8, (m¥m?) Min 0.052 0.062 0,047 0.054
d>300pm; macroporosity Max 0.184 0.115 0.141 0.184
Mean  0.094a 0.088aA 0.091A 01I1ZA
CV(®%) 532 21.5 310 393
€_y1m— Oy (M3m?) Min 0.183 0.108 0.129 0.152
< d< .
;g;c-,lii_t-;ﬂﬂ pum; soil aeration in the soll matrix domatn or drainable Max 0.281 0.189 0.203 0.188
Mean 02152 0147bA 0.164AB 0.I75B
CV (%) 16.1 17.1 14.2 6.5
8 10— 8 o0y (M3M?) Min 0.131 0.120 0.120 0.151
0.22d=30um; plant available water capacity Max 0.155 0.144 0.150 0.191
Mean  0.J44a 0132bA  0.136A 0172B
CV (%) 59 6.8 7.9 8.5
S Min 0.067 0.045 0.066 0.069
Max 0.103 0.074 0.084  0.094
Mean  0.083a 0058bA 0074B  0079B
CV (%) 16.1 16.8 9.3 10.3

Note: A comparison was established between the C and B treatments using an F test and a two-tailed ¢ test at p=0.05. For a given parameter, means followed by the
same lower case letter are not significantly different. Means followed by a different lower case letter are significantly different. A pairwise comparison was established
between the B, B3 and BS treatments using an F test and a two-tailed [ test at p=0.05. For a given parameter, means followed by the same upper case letter are not
significantly different. Means followed by a different upper case letter are significantly different.
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The ratio between 05 and the soil porosity, obtained from p, and assuming a soil particle density of
2.65 g cm, was equal to 1.04 for the C treatment and 0.89 for the By one. Despite the numerical
uncertainty linked to a ratio > 1, likely attributable to the approximations of the experiment, the sign
was that soil saturation was more complete in the former soil than the latter one. Therefore, shaping
the rill and allowing water to move in this incision did not induce soil compaction in the zone
surrounding the channel, probably because the rill was formed by gently excavating and removing
soil. However, the repeated passage of water promoted some soil alteration with different
mechanisms, such as slaking at the beginning of the experiment or weakening of the bonds between
soil particles due to wetting or mechanical solicitations (e.g., Le Bissonnais, 1996). A part of the
smallest and most mobile particles penetrated the soil. These particles did not modify the largest pores
since they were too small as compared with these pores. However, they partially occluded pores of

intermediate sizes and induced the formation of very small pores.
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FIGURE 4 | Hydraulic conductivity, K, versus pressure head, %, relationships determined in the non-rilled plot area (C)
and the non-treated rill (BO).

According to the guidelines by Reynolds et al. (2002, 2009), macroporosity and soil aeration in the
soil matrix domain were good, but the plant-available water capacity was limited regardless of the
treatment. Therefore, the formation of the rill and the establishment of a flow through the incision did

not have appreciable effects on the soil’s ability to quickly drain excess water and facilitate root
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proliferation. However, the soil became less aerated in the soil matrix domain and also less able to
retain available water for crop growth.

An overlap of the hydraulic conductivity curves obtained with the C and By treatments was noticed
close to saturation (Figure 4). For smaller (more negative) pressure heads, the curves obtained in the
C area tended to stay above those obtained in the By rill, particularly with reference to the intermediate
pressure head established experimentally (% = -3 cm). The means of K_1cm did not differ significantly
between the two treatments (160-173 mm/h) while the K3em and K.¢em values obtained in the Bo rill
were smaller by 1.9 and 1.7 times, respectively, than those obtained in the C zone (Table 2).
Regardless of 4, the relative variability of the data was more appreciable in the rill than in the non-
rilled area. In particular, the coefficients of variation, CV, of K denoted consistently a medium
variation in the C area, but they signaled a high variation for two of the three established pressure
heads in the Bo rill (Warrick, 1998). In summary, shaping the rill and flow establishment in this rill 1)
did not influence hydraulic conductivity of the nearly saturated soil (2 = -1 cm), ii) determined a
significant decrease of the soil ability to transmit water in more unsaturated conditions (4 < -3 cm),

and iii) enhanced spatial variability of K regardless of the considered pressure head.

TABLE 2 | Summary statistics of the soil hydraulic conductivity, K (mm/h), values for different pressure heads, ho‘ established in the non-rilled

upper area of the plot (control, C) and in the rills treated with biochar at a rate of 0% (B,), 3% (B,) and 5% (B,) (sample size, N=8 for the B treatment
and N=0 for the C, B, and B, treatments).

h, (cm) Statistic C B, B, B,
—6 Min 16.2 6.6 8.6 16.2
d=0.5mm Max 40.0 30.6 39.3 29.5
Mean 27.52 16.0b A 209 AB 240B
CV (%) 28.6 55.1 467 20.1
-3 Min 69.1 23.2 17.6 46.5
d=1mm Max 102.6 62.7 99.7 97.8
Mean 80.6 2 419bA 623 B 71.3B
CV (%) 13.5 32.3 37.4 27.2
-1 Min 106.5 85.0 119.5 129.6
d=3mm Max 234.1 300.1 306.3 560.0
Mean 1599 173.1a A 2143 A 2777 A
CV (%) 27.2 51.1 297 50.0

Note: A comparison was established between the C and B0 treatments using an F test and a two-tailed ¢ test at p=0.05. For a given pressure head, means followed

by the same lower-case letter are not significantly different. Means followed by a different lower-case letter are significantly different. A pairwise comparison was
established between the B0, B3 and BS treatments using an F test and a two-tailed ¢ test at p=0.05. For a given pressure head, means followed by the same upper-case
letter are not significantly different. Means followed by a different upper-case letter are significantly different.
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FIGURE 5 | Volumetric soil water content, #, and soil hydraulic conductivity, K, against the absolute value of the soil

water pressure head, 4, for the control (C) and the rilled (Bo) soil.

Soil erosion can be expected to induce changes in the hydraulic properties of the exposed soil surface
(Li et al., 2021). This investigation supported this expectation and also demonstrated that, with
reference to the near-saturated soil hydraulic conductivity (close to zero / values), soil erosion effects
can change with the considered pressure head. The smaller the imposed pressure head at the soil
surface, the smaller the active soil pores in the soil water transport process. Likely, shaping the rill
induced some smearing and compaction of the exposed soil surface, and hence a general decrease of
K, but soil particle detachment induced by rill flow determined a reactivation of the largest pores.
Another, not necessarily alternative, interpretation could be that some of the transported sediments
were trapped at the bottom of the rill as a consequence, for example, of surface soil roughness.
According to this investigation, these trapped sediments were particularly effective in occluding the
smaller exposed pores.

Figure 5 establishes a comparison between the water retention and the hydraulic conductivity
relationships obtained under the C and By treatments in the nearly common pressure head range. The
figure is repeated twice since the individual data were summarized by both the mean and the median,
and reporting all curves on a single plot was found to make some confusion. At least with reference
to the medians, there was consistency between the water retention and hydraulic conductivity curves,

given that, notoriously, K decreases for smaller 0 values. In particular, for high (little negative)
172



pressure heads, rilling induced a decrease in the soil’s ability to retain water, and therefore the soil
became less conductive. A consistency between water retention and hydraulic conductivity curves
was also perceived considering the means, even if, in this case, the results were a little less clear (4 =

-1 cm: C soil was wetter than the By soil but had similar K values).

Biochar addition

Numerically, p» and 6.150m decreased monotonically or almost monotonically in the passage from the
Bo to Bs treatment. Instead, 05, 0-0.1m, 0-1m, (0s - 0-0.1m), (0-0.1m - 0-1m) and (0-1m - 0-150m) increased more
or less monotonically between the two extreme treatments (Table 1). Regardless of the treatment, data
variability was low for ps, 0s, 0-0.1m, 0-1m, 0-150m and (0-1m - 0-150m) and medium for (6s - 6-0.1m). The
variability of the (0.0.1m - 0-1m) values was medium for the B0 treatment and low for the B3 and Bs
treatments.

The ps values for the B3 and Bs treatments were statistically similar and smaller than those obtained
with the By treatment. The means of 0;, 0-0.1m, 6-1m and 6-150m did not differ between the Bo and B3
treatments. The Bs treatment yielded higher s, 0.0.1m and 0.1m values and smaller 6.150m values than
the other two treatments. Macroporosity (6s - 6.0.1m) did not change significantly with the treatment.
Soil aeration in the soil matrix domain (0-0.1m - 0-1m) varied according to the Bs = B3 > Bo sequence.
The plant available water capacity (0-1m - 6-150m) did not differ between the Bo and B; treatments, but
it was higher with the Bs treatment.

The SPQ was very good (S > 0.05) regardless of the treatment. However, the B3 and Bs treatments
yielded statistically similar S values and both these values were significantly higher than that obtained
for the Bo treatment. Adding biochar reduced the variability of S since it was medium for the Bo
treatment and low for both the B3 and Bs treatments.

The ratio between 05 and the soil porosity was not calculated in this case since the assumption that
soil particle density was equal to 2.65 g cm™ could not be made due to the presence of biochar.
Therefore, a small amount of biochar (B3 treatment) was enough to induce a significant decrease in
p» that did not decrease further with more biochar (Bs treatment). Except for 0.150m, the same small
amount of biochar tended to generally give larger 0 values and 0 differences, but not enough to make
differences with the untreated soil statistically significant. Instead, these differences became
significant with more biochar. With reference to 0.150m, even a small amount of biochar yielded a little
smaller value as compared with the non-treated soil, but a large amount of biochar was necessary to

make the differences significant.

173



In summary, as compared with the non-treated soil, a small addition of biochar (3%) did not
significantly affect 05, 0.0.1m, 0-1m, and 6.1som. When more biochar (5%) was used, the first three
parameters significantly increased, while the fourth parameter significantly decreased. Consequently,
(6s - 6.0.1m) did not change significantly between the Bo and Bs treatments since both 0, and 0.9.1m
increased. An increase of (8.0.1m - 0.1m) occurred because 0.9.1m increased more (by 0.053 m* m™) than
0.1m (by 0.025 m® m™). Finally, (0-1m - 8-150m) increased because 0.1m increased and 0.15om decreased.
As compared with the non-treated soil, adding 5% of biochar implied that the volume of pores with
d > 300 um did not change. There were more pores of both 30 <d <300 um and 0of 0.2 <d <30 um
and less pores with d < 0.2 um. According to guidelines by Reynolds et al. (2002, 2009),
macroporosity and soil aeration in the soil matrix domain were good regardless of the treatment.
Instead, the plant-available water capacity was limited for the By and B3 treatments and good for the

Bs treatment.
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FIGURE 6 | Hydraulic conductivity, K, versus pressure head, /, relationships determined in the non-treatedrill (BO) and
in the treated rills with biochar at a rate of 3% (B3) and 5% (BS5).

According to the S calculations, even a relatively small addition of biochar (B3 treatment) was enough
to significantly improve the SPQ. With more biochar (Bs treatment), the differences between the
treated and non-treated soils became larger. However, the two treatments with biochar did not differ
significantly, suggesting that using 5 % of biochar instead of 3 % had a limited effect on S. Adding
biochar made S calculations less variable, suggesting a homogenizing effect of the treatment, even

for a relatively small percentage of biochar.
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A partial overlap of the hydraulic conductivity curves obtained with the Bo, B3, and Bs treatments was
noticed close to saturation (Figure 6). For more negative pressure heads, the curves obtained in the
Bs and Bs rills appeared to overlap with each other and overall stay above those obtained in the Bo
rill. For all established pressure heads, K increased monotonically with the applied amount of biochar.
In particular, K for the Bs rill was 1.5-1.7 times greater than K for the By rill, depending on 4. The
means of K.iem did not differ significantly among the three treatments (173-278 mm h’!; Table 2).
Those of K3cm varied between 42 and 71 mm/h according to the Bs = B3 > By sequence. Finally, the
means of K.cm varied between 16 and 24 mm h™! according to the Bs = B3 > By sequence. Relative
variability of K decreased monotonically from the Bo to the Bs rill with reference to K.scm, but a
similar trend was not detected for the other two pressure heads since the Bs rill yielded the highest
CV with reference to K.3cm and the lowest CV of K_icm.

Therefore, regardless of A, using 3 % or 5 % of biochar did not induce statistically significant
differences between the corresponding K values. For the highest pressure head (4 = -1 cm), adding
biochar did not significantly modify the soil hydraulic conductivity. For the intermediate pressure
head (4 = -3 cm), even a limited concentration of biochar (3%) determined a significant increase in
K. For the most negative pressure head (2 = -6 cm), a significant increase in K as compared with a
non-treated soil (Bo) required adding 5% of biochar. In other terms, from a purely numerical point of
view, the inclusion of biochar in the soil improved, in general, the soil aptitude to transmit water,
regardless of the pore size. This improvement was statistically irrelevant in the case of a transport
process governed by the larger pores. Instead, the water transport ability of the smallest pores (4 < -
3 cm) increased with a high percentage of biochar.

