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Objective

This project was conceived to explore whether—and to what extent—root morphological variability
within wheat can exert a measurable influence on key soil physical properties. In particular, we aimed
to determine whether genotype-dependent differences in root traits, spanning both modern wheat
cultivars and traditional landraces, might modulate soil-pore morphology, hydraulic connectivity, and
overall physical functionality. Establishing credible evidence for such effects would provide a
conceptual basis for breeding strategies in which roots contribute actively to soil health alongside

crop productivity.

To address this overarching question, the work pursued three closely interlinked objectives. First, we
aimed to explore the correlations between root morphology and soil physical characteristics,
addressing a knowledge gap that has so far limited investigations to comparisons between species
rather than between genotypes of the same species. Second, we evaluated whether any observed
genotype effects were of sufficient magnitude, to produce agronomically relevant shifts in hydraulic
properties—namely, field capacity, permanent wilting point, and unsaturated conductivity—while
also situating these shifts within the broader context of environmental variability. Third, by
recognising the methodological challenges inherent in root phenotyping, we refined and critically
compared complementary phenotyping protocols, with the aim of supplying the research community
with reproducible and comparable tools for quantifying root system architecture and interpreting its

impact on soil properties.

Taken together, these objectives were intended to fulfil a dual goal: (i) to lay a scientific foundation
for studying the potential effect of root morphology on soil physical properties, and (i1) to establish a
methodological framework capable of reliably translating basic research findings into field
applications. Although the project’s ambition was undeniably high—some might say optimistic—the
work nonetheless produced a set of robust correlations. While not yet definitive proof of causation,
these associations offer a valuable springboard for future, independent studies that can verify and

extend our findings.



Introduction

1. Root System Architecture in Wheat

Wheat (Triticum aestivum and Triticum durum) is among the most important cereal crops worldwide,
providing nearly 20% of human dietary calories and proteins (Ober et al. 2021). The global demand
for wheat is projected to significantly increase in the coming decades, driven by population growth.
Also, wheat production faces multiple challenges, including soil erosion and climate change, which
intensifies the frequency and severity of extreme weather events, and a slowdown in genetic yield

gains, currently plateauing around 1% annually (Hall and Richards 2013; Hickey et al. 2019).

Given these constraints, research is shifting toward improving underground traits—the roots. Root
system architecture (RSA), defined as the spatial distribution and branching patterns of roots within
the soil, is crucial for plant resource acquisition, particularly water and nutrients (Lynch 1995;
Gregory 2006; Atkinson et al. 2019). Optimizing root traits is considered essential for a "second green
revolution," emphasizing improved resource-use efficiency rather than solely increasing above

ground biomass (Den Herder et al. 2010; Atkinson et al. 2019).

In the last few years, increasing attention has been paid to the preservation of ecosystem services,
particularly soil health (Abbott and Manning 2015; Teague and Kreuter 2020; Lehmann et al. 2020).
Consequently, root trait optimization now goes beyond resource acquisition efficiency and includes
traits that enhance soil structure and function (Rojas et al. 2016; L. Wang et al. 2022; Saeed et al.
2025). These include the preservation of soil aggregates, the enhancement of microbial biodiversity,
and the preservation of optimal soil hydraulic properties for plant growth (Doran et al. 1996; Arias et
al. 2005; Kibblewhite, Ritz et al. 2008; Rieke et al. 2022). The development of crop varieties with
root systems that not only support higher yields but also contribute to long-term soil health is now a
central breeding goal (Gaiero et al. 2013; Saleem et al. 2018; Hartman and Tringe 2019). This shift

underscores the dual role of root systems as agents of productivity and soil ecosystem sustainability.

In a recent article (see Chapter 2 of this thesis), we described how wheat landraces can enhance soil
porosity and bioporosity, thus improving soil structure and physical health. Similarly, Chapter 3
highlights how the same wheat landrace varieties positively affect plant-available water and soil
hydraulic conductivity. For the first time, we observed that different genotypes within the same
species influence soil physical health differently, suggesting novel pathways for breeding programs

aimed at improving resource-use efficiency.
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Furthermore, wheat landraces are recognized as valuable genetic reservoirs for biodiversity and
adaptive traits (Lopes et al. 2015; Adhikari et al. 2022). Our findings confirm that these varieties
could effectively serve as gene donors in breeding programs aimed at developing elite cultivars with

improved soil interaction traits (de Carvalho et al. 2013; Cheng et al. 2023).