A variety of results have been reported for other loamy soils, texturally similar, in a broad sense, to
the one considered in this investigation. According to Blanco-Canqui (2017), the addition of biochar
can be expected to reduce unsaturated conductivity close to saturation due to the filling or clogging
of soil macropores with fine biochar particles. An increase in near-saturated conductivity in biochar-
amended soils can instead occur as a consequence of increased earthworm burrowing (Hardie et al.,
2014). Biochar may enhance the transport of water under unsaturated conditions by reducing the
formation of larger pores (draining pores) and promoting finer inter-particle pore formation (Villagra-
Mendoza and Horn, 2018). The results of this investigation were not consistent with the suggestion
by Blanco-Canqui (2017), nor were explained by earthworm activity since earthworms were not
noticed, and in any case, the experiments were performed after a short incubation period. Instead, the
suggestion by Villagra-Mendoza and Horn (2018) appeared approximately adaptable to our data. In

particular, biochar addition was statistically ineffective with reference to the largest sampled pores,
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but including a relatively high amount of this amendment (5%) favored the formation of smaller
pores, that is, those active for pressure heads smaller than or equal to -3 cm.

Another way to summarize the results is to recognize that there is some correspondence between the
static porosity, as determined from the water retention measurements, and the dynamic porosity
determined by the UHG experiment. Macroporosity does not change but the drainable porosity
increases. Taking into account that K is an integral measurement, expressive of flow in all porosity
classes from zero to the upper boundary, it is plausible to believe that, for 2 = -6 cm, the weight of
the drainable porosity is greater and this explains the increase of K. For 2 = -1 cm, the contribution
of the macroporosity prevails and for this reason significant differences in K1 are not detected even

if the mean increases anyway.

0.7 0.7
0.6 0.6
T R ___é YR "E'"'
- B b S ST N N D R - i s RN S N . A i o
Eoay T Rt et Eosy T B
= 04 é = 04 --é
03 o BO o B3 x BS 0.3 o BO o B3 x B5
----- mean B0 - meanB3 --- meanB5 =====median B0 -+ medianB3 =-= median B5
0.2 T f T T f f T 0.2 T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Thl {em) Ihl (em)
600 600
x x
500 o BO o B3 x BS 500 o BO o B3 % BS
----- mean BQ - mean B3 - - - mean BS R I - I
400 400 median BO median B3 median B5
E ; E !
_§, 300 E _§, 300 E
~
X 500 - g . % 500 C
Fesll g
100 E e ,\,g 100 g ~ n;"h-—‘-.-,_\g
TrRITIT B Ao T A
0 : =L 0 A ¥
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Ihl (em) Ihl (em)

FIGURE 7 | Volumetric soil water content, ¢ and soil hydraulic conductivity, K, against the absolute value of the soil

water pressure head, 4, for the rilled soil with different concentrations of biochar (0%: Bo; 3%: Bs; 5%: Bs).

Figure 7 establishes a comparison between the water retention and the hydraulic conductivity
relationships corresponding to the Bo, B3, and Bs treatments in a common range of high pressure head
values. Also in this case, the figure is repeated twice since the individual data were summarized by
both the mean and the median. Considering the means, the water retention and hydraulic conductivity
curves appeared consistent between them since adding biochar increased the soil’s ability to retain
water and hence its ability to transmit water. A consistency between water retention and hydraulic

conductivity curves was also perceived considering the medians, even if, in this case, the results were
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a little less clear (4 = -1 cm: similar 0 value for the Bo and B3 soils but a higher K value in the treated

soil).

Combined rilling and biochar addition effects

Figure 8 compares the means of 05, 0-0.1m, 6-1m, 0-150m, S, K-6cm, K-3cm, and K_icm for the four treatments

considered in this investigation (C, Bo, B3, Bs).
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indicate that means differed significantly.
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Rilling of the non-treated soil (Bo) determined a decrease of 0y, 6-0.1m, S, K-6cm, and Ki3em and an
increase of 0_150m as compared with the control (C). The addition in the rill of a relatively large amount
of biochar (Bs) effectively contrasted these rilling effects since 6y, 0-0.1m, 6-150m, S, K-6cm, and K 3em
did not appear to differ appreciably between the C and Bs treatments. Rilling effects were also
contrasted by adding a relatively small amount of biochar (B3), but to a more limited extent. Neither
rilling alone nor rilling in a soil with a relatively low biochar content (B3) resulted in appreciable
variations in 0.1m compared to the control. Instead, adding relatively high amounts of biochar in the
rilled soil (Bs) yielded higher 6.1m values both with respect to the control and with reference to the
other two rills (Bo, B3). Finally, rilling (Bo) did not appear to appreciably alter K.jcm as compared with
the control. However, more biochar in the rill implied obtaining higher K.icm values.

Therefore, six (s, 0-0.1m, 0-150m, S, K-6cm, and K.3cm) of the eight considered parameters consistently
indicated that 1) in the absence of any treatment with biochar, rilling altered the soil characteristics,
and ii) the addition of a large amount of biochar impeded these alterations to occur. In other terms,
the changes induced by rilling were compensated by the presence of biochar in the soil. This
interpretation is not contradicted by the results obtained with the other two parameters (6.1m and K-
1em), since in this case the suggestion was that the addition of large amounts of biochar in the rill can
make the soil even more able than the non-rilled soil to retain water at field capacity and more

conductive in close to saturation conditions.

NMR measurements on soil samples with different biochar concentration

For calculating FCI and SCI indexes, the empirical cumulative frequency distributions of the
longitudinal relaxation time (£(77) distribution) for the relaxograms corresponding to the Bi, B3, Bs,
and C treatments, and the applied biochar measured at the different applied magnetic fields were

examined.
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FIGURE 9 Empirical cumulative frequency distributions F(7;) of the investigated samples (Biochar, C, Bi, B3, and Bs)

for two applied proton Larmor frequencies

Figure 9 shows, as an example for two values of the applied magnetic field (vL of 0.8 and 5 MHz),
the detected F'(T;) distribution. For each vL value, the relaxation time distribution of the investigated
soil (C treatment) is always on the left of the F(T;) corresponding to the other treatments. Therefore,
the shortest 77 values correspond to the soil, while, on the contrary, biochar is characterized by the
longest 7; values. This detected difference between the original soil and the three mixtures of soil and
biochar (i.e. Bi, B3, and Bs treatments) can be attributed to the increase in size of the pores in the
latter due to the biochar component. Figure 9 also highlights that all F(T;) distributions are S-shaped
and skewed towards shorter 77 values, suggesting that the macro-pore component (largest 77 values)

is not dominant, and the biochar addition increases the size of mesopores and micropores. The
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overlapping between the F(T;) distributions corresponding to BC = 3 and 5% establishes that this

increase does not produce appreciable changes in the pore distribution inside the mixture.
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FIGURE 10 | Relationship between the applied proton Larmor frequency » L and 74 (a) and 7B (b) for all the

investigated samples.

For a given percentage of biochar, Figure 10 shows the variation of 74, which is indicative of water
molecules contained in small pores, and 7, corresponding to water contained in large pores, with the
proton Larmor frequency vi. Figure 10 points out that (i) the highest 74 and T values are
characteristic of soil-biochar mixtures, while the lowest values correspond to the soil; (ii) 74 and T3
are independent of vr; (ii1) 74 and T increase with the biochar percentage. Furthermore, Figure 10
demonstrates that B3 and Bs treatments are characterized by similar values of 74 and 7. In other
words, a biochar amount equal to 5% can be considered a limit value to obtain appreciable variations
of the micro-pores and macro-pores as compared to the original soil. From a hydrological point of

view, the increase of BC from 3 % to 5 % does not change the micro-pore and the macro-pore
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components. This result agrees with those obtained by Li et al. (2019; 2020) and Gholamahmadi et
al. (2023), who found a threshold value of biochar addition effectiveness equal to 3 and 2.5 %,
respectively.

According to a previous study (Conte and Ferro, 2020), the SCI and FCI values of the investigated
mixtures measured applying different magnetic fields were merged into a single statistical sample,
thereby obtaining the corresponding cumulative frequency distributions plotted in Figure 11. For each
index, Figure 11 shows that the empirical cumulative frequency distribution of the biochar is always
placed on the left-hand side of that of the original soil, i.e., the SCI and FCI values for the soil sample
are always greater than those of the biochar. Figure 11a also demonstrates that the Bs treatment has
higher SCI values than B and B3, for which, instead, the index distributions overlap. Figure 11b
points out that F'CI distributions for C and B, treatments overlap as well as those for the B3 and Bs
ones, and the latter shift to the left as compared to the former. This result reveals that, with respect to
the original soil, FCI does not reduce further beyond BC = 3 % Therefore, biochar concentrations of
5% and 3% are discriminating values for SCI and F'CI, respectively.

In conclusion, the developed analysis demonstrated that the FFC NMR technique is able to measure
the two components, SCI and FCI, of the hydrological connectivity inside the soil and their variability

with the percentage of biochar added to the original soil.
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Figure 11 Empirical frequency distributions of SCI (a) and FCI (b) for all the investigated samples

3.5 Combination of hydrological and NMR measurements

One of the innovative aspects of this investigation was the attempt to look at the pore system from
two different observation scales: a macroscopic scale by the hydrological measurements and a
microscopic or molecular scale by the NMR measurements. In both cases, the pore size distribution,
leading to categorization into macropores, mesopores, and micropores, was estimated and not
measured directly. In particular, hydrological data were analyzed by the Young-Laplace equation
under the assumption that the pores are perfectly cylindrical, uniform, and equally drained (e.g.,
Hardie et al., 2014). For the NMR data, the correspondence between pore sizes and the measured

relaxogram represented an assumption (Conte and Ferro, 2018) still needing testing. A comparison
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between the hydrological and the NMR data was made to verify if there was a link between the two
approaches.

The water volume contained in the macropores (d > 300 um) did not change significantly between
the non-treated rilled soil (Bo treatment) and the rilled soil treated with 5% of biochar (Bs treatment)
(Table 1). However, the FFC NMR investigations revealed that the size of the largest pores (d > 50
pum) increased as comparing the untreated soil and the biochar/soil mixture (Figure 9). By considering
the hydrological and NMR measurements together, it is possible to suggest that the former
investigation can be affected by the larger pore-size scale (d > 300 um) in comparison with the NMR
analysis (d > 50 um). As a consequence, the amount of free bulk water affecting the hydrological
measurements is larger than that present during the NMR investigations. Moreover, the combined
results appear to suggest that while the total volume of the largest pores remains constant, the number
of pores can decrease. In other words, the addition of biochar did not alter total pore volume but could
modify only the total number of pores, determining fewer macropores having larger sizes.

Adding biochar increased the water volume contained in pores of intermediate size (0.2 < d < 300
um), and the NMR analysis signaled an increase in the size of the mesopores. In this case, it was not
possible to draw a conclusion on the number of mesopores since three different combinations (larger
and more numerous mesopores, larger but unvaried number of mesopores, and larger but fewer
mesopores) can be expected to yield the result that was obtained with the water retention
measurements.

Finally, less water was contained in the micropores of < 0.2 um, but the NMR data suggested an
increase in the size of these pores with the addition of biochar. Therefore, the suggestion was that in
the treated soil there were fewer small pores, but they were greater than those in the non-treated soil.
The scale difference and the uncertainties in the analysis methodologies of the data that are actually
collected (soil water content for established pressure heads with the hydrological measurements and
relaxogram for the NMR measurements) induce not to exclude that the two types of measurement
may be disconnected from each other. However, it cannot even be ruled out that there is some link
between the two experimental approaches since soil-water interactions are investigated in both cases.
According to the results of this investigation, the latter hypothesis appears to have some support.
Consequently, additional efforts should be made to develop a clear relationship between the two

different types of measurements.
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Conclusions

Contrasting effects of biochar addition on runoff and soil loss have been reported in the literature,
and the existence of a threshold value of biochar concentration useful for soil conservation strategies
needs further investigations. In this study, the effects of rill formation and biochar addition on the
physical and hydraulic properties of a clay-loam soil were assessed by laboratory measurements and
field tests.

According to the water retention measurements performed on a clay-loam soil, the formation of the
rill and establishment of a flow through the incision can be expected to have no appreciable effect on
the soil’s ability to quickly drain excess water and facilitate root proliferation. However, the soil could
become less aerated in the soil matrix domain and also less able to retain readily available water for
crop growth. As compared with a non-treated rilled soil, adding 5% of biochar to the soil surrounding
the rill incision can imply that the volume of pores with diameter d > 300 um does not change. More
pores of both 30 < d <300 um and of 0.2 <d <30 um and fewer pores with d < 0.2 pm can develop.
On the basis of the water transmission parameters determined in this investigation, shaping the rill
and flow establishment in this rill could not influence the hydraulic conductivity of the nearly
saturated soil (pressure head, 2 = -1 cm), but it could also determine a significant decrease in the soil
ability to transmit water in more unsaturated conditions (4 < -3 cm). Inclusion of biochar in the soil
can be expected to improve, in general, the soil aptitude to transmit water, regardless of the pore size.
This improvement could be statistically irrelevant in the case of a transport process governed by the
larger pores. Instead, the water transport ability of the smallest pores (4 < -3 cm) can increase with a
high percentage of biochar.