Selecting wheat genotypes with more efficient RSA is now a key breeding objective, aiming to
enhance yield per unit of input, improve stability under stress conditions, and provide valuable
ecosystem services such as soil carbon sequestration (Lynch 2007; Kell 2011; Ober et al. 2021).
Despite promising developments, root-based breeding approaches still face considerable uncertainty.
Variability in environmental conditions and the complexity of root—soil interactions pose substantial

challenges to achieving consistent and scalable results in diverse field conditions.

A significant obstacle is the inherent complexity of root phenotyping. Observing and accurately
measuring roots is difficult because of their hidden growth within the soil (Atkinson et al. 2019).
Consequently, current methodologies often yield data with limited reproducibility and comparability
across experiments due to measurement errors, environmental variability, and methodological
differences (Gregory et al. 2009; Li et al. 2022). To address these issues, various advanced
phenotyping techniques have emerged, such as shovelomics, rhizotrons, X-ray computed
tomography, and indirect root phenotyping like computational root modeling (Topp et al. 2013; Shao
et al. 2021; Duncan and Topp 2022).

RSA encompasses the arrangement of seminal (embryonic) roots, nodal (crown) roots, lateral
branches, and root hairs in space and time (Watt et al. 2008; Ober et al. 2021). These architectural
features directly influence how plants explore soil to access resources: shallow root systems with high
density facilitate phosphorus uptake (Liao et al. 2001; Zhu et al. 2005; Wang et al. 2010), while deeper
roots improve access to subsoil water (Li et al. 2022; Lynch and Wojciechowski 2015) and mobile
nutrients like nitrogen (Trachsel et al. 2013). Traits such as thin root diameters, greater specific root
length, and increased root length density are strongly linked to enhanced performance under drought

conditions (Zhu et al. 2019).

Seminal roots, originating from the embryo, are particularly important during early plant growth and
can significantly affect final yield. An increased number of seminal roots typically leads to greater
total root surface area, enabling more effective resource capture early in the growth cycle (Pais et al.
2022). Breeding programs have demonstrated that genotypes with more seminal roots often achieve

higher yields due to improved early vigor. Conversely, fewer seminal roots may delay initial water
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uptake, preserving soil moisture for critical reproductive stages under drought conditions (Xie et al.

2017; Pais et al. 2022).

The root growth angle, defined as the inclination of roots relative to vertical, is a trait with high
heritability that influences overall root distribution within the soil profile (Lynch 2013; Uga et al.
2013). Narrow, steep angles direct root growth toward deeper soil layers, beneficial for accessing
moisture during drought. Conversely, wide, shallow angles are advantageous in environments where
nutrients are abundant in the upper soil layers or under irrigated conditions. Genetic diversity in root
angles exists among wheat genotypes; traditional landraces often exhibit narrower root angles
compared to modern cultivars. This genetic variation provides breeders opportunities to select for

desirable root distributions using root angle or associated genetic markers (van der Bom et al. 2024;

Tan et al. 2023; B. Li et al. 2022).

The "steep, cheap, and deep" root ideotype (Fig. 1), introduced by Lynch 2013, describes traits
designed to optimize resource acquisition under stress conditions. It emphasizes a steep root angle to
enhance deep soil exploration ("steep"), anatomical traits like root cortical aecrenchyma to reduce
metabolic costs ("cheap"), and overall increased rooting depth to facilitate subsoil water and nitrate
uptake ("deep"). This conceptual model serves as a strategic guide for breeding wheat varieties

adapted to environments characterized by drought and nitrogen limitations.

A) Standard B) Steep, Cheap & Deep | C) Topsoil Foraging D) Wide, Dense & Lasting
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Figure 1. Root-system ideotypes in wheat across soil profile. (A) Modern cultivar with limited root
depth and lateral spread (baseline). (B) Steep, Cheap & Deep ideotype: steep-angled axes explore
deep water and nitrate. (C) Shallow / Top-soil foraging ideotype: surface-oriented laterals maximize
phosphorus uptake. (D) Proposed Wide, Dense & Lasting ideotype: high, persistent root density
throughout the profile. Soil horizons (0-25-60-100 cm) are drawn to scale. Icons generated with

BioRender.com; panels B and C adapted from concepts in Lynch 2013, 2019.

In parallel with these productivity-driven strategies, growing attention is being given to root traits
that contribute not only to resource capture but also to the long-term preservation of soil health.
Several frameworks have been proposed to define root ideotypes that promote soil aggregation,
maintain pore continuity, and support beneficial microbial habitats. Building on this perspective,
during the course of this thesis, a complementary ideotype was conceived to specifically support soil

physical structure—particularly aggregation stability and plant-available water.