The NMR measurements revealed that the increase of BC from 3% to 5% does not change the micro-
and macro-pore components, and biochar addition of 5% can be considered a limit value to obtain
appreciable variations of the micro-pores and macro-pores as compared to the original soil.
Furthermore, the addition of biochar to the original soil improves the structural connectivity
component, while the functional connectivity index of the mixtures is similar to that of the original
soil only for BC = 1%, it does not change between BC contents of 3 and 5 % and lowers as compared
to the original soil.

Finally, the combination of hydrological and NMR measurements suggested that a relation between
the water volume contained in the pores and the NMR results (distribution of T, size of the pores)
can be established.

In conclusion, the hydrological measurement demonstrated that the addition of biochar to the soil

improved, in general, the soil aptitude to transmit water, regardless of the pore size, and demonstrated
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that the addition of a large amount of biochar (5%) impeded soil characteristics alteration as the
changes due to rilling were compensating by adding biochar in the soil. NMR measurements revealed
that the mixture of soil and biochar was characterized by longitudinal relaxation time 77 values, which
are related to pore sizes, longer than those measured for the soil. The analysis also suggested that the
macro-pore component (that is the largest 7; values) was never dominant, while biochar addition

increased the size of mesopores and micropores.
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5.4 Hydrodynamic behavior of a near-saturated sandy-loam soil
shortly after incorporating compost or zeolite
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D. Autovino, V. Bagarello, C. Bondi, G. Russo, F. Zanna, K. Zhioua

ABSTRACT

Little is known about short-term effects of compost and zeolite addition on hydrodynamic properties
of near-saturated coarse-textured soils. These effects were tested for a sandy-loam soil by a Mini-
Disk Infiltrometer at three pressure heads (-6, -3 and -1 cm) and a wide range of amendment
percentages, pa. Soil hydraulic conductivity was determined on two dates separated by nearly one
month whereas soil sorptivity was determined at the end of the sampling period. Overall, the effect
of the compost varied from null to appreciable since increasing pa from 0 to 40% did not affect the
considered parameter or induced a decrease by up to eight times. Instead, the zeolite was largely
ineffective since the tested parameters did not vary with pa. At the end of the experiment, the soil
amended with zeolite was up to 70-90% more sorptive and conductive than that amended with the
compost. Perhaps the particles of compost represented a physical obstacle to water flow and probably
also induced some soil water repellency. Instead, the particles of zeolite were wettable, and they did
not appreciably alter the pore size distribution. Adding compost can determine a decrease in the ability
of a near-saturated soil to draw and conduct water but this ability does not change with zeolite. Other
investigations are required to confirm these results, test the suggested explanation and finally draw
general conclusions. The applied methodology in this investigation is easy, cheap and suitable for

prolonged monitoring without causing an appreciable alteration of the sampled soil.

INTRODUCTION

Soils with a coarse texture, typically dominated by sand and deficient in organic matter, present
several limitations to sustainable land use. Their loose structure, poor water retention, rapid drainage,
and high vulnerability to nutrient leaching and erosion reduce both their agronomic potential and

ecological stability (Garbowski et al., 2023). To address these constraints, the application of soil
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amendments, whether organic (e.g., compost, vermicompost, biochar, peat) or mineral (e.g., lime,
volcanic rocks, zeolites, clay minerals), has emerged as a promising strategy for improving the
physical, chemical, and biological quality of such soils (Reynolds et al., 2009; Castellini et al., 2024)

and can also be used to prepare engineered growing substrates (Autovino et al., 2024).

Composting refers to the process of humification and stabilization of organic wastes including sewage
sludge, manure, municipal solid waste and green waste (Huang et al., 2016). Under the action of
micro-organisms and enzymes, organic wastes are degraded and transformed into CO2, H20, mineral
ions and humic substances. Compost application to coarse-textured soils can be expected to improve
soil organic matter content (Dong et al., 2022), bulk density (Mandal et al., 2013), soil structure
(Rivier et al., 2022), total porosity (Arthur et al., 2011), pore size distribution (Bondi et al., 2022) and
water holding capacity (Curtis and Claassen, 2009). Applying compost to these soils can determine a
decrease (Whelan et al., 2013) or an increase (Kranz et al., 2020) of saturated soil hydraulic

conductivity, Ks.

Among the mineral soil amendments, zeolites have assumed an increasingly significant role in recent
years. Zeolites are a family of silica polymorphs or crystalline aluminosilicates composed of corner-
sharing TOa4 tetrahedra (T = typically Si or Al), forming a three-dimensional, four-connected
framework with uniformly sized, molecular-scale pores (Ghasemi et al., 2016). A wide range of
natural and synthetic zeolites exists, characterized by differing Si/Al ratios that determine their ion
exchange capacity and can differently influence soil behavior and plant responses (Cataldo et al.,
2021), also depending on soil texture (Gholizadeh-Sarabi and Sepaskhah, 2012). Adding zeolite in
sandy and loamy soils can be expected to improve soil water retention and holding capacity while
simultaneously reducing Ks and infiltration rate (Colombani et al., 2015). However, a high
application rate of zeolite particles could also induce particle dispersion, structural degradation and
an increase of Ks of sandy-loam soils due to the coarseness of the zeolite particles and the addition
of Na* ions (Ghorbani et al., 2022). According to Ibrahim and Alghamdi (2021), application of natural
clinoptilolite zeolite in the ultra-fine nanoparticle size can be expected to increase water-holding

capacity and reduce hydraulic conductivity of coarse-textured soils.

The experimental information currently available on soil-water relationships in coarse-textured
porous media amended with compost or zeolite seems mainly focused on water retention
characteristics and, for the hydrodynamic aspects, on Ks. There is less data regarding soil’s

hydrodynamic properties in close to saturation conditions. Further, there is almost nothing on
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hydrodynamic parameters controlling early-time infiltration. Instead, this information is expected to

have a noticeable hydrological relevance for different reasons.

A reason is that full saturation of well permeable soils rarely occurs under natural field conditions
(Dohnal et al., 2016). Therefore, Ks data alone are not enough to characterize the soil’s hydrodynamic
behavior. Moreover, Ks data are expected to be largely influenced by fragile, unstable and often highly
variable macropores of different nature (Dohnal et al., 2010; Jarvis et al., 2013). Hence, these data
are expressive of the bulk soil, but they could not appropriately describe the effect of the amendment
on the soil matrix (Logsdon and Jaynes, 1993). Matrix pores are small enough to remain water-filled
at pore water pressure head values varying between -3 cm and -10 cm, depending on the investigation,
and the hydraulic conductivity, K, corresponding to these pressure heads represents the saturated
hydraulic conductivity of the soil matrix (Topp et al., 1997; Reynolds and Topp, 2008). Therefore,
determining this soil hydrodynamic parameter requires collecting data corresponding to little negative

pressure heads.

Soil sorptivity, S, should also be determined since this parameter, representing the soil’s ability to
draw water (Stewart et al., 2013), is dominated by soil capillarity forces (Cook and Broeren, 1994)
and it affects estimation of other soil hydraulic properties (Minasny and McBratney, 2000). Sorptivity
controls early-time infiltration and both S and K have to be determined for predicting one- and three-

dimensional infiltration with physically-based models (Philip, 1957; Haverkamp et al., 1994).

Amendment effects on sorptivity and hydraulic conductivity of near-saturated soils can be tested,
both in the laboratory and the field, with the Mini-Disk Infiltrometer (MDI, Meter Group, 2021). This
device provides a simple, rapid and cost-effective method for measuring, with a minimal disturbance
of the sampled soil volume, three-dimensional infiltration under a fixed negative pressure head, hO (-
6 cm < h0 < -0.5 cm), established on the infiltration surface. One of the most important features of
the MDI, and generally of tension infiltrometer methods, is that the use of a slightly negative h0 value
for the run makes it possible to measure the hydrodynamic response of the soil matrix independently
of preferential flow effects (Dohnal et al., 2010; Wilson and Luxmoore, 1988). With the device, the
sorptivity and hydraulic conductivity values that control infiltration under the established hO value
can be calculated (Zhang, 1997; Dohnal et al., 2010). Therefore, there is a direct correspondence

between the soil hydrodynamic parameters and the experimentally measured infiltration process.

The general aim of this investigation was to evaluate short-term effects of two commercial soil
amendments, that are an organic compost and a mineral zeolite, on hydraulic conductivity and
sorptivity of a near-saturated sandy-loam soil sampled with an MDI. The specific objectives were to:
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(1) determine the effects of the two amendments, applied at seven different rates, on the considered
soil hydrodynamic parameters; (ii) establish differences between the two treatments; and (iii) assess

short-term temporal variation in amendment effects.

THEORY

Transient cumulative infiltration, I (L), measured with the MDI can be described by the following

well known relationship (Philip, 1957):

I1=CtV? + C,t (1)

where t (T) is the time and C1 (L T-1/2) and C2 (L T-1) are coefficients that can be estimated by
different methods (Vandervaere et al., 2000), including minimizing the sum of the squared residuals

between the measured I(t) values and those predicted by eq.(1) (Lassabatere et al., 2006).

According to Zhang (1997), for a homogeneous and isotropic soil and a uniform initial soil water
content, the C1 and C2 values obtained by a three-dimensional infiltration process at a given pressure
head, hO (L) (hO < 0), on the soil surface can be described as a function of soil sorptivity, SO (L T-
1/2), and hydraulic conductivity, KO (L T-1), respectively, as:

Ci = A4S (2)
C; = A;K, (3)

where A1 and A2 are dimensionless coefficients that depend on soil water content, soil water retention
and infiltrometer parameters. For soils with the van Genuchten (1980) water retention function, the
expressions of these coefficients were determined using numerically simulated infiltration data

(Zhang, 1997):

_ 1.4b%5(89—0,)"%5exp[3(n—1.9)a,,cho)
B (aygr) 015 @

Aq

_11.65(n%1-1)exp[2.92(n-1.9)aygho]
- (avGr)0'91

A,

forn>19 (5a2)

_11.65(n%1-1)exp[7.5(n-1.9)a,,cho)
- (avGr)0'91

A, forn<1.9 (5b)
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where h0 (cm) is the applied pressure head during the infiltration process (hO is negative for
unsaturated conditions), n and [1vG (cm[]1) are the water retention parameters, r (cm) is the radius
of the infiltrometer, [10 (cm3cml[13) is the soil water content at h0, [1i (cm3cm([13) is the initial soil
water content, and b is a parameter set at 0.55 (Warrick and Broadbridge, 1992). Determination of SO
and KO consists of using eqs.(2) and (3) once C1 and C2 have been calculated. The van Genuchten
parameters required by the procedure can be estimated from soil texture (e.g., Carsel and Parrish,
1988) or they can be obtained by fitting laboratory determined soil water retention data, although in
this last case the procedure of soil hydraulic characterization becomes more complicated from an
experimental point of view. Dohnal et al. (2010) improved eq.(5b) suggesting, for low n values, the
following alternative expression of A2, that was optimized specifically for a small disk size (15.2
cm?2) and a range of pressure head values varying between -0.5 and -6 cm:

_11.65(n%82—-1)exp([34.65(n—-1.19)aycho)
- (avGr)0'6

A, forn <1.35 (5¢)
According to the [1vG and n parameters of the van Genuchten water retention curve listed by Dohnal

et al. (2010), eq.(5¢c) should be used for sandy-clay-loam, sandy-clay, silty-clay and clay soils.

Therefore, transient infiltration and both initial and final soil water content values are necessary to
determine SO by egs.(2) and (4). Instead, only infiltration data are required to obtain KO by egs.(3)
and (5).

MATERIALS AND METHODS

Soil and amendments

A coarse-textured soil was collected from a citrus orchard located at the Department of Agriculture,
Food and Forest Sciences of the University of Palermo, Italy (UTM 33S 355511E - 4218990N).
Approximately 200 kg of soil were sampled from the upper 15 cm of the soil profile, sieved through
a 1 cm mesh to remove gravel and large vegetation residues and subsequently air-dried under

controlled laboratory conditions at approximately 20 °C for nearly three weeks.

The particle size distribution (PSD) of the soil sieved at 2 mm was determined by standard laboratory
procedures (Gee and Or, 2002). In particular, 50 g samples were pre-treated with hydrogen peroxide

and sodium polyphosphate to remove organic matter and induce colloid deflocculation, respectively.
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The fine particle fractions were determined by the hydrometer method whereas the coarse fractions
were obtained by mechanical sieving. According to the USDA soil texture classification system, the
soil was sandy-loam with clay, silt and sand contents equal to 15.1%, 29.0% and 55.9%, respectively.
Based on the IUSS Working Group WRB (2022) guidelines, the soil was classified as a Terric

Chromic Cambisol (Loamic).

Two soil amendments of distinct origin were employed in this study. An organic amendment was a
commercial compost (C) supplied by GECOS (Italy). This compost was obtained through a controlled
process of transformation and stabilization of wastewater and sludge, combined with organic matrices
such as untreated wood and pruning residues from ornamental greenery. A mineral amendment was a
natural zeolite (Z), manufactured by GECOS (Italy), based on chabazite and free from pollutants.
According to the manufacturer, the particles of Z ranged between 0.7 and 2 mm but no information
on the particle size range was provided for the C. The main chemical characteristics of the used

amendments were reported in Table 1.

To determine the actual size of the fine (<2 mm) soil, C and Z particles used for the experiment, their
PSD was also determined by sieving without performing any pre-treatment. In particular, 50 g of air-
dried material were passed through a stack of sieves with decreasing mesh openings (2, 0.85, 0.425,
0.25, 0.106 and 0.074 mm) and vibrated for 5 minutes. The PSD was determined as the percentage
by weight of particles within the following six size classes: 2-0.85, 0.85-0.425, 0.425-0.25, 0.25-
0.106, 0.106-0.074 and <0.074 mm. All measurements were performed in duplicate. Both
amendments were coarser than the soil (Fig. 1). The particles with an equivalent diameter > 0.25 mm
represented the 98.3% for the C, the 73.1% for the Z and the 59.4% for the soil. Therefore, as
compared with the soil, the percentage of coarse particles was larger by 38.9 percentage units with
the C and 13.7 units with the Z. Particles smaller than 0.25 mm were detected for both the soil and
the Z but not for the C. Thus, the C was clearly coarser than the soil. Instead, the Z and the soil had a
similar PSD.

Loss on ignition (LOI) was also determined for the soil, the C and the Z using 3 g (+0.006 g) samples
weighed into porcelain crucibles. The samples were oven-dried at 105 °C for 24 h, cooled in a
desiccator for 30 min and the dry weight (w105) was recorded. Subsequently, the samples were
combusted in a preheated muffle furnace at 400 °C for 16 h, cooled in a desiccator, and the final
weight (w400) was recorded. The LOI was calculated as the percentage difference between w105 and
w400 referred to w105. The resulting LOI values were 5.6% for the soil, 31.1% for the C and 8.9%

for the Z. These values reflect not only the oxidation of organic matter but also the thermal

198



decomposition of inorganic soil constituents such as hydrated aluminosilicates, structural water,
carbonates, and hydrates (Nelson and Sommers, 1996). In the case of the Z, that is an aluminosilicate,
the LOI value primarily indicates the quantity of structural water incorporated within its framework

(Luukkonen et al., 2017).

Preparing mixtures and microplots

The two soil amendments, previously air-dried, were mixed with the soil at eight different
percentages, pa, by weight: 0% (i.e., control soil without amendment), 5%, 10%, 15%, 20%, 25%,
30%, and 40%. High pa values were included in this investigation even if, due to economic and
practical reasons, smaller percentages could be used in the field (Abildayev et al., 2025; Arthur et al.,
2011; Eden et al., 2017; Kukowska and Szewczuk-Karpisz, 2025; Mohammadi et al., 2025; Pratt et
al; 2025). This choice was made since relatively large amendment percentages could however be used
in some circumstances, such as for greenhouse cultivation (Prisa, 2020) or other pot experiments
(Chatzistathis et al., 2020). Moreover, considering a wide range of pa values was expected to yield a
detailed representation of the effects of the treatment on a considered soil property, in accordance

with other recent investigations (Bondi et al., 2022, 2024, 2025; Castellini et al., 2025).

The dry mass of both components was determined using the following equations (Bondi et al., 2022):

V Pb,aPb,s
M, = LPbalbbs
$ Pb,atT Pb,s (63)
M, =rM, (6b)

in which Ma (g) and Ms (g) represent the dry masses of amendment (C or Z) and soil, respectively,
[Jb,a (g cm-3) and [Jb,s (g cm-3) are the dry bulk densities of the two constituents, determined using
the core sampling method followed by oven-drying at 105 °C, V (cm3) is the sample volume, and r
is the amendment-to-soil ratio. The air-dried masses were corrected to account for the initial

volumetric water content of the soil.

The soil was mixed with the amendment until a homogeneous mixture was obtained. A total of sixteen
microplots (8 amendment rates x 2 amendments) were established in polypropylene boxes with
dimensions of 60 cm X 40 cm and a height of 13 cm. Microplots for control were replicated twice
considering that two different controls would be used by two research groups working on the same

soil with different amendments and in different laboratories. Each microplot comprised an 8 cm layer
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of the soil-amendment mixture placed above a 3 cm drainage layer composed of expanded clay
granules supplied by GECOS (Italy). To prevent migration of fine particles from the substrate into
the drainage layer, a thin (<1 cm) polypropylene geotextile was placed between the two layers. Two
additional boxes were prepared with non-amended soil above the drainage layer to initially perform

some checks of the applied experimental method for measuring infiltration.

Mixtures were gradually transferred into the containers using a hand scoop, followed by manual
compaction to ensure uniform settling. In particular, to ensure a uniform vertical soil distribution, the
mixture was applied in three steps, and each layer was lightly compacted by hands and a shovel.
Compaction was light to prevent hydraulic discontinuities between two adjacent layers as far as
possible (Autovino et al., 2024). A single operator filled the boxes in order to favour uniformity across
the different boxes (Bagarello et al., 2025). Microplots were then left air exposed to ambient
laboratory conditions during the two measurement campaigns. After the last infiltration

measurements, the boxes were exposed to open air.

Soil sampling experimental methods

Three-dimensional infiltration experiments were performed on the packed soil in a microplot by an
MDI having a disk diameter of 4.5 cm. Two sampling campaigns were carried out. The first campaign
(I) started immediately after preparing the microplots and its overall duration was four days. The
second campaign (II) started nearly 30 days after concluding the first campaign and its overall
duration was six days. At the end of the first measurement campaign, 1 L of water was uniformly
poured onto each microplot in order to promote a uniform soil wetting and drying process during the
time interval between the two measurement campaigns. A 30-day interval between the sampling
campaigns was considered appropriate to try capturing short-term variations in amendment effects on

the measured soil properties in more or less similar initial soil water content conditions.

For each microplot, that is for a given soil/amendment mixture, infiltration data were collected at
three different pressure head, h0, values, equal to -6 cm, -3 cm and -1 cm. Each individual infiltration
process for an established hO value was carried out at a different sampling point, so as to obtain all
infiltration curves in a microplot under similar initial soil water content conditions. For a given h0
value and a microplot, the experiment was replicated at two different, randomly chosen, sampling
points, for a total of six MDI infiltration runs in a microplot. The soil surface at a sampling point was

gently leveled with a trowel and small amounts of loose soil were used when necessary to improve
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the contact between the MDI and the infiltration surface. The device was fixed to a support to keep it
still during the run and infiltration was measured until the reservoir emptied. Readings were taken
visually at time intervals varying from 5 s for the first 30 s to 2 min after the twentieth minute of the

run. A cumulative infiltration, I (L), vs. time, t (T), curve was obtained at each sampling point.

A few MDI runs were initially carried out in the two additional boxes with non-amended soil until
the reservoir was empty. This initial check of the applied experimental methodology confirmed that
every point of the wetting front remained within the soil volume by the end of the run. In other terms,

the infiltration data were not noised by edge or bottom effects.

Obtaining KO data only requires MDI data whereas MDI and soil water content data are necessary
for also determining SO (Zhang, 1997). Especially for the final water content, the destructive thermo-
gravimetric method seems an appropriate method to be applied since the actually wetted soil volume
under the device can be sampled. In light of these considerations, only KO was determined in the first
sampling campaign so as not to cause alterations to the soil in different positions of the microplot
which could have compromised or hindered the second campaign of measurements. In other words,
sorptivity was not determined in the first sampling campaign in order not to disturb excessively the

soil in an intermediate stage of the experiment.

The soil was sampled immediately before performing the second series of MDI runs to determine the
dry soil bulk density, [1b (g cm-3), and the initial gravimetric soil water content, wi (g g-1). Two
undisturbed soil samples were collected by manually pressing two metal cylinders with a height of 2
cm and a diameter of 5 cm into the soil. The initial volumetric soil water content, [1i (m3m-3) was
then determined from [Jb and wi. The two [Jb, wi and [Ji values were averaged to characterize the

soil in a microplot.

After an MDI run, the wetted soil under the device was sampled with a teaspoon to determine the
final gravimetric soil water content, w0 (g g-1). The final volumetric soil water content, [10 (m3m-
3), was determined from w0 and the [Jb value for the considered microplot, determined before the
run. The diameter of the wetted bulb at the soil surface, db (cm), was also measured along two
orthogonal directions. A representative db value for the run was obtained by averaging these two

measurements.

Overall, 192 MDI runs were performed in this investigation, i.e. 2 sampling campaigns X 3 pressure

heads x 2 replicated runs per microplot x 8 mixtures per amendment x 2 amendments.
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After about a month of exposure of the boxes to open air, soil water repellency data were collected
by the widely applied water drop penetration time (WDPT) test (Doerr, 1998; Letey et al., 2000). In
particular, 60 drops of deionized water were evenly applied with a medical dropper at the surface of
each box from a height of 10 mm and the time for their complete penetration was recorded. Two
disturbed soil samples were also collected to determine the gravimetric soil water content, wWWDPT
(g g-1), immediately before the WDPT experiment. Therefore, a total of 16 wWDPT values were

determined for each treatment.

Calculations and data analysis

For each MDI infiltration run, eq.(1) was fitted to the cumulative infiltration, I (mm), vs. time, t (h),
data by minimizing the sum of the squared residuals between the measured and the predicted I values
(Lassabatere et al., 2006) to simultaneously estimate the C1 (mm h-1/2) and C2 (mm h-1) parameters
of the model. In a single case (second campaign with the compost, h0 = -1 cm, pa = 40%) the
adaptation of the model to the data failed (C1 = 0). In the other cases, the relative error, Er (%),
calculated according to Lassabatere et al. (2006) varied from 0.6% to 4.7% with a mean value of
1.5%. According to Lassabatere et al. (2006), an Er value that does not exceed 5.5% denotes an
acceptable fitting of an infiltration model to the data. Therefore, the fitting of the model to the
infiltration data was satisfactory for all individual runs. The soil hydraulic conductivity, KO (mm h-
1), and sorptivity, SO (mm h-1/2), values corresponding to a run with a given pressure head were then
calculated according to Zhang (1997) and Dohnal et al. (2010), i.e. using egs.(2)-(5). The required

soil water retention parameters for the calculations were chosen from Table 1 by Dohnal et al. (2010).

With reference to a given soil property, the data were analyzed in order to establish 1) the amendment
effect; i1) if the effect was similar between the two amendments; and iii) if the effect changed with

time.

Amendment effects were tested by performing a linear regression analysis of the considered soil
property vs. pa and determining the statistical significance of the correlation coefficient, R, by a two-
tailed t test at P=0.05 (Glantz, 2012). The intercept of a statistically significant relationship represents
the value of the considered soil property without any treatment whereas the slope is expressive of the
rate at which that property varies by adding the amendment (Bondi et al., 2022, 2024, 2025; Castellini
et al., 2025).
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To establish similarity between the amendments and to evaluate time effects, two means of a soil
property were compared by F and two-tailed t tests at P = 0.05. This choice was made instead of
comparing two regression lines (Glantz, 2012) since a statistical significance of both regression lines

between a soil parameter and pa was only detected in a few cases.

In this investigation, a given variable (e.g., soil sorptivity or soil hydraulic conductivity at an
established pressure head) was determined by using different percentages of amendment, pa (%)
(from 0 to 40%) for two reasons: i) making this choice was necessary for testing the relationship
between the considered variable and the intensity of the treatment (Bondi et al., 2022, 2024, 2025;
Castellini et al., 2025); and ii) for a fixed amount of applied amendment (e.g., given mass per unit
surface area and incorporation depth), it is unlikely that every point of a field soil will receive exactly
the same treatment. Instead, some heterogeneity in the distribution of the amendment will be more or
less unavoidable. An experiment making use of different amendment doses seems therefore

appropriate to predict the overall response of the field soil with reference to the variables of interest.

The WDPT data were summarized considering the five soil water repellency classes by Bisdom et al.
(1993): wettable (WDPT < 5 s), slightly water repellent (WDPT = 5-60 s); strongly water repellent
(WDPT = 60-600 s); severely water repellent (WDPT = 600-3600 s), and extremely water repellent
(WDPT > 3600 s). For each microplot, the percentage of WDPT values falling in each class was

determined.

RESULTS

For each sampling campaign (I or II), amendment (C = compost; Z = zeolite) and percentage of
amendment, pa (%), soil hydraulic conductivity generally increased according to the sequence K-1
(K for h0 = -1 cm) > K-3 (K for h0 = -3 cm) > K-6 (K for h0 = -6 cm) (Fig. 2). For each amendment
and pa value, soil sorptivity, that was only determined in the second campaign, generally increased
according to the sequence S-1 (S for h0 = -1 cm) > S-3 (S for hO = -3 cm) > S-6 (S for h0 = -6 cm)
(Fig. 3). Larger soil hydraulic conductivity and sorptivity values with greater (less negative) hO values
are physically expected. Therefore, this initial check of the data did not suggest any anomaly in the

developed dataset.

First sampling campaign
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With the C, the relationship between K-6 and pa was statistically significant (coefficient of
determination, R2 = 0.69, R > 0) but pa did not influence significantly either K-3 or K-1 (R2 =0.11
- 0.13, depending on hO; Fig. 2a). In particular, K-6 decreased by 3.1 times as pa increased from zero

to 40%.