I would like to summarize this concept in the ideotype "wide, dense, and lasting", which prioritizes a
lateral root distribution ("wide") to enhance topsoil exploration and aggregate enmeshment (Erktan
et al. 2016; Le Bissonnais et al. 2018), high root length density and fine root proliferation ("dense")
to stabilize pore networks and promote microbial activity (Bodner et al. 2021; Jiang et al. 2023),
persistent, carbon-rich root biomass ("lasting") to reinforce aggregate binding and support long-term
rhizospheric carbon inputs (Hussain et al. 2021) and increases soil hydraulic properties (Dimattia et

al. 2025).

My proposal does not want to replace existing models, this ideotype expands the root breeding
paradigm to include traits that explicitly target the conservation of soil structure and functionality,

aligning agronomic productivity with ecological resilience.

2. Soil Health: Integrating Physical, Chemical, and Biological Dimensions for Sustainable

Agro-ecosystems

Soil health is broadly defined as the capacity of soil to function as a living system, sustaining plants,
animals, and humans through its roles in food production, water regulation, nutrient cycling, and
carbon storage (Doran and Zeiss 2000). Unlike fertility, which focuses primarily on nutrient
availability for crops (Troeh and Thompson 2005), soil health encompasses physical, chemical, and
biological dimensions (Fig. 2), each dynamically interacting with plant roots and agricultural
management (Maikhuri and Rao 2012; Cardoso et al. 2013; Rattan Lal 2016). The recognition of soil

as a living, functional interface rather than a passive substrate marks a paradigm shift in sustainable
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agronomy, with significant implications for breeding strategies and land stewardship (Roopnarain et

al. 2024).

This shift comes at a critical moment. Over the past decades, a growing body of evidence has
highlighted a global decline in soil health, driven by land degradation, intensive tillage, monoculture
systems, overuse of agrochemicals, and inadequate organic matter replenishment (Doran 2002;
Kibblewhite et al. 2008; Montanarella et al. 2015). According to the FAO’s Status of the World's Soil
Resources report, approximately 33% of global soils are already moderately to highly degraded, with
the rate of degradation exceeding the pace of regeneration in many regions. Physical degradation,
including compaction and erosion, leads to reduced infiltration and water holding capacity. Chemical
degradation manifests through salinization, acidification, and nutrient imbalances, while biological
degradation includes a decline in microbial diversity and organic matter depletion. The loss of soil
health is not only an environmental concern but it directly threatens food security, biodiversity, and

climate regulation (Bagnall et al. 2021; Oliver and Gregory 2015).

. Structure & Hydraulics
. Biodiversity & Activities

. Nutrients & Chemistry

Figure 2. Conceptual framework of soil-health dimensions converging in the rhizosphere. Roots
create the contact zone where physical (turquoise: structure & hydraulics), chemical (blue: nutrients

& ion chemistry) and biological (green: biodiversity & activity) processes intersect. Carbon-rich
6
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exudates (red arrows) bind particles, feed microbes and trigger ion exchange, linking the three spheres

and enabling soil to function as a living, self-regulating system.

Agricultural practices play a central role in this trajectory (Tahat et al. 2020). Conventional agri-
systems, characterized by deep ploughing, synthetic fertilizer dependency, and short rotations, can
disrupt soil structure, accelerate carbon loss, and suppress beneficial microbial communities (Lal
2004; Kibblewhite et al. 2008). For instance, frequent tillage fragments aggregates and disrupts fungal
hyphae, while bare fallows expose soil to erosion and desiccation. The repeated use of chemical
herbicides and pesticides can further reduce microbial richness and lead to unintended shifts in soil
food webs (Edwards and Pimentel 1989; Daisley 2022). Moreover, simplified cropping systems often
fail to replenish organic carbon inputs and lead to the homogenization of root traits, reducing the

functional diversity of rhizospheric interactions (Baldwin et al. 2022).

Contrariwise, a range of soil-regenerative practices has been shown to restore or enhance soil health
across its three dimensions. Minimum or no-till systems help maintain aggregate stability, protect
pore networks, and reduce erosion risk (Six et al. 2000b). Recent studies also highlight the potential
of functional root traits as a bridge between management and soil health (de la Fuente et al. 2020;
Hallett et al. 2022). Root systems that promote aggregation, maintain rhizospheric carbon flow, or
support beneficial microbial consortia can amplify the positive effects of regenerative practices (Le

Bissonnais et al. 2018).