With the Z, none of the tested relationships between K and pa was statistically significant (0.0001 <
R2 < 0.15; Fig. 2b), indicating that soil hydraulic conductivity did not vary with the amount of Z

regardless of the established pressure head.

For each pressure head, a comparison was carried out between the K values obtained with the two
amendments. The hydraulic conductivity of the soil treated with the Z was greater than that obtained
using the C by 10.0-21.7%, depending on hO (Table 2), but the differences between the two treatments
were not statistically significant. Using the Z instead of the C implied detecting a smaller coefficient
of variation, CV, of K for the smallest h0 value (h0 = -6 cm), a little higher CV value for the
intermediate pressure head (hO = -3 cm) and an appreciably higher CV value for the highest pressure
head (hO =-1 cm).

Therefore, signs of a treatment effect on K were weak since they included a significant relationship
between K and pa for only one of the six tested relationships and consistently higher values of K with
one of the two soil amendments, but only a little and not significantly. Overall, the data suggested
that adding an amendment at different rates or using an amendment instead of another did not
influence K. Therefore, amending the soil was largely ineffective immediately after performing the

treatment.

Second sampling campaign

With both amendments, [b decreased significantly as pa increased (Fig. 4a). On average, the dry soil
bulk density differed with the used amendment by 2.2% and the difference between the two treatments

was not statistically significant (Table 3).

The antecedent gravimetric soil water content, wi, increased significantly with pa for both
amendments even if the wi vs. pa relationships were rather scattered, with R2 values of 0.35 for the
C and 0.29 for the Z (Fig. 4b). The mean wi value of the soil treated with the C was larger than that
of the soil treated with the Z by 53.1% and the difference between the two treatments was statistically

significant (Table 3).
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For both treatments, the relationship between [Ji and pa was not significant (Fig. 4c). The soil treated
with the C had a 43.6% larger mean of (i than the soil treated with the Z and the difference between

the two treatments was significant (Table 3).

Neglecting from the calculations an apparently anomalous soil water content value for the C treatment
(Figs. 4b,c) yielded smaller differences between the treatments, equal to 34.6% for wi and 28.0% for

[11. However, even in this case, differences between treatments were significant.

The soil treated with the Z was more homogeneous (smaller CV values) than that treated with the C

with reference to (b, wi and [Ji.

Therefore, before performing the second sampling campaign with the MDI, the soil amended with
the C was on average wetter than the soil amended with the Z. The [i values were nearly independent

of pa since an increase of pa determined an increase of wi and a decrease of [b.

The final gravimetric soil water content, w0, increased significantly with pa with a single exception
since it did not vary significantly with pa for the Z and h0 = -1 cm (Figs. 5a-c). At the end of the MDI
runs, the soil treated with the C had a significantly larger w0 value than that treated with the Z (Table
4). In particular, w0 was larger by 18.0-20.3%, depending on hO0, in the former case than the latter

one.

Instead, the final volumetric soil water content, [0, did not vary significantly with pa in the soil
treated with the C, regardless of h0 (Figs. 5d-f). With the Z treatment, the []0 vs. pa relationship was
inverse and significant, even if rather weak (0.28 <R2 < 0.30) for h0 =-3 and -1 cm and not significant
for hO = -6 cm. The soil treated with the C was significantly wetter than that treated with the Z by a
percentage varying with hO between 13.5% and 15.0% (Table 4).

Therefore, the volumetric soil water content at the end of the run with the MDI did not vary with pa
or it decreased as pa increased. Using the C instead of the Z determined larger [10 values regardless

of hO.

The slope of the relationship between db and pa was numerically negative in all cases, that is for the
two amendments and the three established pressure heads (Fig. 6), but the db vs. pa relationships were

not statistically significant with a single exception. This relationship was significant but rather weak
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(R2=0.39, R > 0) for the C amendment with hO = -1 cm. Therefore, the analysis generally suggested

that, for given amendment and pressure head value, db did not vary with pa.

For both amendments, db decreased monotonically as h0 increased from -6 cm to -1 cm (Table 5).
However, the means of db obtained with a given amendment and the three h0O values did not differ
significantly one from the other with a single exception. With the C amendment, establishing h0 = -
6 cm instead of -1 cm yielded an 8.2% higher db value. Therefore, db generally decreased with larger
hO values but this decrease was statistically significant for only one of the six established
comparisons. The most common result was that, with a given amendment, db did not vary

significantly with h0.

For a given pressure head, the C treatment yielded larger db values than the Z one and the differences
between the two amendments were statistically significant for all hO values (Table 5). In particular,
the percentage differences between the db values for the C and Z treatments varied in the 9.5-12.9%

range depending on h0.

Overall, there were some signs that db decreased with larger pa and hO values but these signs were
weak and statistically supported only in a few cases. Instead, the effect of the amendment on db was
clearer and also significant. Specifically, using the Z amendment instead of the C one consistently

implied measuring smaller wetted bulbs at the soil surface.

With the C, all tested relationships between S and pa were statistically significant and they indicated
that S decreased as pa increased (Fig. 3a). In particular, S-6, S-3 and S-1 decreased by 5.0, 5.8 and
7.6 times, respectively, as pa increased from zero to 40%. Therefore, adding more C implied making

the soil less sorptive, more appreciably with reference to the highest (less negative) pressure heads.

With the Z, none of the tested relationships between S and pa was statistically significant (Fig. 3b),

indicating that soil sorptivity at a given h0 value did not vary with the amount of Z.

For each pressure head, the sorptivity of the soil treated with the Z was significantly greater than that
obtained using the C (Table 6). Two corresponding S values differed by 59.2-69.9%, depending on
h0. Therefore, treating the soil with the Z made the soil more sorptive as compared with a treatment

with the C.

The coefficients of variation, CV, of the data were smaller with the Z as compared with the C and

differences between the two treatments were more appreciable for the higher hO values. Therefore,
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the soil treated with the Z was also more homogeneous than that treated with the C with reference to

the ability of the soil to draw water.

With the C, all tested relationships between K and pa were statistically significant, indicating that K
decreased as pa increased (Fig. 2c). In particular, K-6 decreased by 6.8 times as pa increased from

zero to 40%. A smaller decrease was detected for K-3 (by 2.5 times) and K-1 (by 2.9 times).

With the Z, none of the tested relationships between K and pa was statistically significant (Fig. 2d),
indicating that soil hydraulic conductivity did not vary with the amount of Z regardless of the
considered pressure head. Therefore, using different percentages of Z did not have any effect, to a

scale corresponding to that of an MDI run, on the ability of the soil pores to conduct water.

The hydraulic conductivity of the soil amended with the Z was larger by 41.7-88.1%, depending on
h0, than that of the soil amended with the C and all differences between the two treatments were
statistically significant (Table 2). Therefore, treating the soil with the Z made the soil more conductive

as compared with a treatment with the C.

Even with reference to the soil hydraulic conductivity values, the soil treated with the Z was more

homogeneous (smaller CV values) than that treated with the C regardless of hO0.

Comparing the two sampling campaigns

For each amendment and pressure head, a comparison was carried out between the K values obtained
in the two sampling campaigns to verify if a short-term temporal variability of K occurred. In all
cases, 1.e. for both amendments and the three hO values, the soil hydraulic conductivity obtained in
the second date was numerically smaller than that obtained in the first date (Table 2). However, there

was a difference between the amendments.

With the C, the K values obtained in the second date were smaller by 40.2-50.1% than those obtained
in the first date, depending on hO, and the differences between the two sampling campaigns were

statistically significant in all cases.

With the Z, the K values obtained on the second date were smaller by 21.2-22.9% than those obtained
on the first date, depending on hO, and the differences between the two sampling dates were

statistically significant for hO = -6 and -3 c¢cm but not for h0 =-1 cm.
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With a single exception (Z, h0 = -1 cm), relative variability of the K data increased from the first to

the second sampling date.

Soil water repellency

After the second campaign with the MDI and an additional month of exposure of the soil boxes to
open air, the gravimetric soil water content did not differ significantly between the C and Z treatments
since the mean and the CV of wWWDPT were equal to 0.22 g g-1 and 22.3%, respectively, in the former
case and to 0.20 g g-1 and 18.0% in the latter case.

In the absence of any treatment, the 35%-45% of the WDPT tests did not suggest any soil water
repellency whereas the remaining 55%-65% of the tests suggested a slight water repellency (Fig. 7).
The treatment with the C at different rates i) did not modify soil water repellency as compared with
the untreated soil in a case, i1) suggested that the treatment improved a little soil wettability in another
case, and iii) determined an increase of the WDPT tests indicating water repellency in five cases.
Even in these last cases, water repellency was slight with the exception of a very few tests suggesting
a strong water repellency. Instead, the treatment with the Z at different rates suggested that, although
not monotonically, larger concentrations of amendment improved soil wettability. In detail, with the

largest concentration of Z, all WDPT tests suggested wettable conditions.

Therefore, the data overall indicated that the soil was naturally wettable or slightly water repellent.
Addition of C did not modify appreciably soil water repellency or it determined a limited increase,
remaining however in a situation of slight water repellency. Instead, addition of Z determined a

decrease and also disappearance of any water repellency.

Summary of the amendment effects on the soil hydrodynamic behavior

Overall, the two amendments yielded different results. Using the C induced a decrease of near-
saturated soil hydrodynamic parameters with larger amendment rates, pa. Initially, this decrease was
limited to some of the tested parameters but then it was detected for all parameters (Figs. 2 and 3).
Instead, adding the Z did not influence any of the tested parameters regardless of both pa and the

sampling date.
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With the C, near-saturated soil hydraulic conductivity decreased appreciably in the relatively short
time period between the two sampling campaigns (Table 2). Instead, using the Z made this decrease

smaller.

Nearly 1.5 months after preparing the samples, the soil treated with Z was more sorptive (Table 6)
and more conductive (Table 2) than the same soil treated with C. Moreover, the former soil was drier

than the latter one both before (Table 3) and after (Table 4) the MDI run.

The effect of the amendment was also visually perceivable since, at the end of the MDI runs, the
diameter of the wetted bulb at the soil surface was larger with the C treatment than the Z one (Table

5).

Therefore, the hydrodynamic response of the soil treated with the C was more dependent on both the
time from the beginning of the experiment and the amount of the amendment used than that of the

same soil treated with the Z.

Both sorptivity and hydraulic conductivity are expected to be smaller in finer soils (Moret-Fernandez
et al., 2020; Yilmaz et al., 2023) and capillary forces, controlling lateral expansion of the wetting
front around a near-point source of water, are greater in finer soils with smaller pores. Therefore, the

soil treated with the C was functionally finer than that treated with the Z.

Finally, soil water repellency was at the most slight in untreated conditions (Fig. 7). Addition of Z
determined disappearance of any water repellency. Adding C did not modify or it induced a limited

increase of soil water repellency.

DISCUSSION

Some experimental evidence that a treatment with C or other organic amendments can induce a
decrease of the unsaturated soil hydraulic conductivity can be found in the literature (Aggelides and
Londra, 2000; Wanniarachchi et al., 2019) and this investigation supported previous findings.
However, we did not find data about the Z effects on hydrodynamic properties of near-saturated

coarse-textured soils. This investigation suggested that these effects could be negligible.

Trying to explain these results, it was preliminarily recognized that the overall duration of the
experiment was short, that is a couple of months. Therefore, the occurrence of relevant soil

aggregation processes promoted in some different manner by the two amendments appeared unlikely.
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Instead, the following considerations were made: 1) the soil was packed manually and some soil
settling and compaction phenomena likely occurred during the experimental period due to gravity,
wetting and drying (Murphy et al., 1993; Busscher et al., 2002); i1) in coarse soils, some physical pore
obstruction due to amendment addition can be expected to occur (Villagra-Mendoza and Horn, 2018;
Wanniarachchi et al., 2019); iii) soil pore size distribution depends on the soil particle size distribution
(Arya et al., 1999; Arya and Heitman, 2015; Lebron et al., 2002; Nimmo, 2004). With reference to
the particles smaller of 2 mm, the soil and the Z had a relatively similar particle size distribution
whereas the C was overall coarser than both the soil and the other amendment (Fig. 1); and iv) using
the C implied introducing in the soil particles that were essentially non-porous and impermeable to
water. Instead, the used Z particles likely had pores and channels within their structure (Nakhli et al.,
2017; Satriani et al., 2024). Consequently, all other things being equal, it can be presumed that a

particle of C might hinder flow more effectively than a particle of Z.

In light of these considerations, a possible explanation of the results obtained in this investigation was
the following. Relatively small sorptivity and hydraulic conductivity values were obtained with the
C and with large amounts of this amendment since the large particles of C obstructed the relatively
large conductive soil pores and hence, they constituted a physical obstacle to water flow. Instead, with
the Z, appreciable obstruction phenomena did not occur, and the pore size distribution did not change
appreciably. Hence, the treatment with the Z did not impede water transport and neither S nor K

changed substantially after the treatment.

In the first sampling campaign, the C effect was only detected for the smallest (most negative)
pressure head since the smaller conductive soil pores were more easily obstructed than the larger
pores. Soil settling and compaction phenomena occurring between the two sampling campaigns
determined a decrease of pore sizes and also a closer contact between the soil and the particles of
amendment. The decrease of K between the two sampling campaigns was more appreciable with the
C than with the Z since, in the former case, settling and compaction phenomena also enhanced the
ability of the amendment to retard flow. In the latter case, instead, settling and compaction phenomena
were not, or were less, associated with an enhanced ability of the amendment to retard flow. Moreover,

the Z made perhaps the soil matrix more rigid as compared with the C.

Finally, differences between the two treatments increased from the first to the second sampling
campaign because the hydraulic conductivity of the soil treated with the C decreased more than that

of the soil treated with the Z.
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This explanation shows some similarity with that by Belviso et al. (2022), which suggested that a
particle of amendment can limit water transport into the soil by favoring development of a clay-like
porous medium due to an increase in meso-micropores combined with macropore loss. The larger [1i
(Table 3) and [JO (Table 4) values obtained with the C than the Z suggest an improved ability of the
soil treated with the organic amendment to retain water. Hence, the data obtained in this investigation
are consistent with the interpretation by these authors. However, there are also some differences
between this investigation and that by Belviso et al. (2022) since these authors considered a silty-
loam soil amended with zeolite but just this amendment did not influence soil hydrodynamic
properties in this investigation. In other words, C but not Z addition favored development of a clay-

like porous medium.

Another possible reason why soil hydrodynamic parameters became smaller with larger percentages
of C but not with more Z was that the former amendment induced some soil water repellency that

instead did not occur with the latter amendment.

This explanation, that is not necessarily alternative to the previous one, was considered plausible
taking into account that: i) an increase in soil water repellency can determine smaller values of both
sorptivity and hydraulic conductivity close to soil saturation (Wahl et al., 2003; Ebel and Moody,
2020); ii) an increase in soil water repellency can occur with more compost (Miiller and Deurer, 2011;
Gtab, 2014; Leelamanie and Manawardana, 2019) but the zeolite could not have the same effect. For
example, Miiller and Deurer (2011) listed zeolite as one of the possible surfactants to be used for
alleviating soil water repellency and Gholami et al. (2024) recognized that a treatment with zeolite
effectively mitigated the adverse hydrological effects of soil water repellency in fire affected soils;
and ii1) the WDPT data collected a few weeks after the MDI runs suggested more water repellency in

the soil treated with C than in that treated with Z (Fig. 7).

However, this explanation is not free from uncertainties since, with the C treatment, the K and S
values obtained in the second campaign decreased with more amendment (Figs. 2 and 3), but more C
did not suggest a continuous increase of soil water repellency (Fig. 7). Another more general reason
is that, according to other investigations, the soil water repellency attributable to organic amendments
could overall be negligible under field conditions (Castellini et al., 2024) and zeolite could also
exhibit some hydrophobicity, depending on the Si/Al ratio and the surface hydroxyl group content
(Tatlier et al., 2022). In other words, it cannot be excluded at all that the soil hydrodynamic response
did not depend, or depended only a little, on soil water repellency.
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Taking into account that WDPT and MDI data are collected at different scales (point for the WDPT
test and small area for the MDI), developments of this investigation should be performed by also
considering the need to determine soil water repellency and infiltration at more directly comparable

scales.

Numerical simulation of hydrological states and fluxes requires describing appropriately the spatially
and temporally variable soil hydraulic parameters (Christiaens and Feyen, 2000; Assouline and
Mualem, 2006; Baroni et al., 2017; gipek et al., 2019). This investigation contributed to
understanding how the soil should be described soon after application of a large amount of

amendment in the upper zone of a tilled layer.

With the C, the tilled soil should be considered as a two-layered system, with different soil
hydrodynamic parameters for the upper amended layer and the non-amended deeper layer. Time
changes of soil properties in the amended layer can be appreciable and hence they should also be

considered.

Instead, with the Z, the tilled soil could be considered vertically almost homogeneous, regardless of
whether the soil contains the amendment or not. Further, time changes of soil hydrodynamic
parameters can be expected to be smaller and perhaps it could not be strictly necessary taking these

changes into account.

Therefore, soil parameterization for numerical modelling purposes seems simpler if the Z is used as
amendment instead of the C. Of course, this suggestion is based on a single experiment, and it is valid
for a soil similar to the sampled one and a relatively short time period, that is one or two months after
adding the amendment. Considering other soils and performing longer experiments could help to

draw general conclusions.

The MDI appears to be a good method for performing these developments for different reasons. The
device is simple and cheap, and its application determines a minimal, or even negligible, disturbance
of the sampled soil volume. Therefore, the data are expressive of the soil response and not of any soil

alteration due to the run.

The non-destructive nature of the run implies that the same sampled soil can also be subjected to

subsequent determinations. In other terms, soil monitoring campaigns can easily be realized. This is
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an important aspect of the methodology since amendment effects on soil-water relationships can be

expected to vary with the elapsed time after the treatment (Bondi et al., 2022).

The operating principle of the MDI is the same as that of the classical tension infiltrometer (Perroux
and White, 1988), that can be used in the field to explore larger and more representative areas by a
single run. Therefore, performing comparisons between laboratory and field experiments should be

easy.

The data obtained under close to zero, but negative pressure heads can be expected to be more
representative of common field situations as compared with those obtained by ponding infiltration
experiments, taking into account that ponded infiltration is an extreme case which is rarely seen in

the field (Dohnal et al., 2016).

Finally, the MDI can also be used for detecting soil water repellency (Lichner et al., 2018; Alagna et
al., 2019).

Evidently, tension infiltrometers are not perfect devices since they also have limitations such as, for
example, the risk of poor contact between the disc and the soil that could compromise the quality of
the data (Close et al., 1998). However, it seems plausible to suggest that the advantages outweigh the

disadvantages.

Finally, it has to be acknowledged that the use of two sampling points within each microplot could
be expected to introduce pseudo-replication, which may limit the statistical independence of the
observations. Likely, future studies should consider replicating entire microplots to improve statistical

power and also account for packing-related heterogeneity.

CONCLUSIONS

Understanding soil hydraulic properties changes is essential for sustainable land management,
especially in arid and semi-arid regions, where water availability is a limiting factor. The two tested
amendments can be expected to have a different short-term impact on the hydrodynamic properties
of a near-saturated coarse-textured soil. According to this investigation, the soil sorptivity and
hydraulic conductivity values corresponding to high pressure head values (-6 cm < hO < -1 cm)
decrease with larger compost rates whereas they do not vary with different amounts of zeolite.

Overall, adding compost makes the soil functionally finer as compared with the soil treated with
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zeolite. Moreover, the soil amended with compost experiences more appreciable short-term temporal

variations of soil hydrodynamic parameters than that amended with the zeolite.

In summary, the compost can be expected to favor development of a clay-like porous medium if the
particles of this amendment act as a physical obstacle to water flow. Development of a clay-like
porous medium is not expected with the zeolite if the particles of this amendment do not alter

appreciably the pore size distribution.

Characterizing a soil profile for numerical simulation purposes appears easier if the zeolite is used as

an amendment instead of the compost.

From a practical point of view, using compost, especially in large percentages, can be expected to
induce a slowdown of the water transport processes towards the deeper layers in conditions of near-
saturation of the soil, especially a few weeks after the treatment. This circumstance could help to
maintain a water reserve usable by plants in the treated soil layer. The same conclusion cannot be
drawn for the zeolite since, in this case, hydrodynamic processes in near-saturated soil conditions can
be expected not to change appreciably, regardless of the amount of amendment used and the time

elapsed since the treatment.

Of course, trying to draw general conclusions requires testing experimentally the suggested
interpretations, considering other soils, performing longer measurement campaigns and making use

of other amendments.

The experimental methodology applied in this investigation could also be applied by other research
groups, as it seems appropriate for developing larger and more complete soil datasets. Exposing some
soil boxes to open air for long periods and possibly sowing appropriate plant species could make it
possible to also establish if and how the effects of the applied soil amendments vary with

meteorological forcing and development of vegetation.
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Figure 1. Percentages by weight of soil (So), compost (C) and zeolite (Z) particles of a given size range determined in

duplicate (1 and 2) by sieving
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Figure 2. Relationship between the soil hydraulic conductivity, K, and the percentage, p,, of amendment (C = compost; Z

= zeolite) for the three established pressure head, /¢, values (-6, -3 and -1 cm) in the first (I) and second (II) sampling

campaigns (soil hydraulic conductivity corresponding to /o= -6, -3 and -1 cm denoted as K., K.3 and K_1, respectively, in

the text; S: coefficient of correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly greater than
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Figure 5. Gravimetric, wo, and volumetric, 0o, final soil water content against percentage of amendment, p,, for the two

treatments (C = compost; Z = zeolite) and the three established pressure heads with the MDI, %o (ho= -6, -3 and -1 cm; S:

coefficient of correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly greater than zero)
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(ho=-6, -3 and -1 cm; S: coefficient of correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly

greater than zero)
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Table 1. Properties of the amendments used in this investigation provided by the manufacturer

Zeolite |(Cmol kg™)

EC C N P Ash
pH
Compost| (dSm™) | (%) | (%) (%) | (%)
2.0 48 26 | 84 [<1.0| 12.3
CEC Si07 | AO3 | K20 [ CaO | Fex O3

(%) | (%) | (%) | (%) | (%)

230

50 | 17 6 6 3

EC = electrical conductivity; CEC = cation exchange capacity.
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Table 2. Summary statistics of the soil hydraulic conductivity values, K., K.3 and K.; (mm/h), obtained on the soil treated

with compost, C, or zeolite, Z, by establishing, in two sampling campaigns, three different pressure head, 4o, values with

the Mini-Disk Infiltrometer (sample size, N = 16 for each dataset except for C and /4o = -1 cm in the second sampling

campaign for which N was equal to 15)

Statistic ho=-6cm ho=-3cm ho=-1cm
First Second First Second First Second
sampling sampling sampling sampling sampling sampling
campaign | campaign | campaign | campaign campaign campaign
C z C z C z C z C z C z
Min 57 (126 | 1.0 | 7.8 | 36.1|34.2|14.1|15.5| 62.8 | 52.1 | 28.5| 48.1
Max 249 |27.7 | 16.3 | 33.2 | 63.5| 81.2 | 45.0 | 68.4 | 126.3 | 207.4 | 81.5 | 106.7
Mean 16.1 | 19.6 | 8.0 | 15.1 | 46.5 | 51.1 | 27.8|39.4| 87.0 | 97.4 | 51.4| 76.7
aA | aA | bA| bB | aA | aA | bA | bB aA aA bA aB
CV (%) |38.3|21.9|48.6|39.0|19.3|25.6|36.6|29.1| 234 | 44.2 |31.9| 24.3

Min = minimum value; Max = maximum value; CV = coefficient of variation.

For a given pressure head and sampling date, two means followed by the same upper case letter were

not significantly different according to an F test and a two-tailed t test at P = 0.05. Two means

followed by a different upper case letter were significantly different.

For a given pressure head and amendment, the lower case letter was the same when two means were

not significantly different according to an F test and a two-tailed t test at P =0.05, and different when

the two means were significantly different.
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Table 3. Summary statistics of the dry soil bulk density, ps, gravimetric, w;, and volumetric, 6,, soil water content values

before starting the second campaign of MDI runs for the two amendments (sample size, N = 16 for each dataset)

Parameter | Statistic | Compost | Zeolite

ob Min 0.74 0.88

(gcm) Max 1.26 1.21

Mean 1.02 a 1.04 a

CV (%) 16.1 9.3
Wi Min 0.038 0.038
(gg") Max 0.196 0.064

Mean 0.070a | 0.046Db

CV (%) 55.2 14.8
) Min 0.043 | 0.041
(m3m-?) Max 0.178 | 0.068

Mean 0.068a | 0.047b

CV (%) 46.1 13.5

For a given parameter, two means followed by the same lower case letter were not significantly
different according to an F test and a two-tailed t test at P = 0.05. Two means followed by a different

lower case letter were significantly different.
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Table 4. Summary statistics of the gravimetric, wo, and volumetric, 0o, final soil water content values after a MDI run at

different pressure heads, /o, on a soil treated with compost, C, or zeolite, Z (sample size, N = 16 for each dataset)

Statis ho=-6cm ho=-3cm ho=-1cm

tic Wo(gg") 0o (M*m-°) Wo(gg™) 0o (M®m-?) Wo(gg™) 0o (M*m?)

C z C z C z C YA C z C z

Min | 0.35 | 0.33 | 0.36 | 0.33 | 0.37 | 0.35 | 0.39 | 0.36 | 0.37 | 0.29 | 0.41 | 0.31

Max | 0.65 | 0.41 | 0.51 | 0.44 | 0.59 | 0.43 | 0.57 | 0.45 | 0.67 | 0.44 | 0.52 | 0.49

Mean | 0.44 | 0.37 | 0.43 | 0.38 | 0.46 | 0.39 | 0.46 | 0.40 | 0.46 | 0.39 | 0.46 | 0.40

3a 3b 9a 6b 6a 5b 4a 9b 9a Ob 5a 4b

Cv | 20.1| 6.3 8.5 8.4 | 15.8 | 55 9.7 7.3 | 183 | 9.7 7.2 | 121

(%)

Min = minimum value; Max = maximum value; CV = coefficient of variation.

For given pressure head and variable (wo or 6¢), two means followed by a different lower case letter

were significantly different according to an F test and a two-tailed t test at P = 0.05.
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Table 5. Summary statistics of the values of the diameter of the wetted bulb at the soil surface after the MDI run, d (cm),

for the two amendments and the three established pressure heads on the soil surface, /o (sample size, N = 16 for each

dataset)
Parameter Compost Zeolite
ho=-6cm | hg=-3cm | ho=-1Tcm | hp=-6cm | ho=-3cm | hp=-1cm
Min 10.0 10.0 9.0 9.0 7.3 9.0
Max 13.5 13.3 12.0 12.0 12.3 12.0
Mean 11.9aA | 11.3abA | 11.0bA 10.5a8B 10.2aB 10.0aB
CV (%) 8.5 8.7 6.8 7.8 11.8 7.8

For a given amendment, two means followed by the same lower case letter were not significantly
different according to an F test and a two-tailed t test at P = 0.05. Two means followed by a different

lower case letter were significantly different.

For a given pressure head, two means followed by a different upper case letter were significantly

different according to an F test and a two-tailed t test at P = 0.05.
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Table 6. Summary statistics of the soil sorptivity values, S, S3 and S (mm h?), obtained, in the second sampling
campaign, on a soil treated with compost, C, or zeolite, Z, by establishing three different pressure head, /o, values (sample

size, N = 16 for each dataset except for C and /o = -1 for which N was equal to 15)

Statistic Pressure head
-6cm -3cm -1cm
C z C z C z
Min 4.1 13.0 5.3 36.8 13.0 43.7
Max 30.2 66.2 52.6 77.4 64.8 106.5
Mean 18.0a 29.1b 30.4a 48.4b 40.7 a 69.1b
CV (%) 50.6 41.8 50.2 26.2 43.0 21.2

Min = minimum value; Max = maximum value; CV = coefficient of variation.

For a given pressure head, two means followed by the a different lower case letter were significantly

different according to an F test and a two-tailed t test at P = 0.05.
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Chapter 6 — Discussion

The research activities carried out during the PhD addressed a set of issues concerning how soil
hydraulic properties are modified by natural process and anthropogenic actions. Alterations to these
properties therefore have long-term consequences for agricultural productivity, soil conservation, and
environmental stability, they can either enhance or impair soil functionality, leading to reduced water
availability for crops, increased runoff and erosion risk. Thus, the ability to interpret and quantify
changes in soil hydraulic properties is central to understanding soil resilience and vulnerability under
contemporary agri-environmental conditions. In this framework, this PhD research contributed to the
broader discussion on soil-water interactions by analysing a range of realistic situations

representative of agricultural and forest systems.

The work adopted a dynamic view of soils as systems whose hydrological behaviour evolves in
response to both external disturbances and internal structural changes. Moreover, a deliberate site-
based approach was adopted, focusing on Sicilian soils and on issues typical of mediterranean
environments, where water scarcity, intense rainfall events, and land degradation coexist. This choice
allowed the investigation of soil hydraulic responses under conditions that are both environmentally
critical and highly relevant from a management perspective. Overall, this approach supports a more
realistic interpretation of soil functioning and contributes to the development of management

strategies better aligned with the inherent complexity of soil processes under field conditions.

In discussing soil alterations, a first distinction was made between modifications affecting the soil
surface and those occurring within the soil matrix. Although conceptually different, both types of
alteration showed to have profound and sometimes comparable effects on soil hydraulic behaviour.
In both cases, a common outcome can be the reduction of soil hydraulic conductivity, driven by
changes in pore continuity and effective flow pathways. For instance, the results obtained from the
study on layered soils indicate that the presence of a less permeable layer in the upper part of the
profile plays a dominant role in controlling infiltration processes, regardless of the hydraulic
properties of the underlying material. Even when the subsoil was more conductive, a thin surface
layer with reduced permeability was sufficient to limit water entry and slow down the overall
infiltration process. Comparable indications emerged from the laboratory experiments focused on soil
column preparation. When different compaction procedures were compared, the lowest
hydrodynamic responses were consistently associated with methods that induced more surface

impacts, resulting in a more compacted upper layer, leading to reduced sorptivity and hydraulic
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conductivity, despite similar bulk densities considering the entire column. Together, these results
underline the critical role of surface conditions in regulating soil-water interactions and highlight
how relatively subtle modifications can propagate into substantial changes in infiltration dynamics.
These findings have clear relevance for both agricultural and forest contexts, as they highlight how
relatively small alterations in the upper soil layers can heavily affect infiltration and runoff processes.
From a management perspective, this highlights the importance of preserving or restoring surface soil

structure, particularly in environments exposed to intense rainfall or mechanical disturbance.

Moving from surface-related modifications to internal soil alterations, the discussion shifts toward
soils modified through the incorporation of external materials, either intentionally or unintentionally.
In this case as well, the investigations focused on Sicilian soils, reflecting the strong site-specificity
of the hydraulic response to amendments and contaminants. The effects of internal alterations on soil
hydraulic properties showed to be highly variable and strongly dependent on both the intrinsic
characteristics of the added materials and the physical and chemical properties of the receiving soil.
Whether related to the unintended introduction of contaminants, such as microplastics, or to the
deliberate application of agronomic amendments, both types of inputs represent anthropogenic
modifications of the soil matrix and therefore have the potential to alter pore structure, water flow

paths, and soil-water interactions.

About microplastics, the results obtained for the analysed soils indicate that, under the tested
conditions, their overall effect on soil hydraulic behaviour was limited. However, this apparent lack
of a strong response should not be interpreted as evidence of negligible impact. As highlighted in the
corresponding study, the hydraulic response to microplastic inclusion varied with soil type and
applied pressure head, even when the same polymer type and concentration were considered. This
variability confirms that no general conclusions can be drawn from a single experimental framework.
Nevertheless, the study represents a meaningful step forward in current knowledge, as it is among the
few investigations addressing microplastic effects under near-saturated conditions, a hydraulic
domain that remains largely unexplored in the literature. On the other hand, results obtained for
compost, zeolite, and biochar indicate that these materials can significantly modify soil hydraulic
behaviour, although with contrasting effects depending on amendment type, application rate, and
hydraulic regime. Compost addition tended to reduce near-saturated hydraulic conductivity,
particularly at higher amendment rates, suggesting a partial obstruction of the pore network or the
development of finer, more tortuous flow paths. Zeolite showed a more limited and less consistent
influence, while biochar generally enhanced soil water transmission, especially under conditions

governed by smaller pores. These findings confirm that agronomic amendments cannot be treated as
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a homogeneous category and that their hydraulic effects must be evaluated in relation to both soil

texture and the dominant pore size domain involved in water flow.

From a management perspective, these findings are particularly relevant for agricultural soils, where
amendments are often applied primarily to improve chemical fertility, organic matter content, or soil
pH, with limited consideration of their hydrological consequences. The results presented in this thesis
highlight that such materials can also induce non-negligible changes in soil hydraulic behaviour,
which may either support or hinder water movement depending on the type of material and the
application rate. Therefore, the hydraulic effects of amendments should be explicitly considered when
designing soil management strategies, especially in mediterranean environments where water
availability and infiltration dynamics are critical constraints. The results also suggest that certain
amendments may be intentionally exploited to improve soil hydraulic functioning. In particular,
biochar showed the potential to enhance hydraulic conductivity under near-saturated conditions,
adding a further benefit to the range of positive effects already documented for this material. This
indicates that, beyond their agronomic and chemical roles, some amendments could be integrated into
management practices with the specific aim of improving soil hydrological performance, provided
that their effects are evaluated in relation to local soil properties and environmental conditions. This
perspective reinforces the need for an integrated approach to soil management, in which physical,
chemical, and hydrological processes are jointly considered rather than treated as independent

components.

Across the studies presented in this thesis, methodological aspects emerged as a cross-cutting element
that strongly influenced the interpretation of soil hydraulic behaviour. Both laboratory and field
investigations confirmed that infiltration measurements are highly sensitive to the experimental
framework adopted, often to a degree comparable with the effects induced by soil alterations
themselves. In laboratory conditions, the preparation of repacked soil columns proved to be a critical
step for ensuring meaningful and comparable results. As discussed in the context of surface
compaction, different packing strategies can lead to distinct near-surface conditions, which in turn
exert a dominant control on infiltration dynamics. These findings emphasize that laboratory
methodologies cannot be treated as neutral technical steps, but rather as integral components of the

experimental system that directly shape the observed hydraulic response.

Moreover, automation emerged as a central element for improving experimental efficiency and
reproducibility. Manual reading procedures, commonly adopted in infiltration measurements, can be

time-consuming and subject to operator-related variability, especially during prolonged field
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campaigns. The development and testing of an automated Mini Disk Infiltrometer addressed these
limitations by providing a more standardized and efficient measurement process. Although some
technical aspects, such as the characteristics of the porous disk, require further refinement, the
automated system demonstrated the potential to reduce experimental uncertainty and facilitate data

acquisition in both laboratory and field contexts.

Overall, these methodological insights underline that progress in soil hydrology is closely linked to
the refinement of experimental tools and protocols. By contributing to the optimization of laboratory
procedures and exploring innovative measurement solutions, this PhD work provides a
methodological foundation that can support future studies aimed at characterizing soil hydraulic

behaviour under realistic and complex conditions.
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Chapter 7 — Conclusion

Overall, the studies discussed in this thesis provide a coherent picture of soil hydraulic behaviour as
the outcome of interacting physical, structural, and management-related factors. Rather than singular
mechanisms, the research adopted an integrative perspective, addressing soil responses under realistic
conditions representative of common agricultural and forest scenarios. Across the different case
studies, a recurring outcome was the marked sensitivity of infiltration and near-saturated flow

processes to relatively small alterations in soil structure, surface conditions, or amendments inputs.

A first major contribution of this PhD concerns methodological aspects of infiltration measurements.
Part of the research was devoted to improving the clarity, reliability, and reproducibility of
experimental procedures, particularly in laboratory conditions. The results demonstrated that, when
a shared manual protocol is applied, comparable infiltration data can be obtained by different
operators using the Mini Disk Infiltrometer. In addition, the way repacked soil columns are prepared
was shown to significantly influence hydrodynamic responses: preparing the soil in successive layers
reduced variability among repeated measurements, contributing to more robust experimental
outcomes. Although these findings are specific to the tested soil and conditions, they represent an
important step toward more standardized laboratory methodologies. Methodological advancement
was further achieved through the development and validation of a low-cost, automated Mini Disk
Infiltrometer. This manufactured device, produced using accessible 3D-printing technology and
inexpensive sensors, yielded infiltration results largely comparable to those obtained with a
commercial instrument. This confirms the feasibility of alternative, cost-effective measurement
solutions that can enhance experimental efficiency and accessibility in both laboratory and field

applications.

Beyond methodological aspects, this thesis examined how different forms of soil alteration influence
hydraulic behaviour. Results consistently showed that modifications affecting near-surface conditions
play a dominant role in controlling infiltration, with even thin, low-permeability layers substantially
limiting water entry into the soil profile. The analysis of internally modified soils further
demonstrated that anthropogenic inputs could induce contrasting hydraulic effects depending on both
material characteristics and soil context. Microplastic experiments highlighted the relevance of
particle shape, with fibrous forms exerting the strongest influence under near-saturated conditions,
representing an early contribution to understanding microplastic—soil-water interactions. Similarly,

agronomic amendments produced material-specific responses: biochar generally enhanced soil
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hydraulic performance, whereas compost reduced unsaturated conductivity at higher application
rates, and zeolite showed limited or variable effects. Overall, these findings emphasize the need to
explicitly account for hydraulic impacts when soils are altered through management or external

inputs.

Taken together, the research conducted during this PhD advances current understanding of how soil
hydraulic properties respond to both external disturbances and internal modifications. Rather than
providing universal formulations, the work contributes well-documented experimental evidence that
strengthens the conceptual framework needed to interpret soil-water interactions under realistic
management and environmental conditions. This represents a solid basis for further developments in

soil hydrology, water resource management, and sustainable agroecosystem planning.

The results previously presented represent a step forward in the understanding of soil hydraulic
behaviour under a range of realistic disturbances and management conditions. At the same time, the
results obtained highlight several directions along which future investigations could further advance
current knowledge. From a methodological perspective, additional research is needed to consolidate
and extend the procedures developed in this work. The effects of soil column preparation and packing
methods should be tested across a wider range of soil textures and structural conditions, in order to
assess the transferability of the proposed approaches beyond the loam soils investigated here.
Similarly, the automated 3D-printed Mini Disk Infiltrometer developed during this PhD offers
promising opportunities for improving the efficiency and repeatability of infiltration measurements,
but its performance should be evaluated under different environmental settings, soil types, and
moisture conditions to fully assess its potential for both laboratory and field applications. With respect
to soil structural alterations, further studies could explore more complex layering configurations and
their interaction with natural rainfall regimes, particularly under repeated wetting—drying cycles.
Extending these analyses to different pedological contexts would help clarify how the thickness,
position, and hydraulic contrast of soil layers jointly control infiltration and runoff processes under
Mediterranean climatic conditions. Regarding internally modified soils, future research should aim
to deepen the understanding of soil-specific responses to anthropogenic inputs. In the case of
microplastics, further experimental work is required to investigate the combined effects of particle
shape, concentration, and polymer type particularly under near-saturated conditions, as well as their
interaction with different soil matrices. Such studies would contribute to clarifying whether the
observed effects are transient or persistent and how they evolve over time. Similarly, the hydraulic
implications of agronomic amendments deserve further attention, particularly under field conditions

and over longer time scales. The results obtained for biochar, compost, and zeolite suggest that
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amendments applied for chemical or structural benefits may also induce relevant hydraulic changes,
which should be explicitly considered in soil management strategies. Long-term and field-based
experiments would be especially valuable to assess the persistence of these effects and their

interaction with natural climatic forcing.

Overall, future research building on the outcomes of this thesis should continue to adopt integrated
and site-specific approaches, combining methodological refinement with realistic experimental
conditions. Such efforts are essential to improve the understanding of soil-water interactions in agri-
forest systems and to support more effective and sustainable land and water management practices,

particularly in environmentally sensitive mediterranean regions.
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Appendix

This chapter presents two experimental studies that were carried out during the PhD research and
have reached the stage of data analysis and preliminary interpretation.

The first study extends the laboratory investigation on amended soils to field conditions, aiming to
assess how the effects of compost and zeolite evolve over the medium term after exposure to natural
atmospheric agents. The second study focuses on the occurrence and development of soil water
repellency following wildfire in a forest soil.

Although the experimental activities have been completed, data processing and in-depth discussion
are still ongoing. These studies are included in this chapter because they represent an essential
component of the overall research path, and their finalisation is expected to lead to the preparation of
manuscripts for submission to international peer-reviewed journals

Field experiment on amendments

Following the study on the short-term effects of compost and zeolite addition on the hydrodynamic
properties of a sandy loam soil, presented in Chapter 5, this subsequent work was designed to assess
the medium-term effects of these amendments in order to evaluate the evolution of their influence on
soil hydraulic behaviour over time. Unlike the previous experiment, which focused on freshly
prepared and tightly controlled laboratory conditions, this phase aimed to reproduce more realistic
environmental conditions, allowing the amended soils to undergo natural weathering and ageing
processes. The study also sought to extend the investigation to field-scale applications, thereby
bridging the gap between laboratory findings and the complex dynamics occurring in situ. The overall
objective was to better understand how compost and zeolite interact with the soil matrix over time,
and how these interactions may alter the near-saturated hydraulic properties when subject to

environmental weathering and natural wetting—drying cycles.

Two experimental plots were created in the citrus orchard from which the original soil had been
collected. Each plot corresponded to one amendment type (compost or zeolite) and was divided into
four subplots receiving different amendment rates: 0%, 5%, 10%, and 15% by volume. The soil in
each subplot was excavated to a depth of 15 cm, thoroughly mixed with the designated amendment
(or left unamended for the control), and then returned to its original position. The plots were left

undisturbed for approximately six months (January—June 2025) to allow the system to stabilize and
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to permit the natural development of soil-amendment interactions. At the end of this period,
infiltration trials were performed using the Mini Disk Infiltrometer under 3D conditions. For each
subplot, six infiltration tests were conducted at each of the three pressure heads (ho=—6, =3, and —1
cm), resulting in a comprehensive dataset to evaluate the influence of both amendment type and

application rate on the soil’s near-saturated hydraulic properties. The raw results are here reported in
Fig. 7a-f.

B0

40

@ 15%
Q 10%
@® 5%
Q o%

20

t{h)

Fig 7a: cumulative infiltration curve for compost amended parcel with pressure head ho = -6 cm
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Fig 7b: cumulative infiltration curve for compost amended parcel with pressure head hg = -3 cm
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Fig 7c: cumulative infiltration curve for compost amended parcel with pressure head hg = -1 cm

245



® 15%

Q@ 10%
@ 5%

O on

t(h)
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Fig 7e: cumulative infiltration curve for zeolite amended parcel with pressure head hg = -3 cm
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Fig 7f: cumulative infiltration curve for zeolite amended parcel with pressure head ho = -1 cm

Preliminary results from field tests conducted on compost- and zeolite-amended plots are consistent
with the general trends observed in the previous laboratory experiment. In particular, compost
addition tended to reduce unsaturated hydraulic conductivity, especially at higher amendment rates
and under more negative pressure heads, suggesting a partial obstruction of the pore network or the
onset of mild water repellency effects. In contrast with the laboratory findings, zeolite appeared to
reduce hydraulic conductivity under field conditions, although further statistical analyses are needed
to confirm and better interpret this behaviour. These analyses will provide a more complete and
reliable understanding of the observed effects. This ongoing work represents a crucial step toward
linking laboratory findings with field-scale hydrological responses, providing a more realistic
understanding of how soil amendments may affect infiltration dynamics, water retention, and the

sustainability of soil-water interactions in agricultural systems.

Post-wildfire Water Repellency

Wildfires represent one of the main disturbances affecting Mediterranean forest ecosystems, often
leading to profound changes in the physical and hydrological properties of soils. Among these, soil
water repellency (SWR) plays a key role, as it can markedly reduce the soil’s infiltration capacity,
promoting surface runoff and increasing the risk of erosion (Imeson et al., 1992; Wang et al., 2000).

Understanding the spatial and vertical variability of SWR after fire events is therefore essential to
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assess post-fire hydrological response and to support soil conservation strategies and sustainable
forest management. In this context, this work conducted during the doctoral period aims to investigate
the occurrence and intensity of water repellency in forest soils affected by wildfires, focusing on how
the recent fire history and the organic matter content influence the development of hydrophobic layers

in the soil profile.

Soil samples were collected in October 2023 from four areas within Monte Pellegrino Natural
Reserve (R.N.O. Monte Pellegrino), located in the municipality of Palermo. The four areas were
selected based on the historical occurrence of wildfires, with reference to the wildfire in 2016, which
affected a large portion of the mountain, and two more localized events in summer 2023. An
additional selection criterion aimed at targeting areas with similar forest cover, ensuring a
hypothetical consistency in soil litter and chemico-physical properties. Thus, four soils were sampled

(Tab. 3).

Tab 3: Sampling areas characterization

SOILA SOILB SOILAB SOILC
Coordinates 38°09°23”N 38°10’38”N 38°09°08”’N 38°10’17”N
13°21’18”’E 13°20°26"’E 13°21°23”E 13°20’38”’E
Elevation 282 m.s.l 325 m.s.L 289 m.s.L 353 m.s.L
Exposure S-0 0] E @]
WiIldfire 2016 2023 2016 -2023 NO
Forest cover Present Present Absent Present
Vegetation C. sempervirens, | C.sempervirens, P. setaceum, | C.sempervirens
species P. halepensis P. halepensis A. alba P. halepensis
Litter Present Present (burned) Absent Present

Following a quick manual removal of the litter, with efforts to preserve the integrity of the soil
surface, undisturbed samples were collected using steel cylinders with a diameter of 8 cm and a height
of 5 cm from the top 5 cm of soil. Fifteen samples were taken from each area, along with
approximately 4-5 kg of soil from the same depth, for textural analysis and to measure organic matter

content. The steel cylinders were sealed on both ends with plastic caps and wrapped in plastic film;
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once transported to the laboratory, they were air-dried until they reached equilibrium. During

transport, one sample from Soil B was lost, so only 14 samples were considered for the Soil B subset.

Prior to testing, each sample was carefully weighed, then water repellency was measured using the
Water Drop Penetration Time (WDPT) approach, conducted on the surface as well as through the full
soil profile at 1 cm increments, thereby identifying 5 layers. To achieve this, the cylinders were
opened, placed on a plastic plunger, and held upright by wooden supports of varying heights
depending on the profile analysed. Starting with 5 cm supports for the surface, each profile was
characterized with 10 drops (N=150 per depth for each soil), timed individually. Once all drops
infiltrated, the wooden supports were removed, and the sample was pushed out of the cylinder by 1
cm using the plunger. At this point, 4 cm wooden supports were placed at the base, and the first
centimetre of soil was carefully cut with a knife to expose the next layer for analysis. This procedure
was repeated until reaching the -4 cm layer from the surface; in some samples it was not possible to
characterize all layers due to the presence of large rocks that obstructed the proper cutting procedure.
During each phase, all material was gathered to preserve the integrity of the sample content after
testing, subsequently each sample was dried in an oven at 105°C for 24 hours to determine its initial
water content. Additionally, the four soil types were characterized for their clay, sand, and organic

matter content (Tab 2)

Tab 2: Clay, sand and organic matter percentage in the fur soils.

Soil Clay % Sand % O.M%
A 26.02 21.84 6.1
B 12.25 35.85 16.5

AB 26.46 13.28 5.5
C 27.6 14.9 13.9

SOIL A: TEMPORAL COMPARISON

The Soil A area has been the focus of several studies investigating the evolution of soil water
repellency following the 2016 wildfire. The first assessments, conducted through field WDPT tests
in August 2016 and May 2017 (Tinebra et al., 2019), revealed a marked persistence of extreme water

repellency (EXH) throughout the first post-fire year. These results suggested that the recovery of the
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soil’s wettability is strongly related to fire severity: in severely burned soils, such as Soil A, even a

full year was insufficient for the soil to regain its pre-fire hydrological conditions.

Subsequent investigations carried out in 2018 by Bagarello et al. (2020) confirmed a gradual decline
in repellency intensity. While some residual repellency (classified as STR) was still detected in two
sampling points, most of the tested sites (five out of seven) had already returned to wettable (WET)

conditions.

The 2023 observations for Soil A further support this interpretation, with the soil exhibiting complete
wettability (WET class). Seven years after the fire, a full return to undisturbed conditions can be
assumed, as the temporary alterations induced by the 2016 event—whose hydrophobic effects
persisted for at least one year and were still partially detectable in 2018—had entirely disappeared by
2023

WATER REPELLENCY PROFILES

To characterize the water repellency profiles of each soil, the WDPT data were divided into 20 subsets

based on the soil type (A, B, AB, C) and depth layer along the profile (0, -1, -2, -3, -4 cm).

As an exploratory analysis, the Lilliefors (1967) test was applied to each data subset to determine
whether the distribution was normal. Additionally, the same test was applied to the logarithmically
transformed variable to assess lognormality. In both cases, the null hypothesis of normality and
lognormality was consistently rejected. Due to these results, each subset was characterized by a
median value, which was assigned to a water repellency class considered representative of the subset
(wettable soil, WET, WDPT <5 s; slightly water repellent, SLI, 5-60 s; strongly water repellent, STR,
60-600 s; severely water repellent, SEV, 600-3600 s; extremely water repellent, EXT, >3600 s). The

interquartile range was also measured to provide an indication of data variability within each subset.
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Tab 3: WDPT of every soil profile for each sampling zone

Soil A (16) Soil B (23) | Soil AB (16-23) | Soil C (NO)
Median (s) | Median (s) Median (s) Median (s)
0| 1(WET) | 2610 (SEV) 4 (WET) 1020 (SEV)
-1 1(WET) | 13020 (EXT) 2220 (SEV)
-2 | 1 (WET) 9900 (EXT) 900 (SEV)
-3 | 1(WET) 2970 (SEV)
-4 | 1(WET) 195 (STR)

As shown in Tab 3, notable differences between the four soils under examination are immediately
evident: Soil B exhibits the highest water repellency (EXT in -1 and -2 cm), followed by Soil C (SEV
in 0, -1 and -2 cm), Soil AB (SLIin -1, -2, -3 and -4 cm), and finally Soil A, which is entirely wettable
(WET). The interquartile range (IQR) values reveal substantial variability across all soils except for

Soil A, which is not surprising given the nature of the phenomenon being investigated.
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Figures 2—5 show the soil water repellency profiles for the four investigated soils. The x-axis
represents the water drop penetration time (WDPT, s) on a logarithmic scale, while the y-axis
indicates the soil profile depth. The red solid line connects the median WDPT values calculated from
all 150 drops at each depth, whereas the black dashed lines represent the mean values obtained for
each individual sample (10 drops per sample). Overall, the signal appears consistent among samples,
suggesting a reliable agreement between the general mean and the individual sample means along the

soil profiles.
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Fig 6: comparison of each SWR profile

In Fig.6, soils were compared in pairs according to their organic matter content and exposure to the
2023 wildfire. Specifically, Soils A and AB are characterized by low organic matter content, with
only AB having been burned, whereas Soils B and C have higher organic matter content, with B

affected by the fire and C remaining unburned.

In the A vs. AB comparison, the burned soil (AB) exhibits greater water repellency along the entire
profile compared to the unburned soil (A), particularly in the subsurface layers. Similarly, in the B
vs. C comparison, higher WDPT values are observed in the burned soil (B) across most depths, with
the strongest differences again found below the surface. These results indicate that the soils affected
by the 2023 wildfire (AB and B) tend to be more hydrophobic throughout the profile, especially below
the topmost centimeters. This supports the hypothesis, consistent with Caltabellotta (2022), that the

fire primarily enhanced water repellency in the deeper layers rather than at the surface
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