Roots are, in fact, an integral component of the biological dimension of soil health, which
encompasses the diversity, abundance, and activity of organisms within the soil matrix from bacteria
and fungi to nematodes, earthworms, and microarthropods (Lehman et al. 2015). These organisms
regulate decomposition, form symbiotic relationships with plant roots, enhance nutrient availability,
and contribute to the stabilization of soil structure through physical and biochemical interactions.
Within this framework, the rhizosphere—the narrow zone of intense biological activity surrounding
roots—acts as a critical hotspot for nutrient cycling and microbial dynamics, and now also considered
as an extended plant phenotype (de la Fuente et al. 2020). Root exudates, composed of sugars, amino
acids, organic acids, and secondary metabolites, selectively shape the composition and function of
rhizospheric microbiomes, in turn modulating plant access to both nutrients and water (Tarafdar

2022).

From a chemical standpoint, healthy soils maintain balanced pH levels, appropriate cation exchange

capacity (CEC), and adequate reserves of macro- and micronutrients. These characteristics ensure the

soil’s ability to buffer external inputs, support microbial processes, and provide nutrients in plant-
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available forms (Kibblewhite et al. 2008). However, nutrient availability is not static: it depends on
interactions with organic matter, mineral weathering, redox dynamics, and microbial activity (Huang

et al. 2005; Sanyal and Majumdar 2009; Kleber et al. 2021).

Soil physical health is the least visible yet most structurally defining component and constitutes the
central focus of this thesis. It refers to the optimal state of soil structure and physical properties that
underpin sustainable agricultural productivity, water management, and ecosystem functioning. It is
characterized by several key indicators including soil texture, bulk density, soil porosity, aggregate
stability, hydraulic conductivity, infiltration capacity, soil compaction, crust formation, and resistance

to erosion (Indoria et al. 2017).

Soil texture—defined by the proportion of sand, silt, and clay—sets the physical foundation,
influencing not only the water-holding capacity but also aeration and aggregation potential. However,
texture alone does not determine soil functionality. Two soils of similar texture can differ widely in
hydraulic behavior depending on their structural organization and biological activity (Jarvis et al.
2007). The arrangement and binding of individual sand, silt, and clay particles into aggregates is
defined as soil structure (Bronick and Lal 2005; Ghezzehei 2012; Yudina and Kuzyakov 2023).
Aggregates formed by organic residues, microbial by-products, root exudates, root bindings, and
fungal hyphae, provide stability and resistance to external forces such as rainfall and mechanical

disturbances (Six et al. 2004; Bronick and Lal 2005).

Aggregate stability, specifically, is crucial as stable aggregates maintain porosity and facilitate
aeration and water infiltration (Six et al. 2004). Conversely, frequent tillage disrupts aggregate
formation, reduces organic matter content, and accelerates structural degradation. Conservation
agriculture (CA), integrating minimum or zero tillage, continuous residue retention, and diversified
crop rotations, significantly enhances aggregate stability and soil structure over time (Six et al.
2000a). Organic residues and minimal soil disturbance under CA stimulate microbial activity and root
proliferation, thereby promoting more resilient aggregate structures compared to conventional tillage

(Govaerts et al. 2009).

Bulk density is another pivotal indicator, representing soil compaction levels and influencing root
penetration, aeration, and water infiltration (Unger and Kaspar 1994). Excessive mechanical
disturbances in conventional agriculture often lead to temporary reductions in bulk density, followed
by increases due to compaction from rainfall and machinery (Osunbitan et al. 2005). Under CA, bulk

density generally improves in the medium to long term due to continuous organic residue and root
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activity and reduced mechanical pressure, though initially higher bulk densities can occur due to the

absence of tillage-induced loosening (He et al. 2009).

Surface sealing and soil crusting significantly affect soil-water dynamics. These processes occur
when raindrop impacts disperse soil particles, creating a compacted layer that reduces infiltration and
aeration (Nciizah and Wakindiki 2015; Valentin and Bresson 2020). Conventional agri-systems
exacerbate crust formation through repeated exposure of bare soils. By contrast, minimum tillage or
non-tillage significantly reduces crusting through continuous soil cover provided by crop residues
and plant root activity thereby protecting soil surfaces from raindrop impacts and enhancing

infiltration and aeration (Cassel et al. 1995).

Porosity encompasses both macropores, essential for rapid water movement and aeration, and
micropores, crucial for water retention (Luxmoore 1981). Root growth, activity and decay foster
stable aggregates and biological activity, creating a more favorable pore network for both water

infiltration and retention compared to conventional practices (Glinski and Lipiec 2018).

Soil porosity directly influences the soil hydraulic properties that are a key component of the soil
health, as they regulate the storage, availability, and movement of water and nutrients within the soil
(Assouline and Or 2013; Horton et al. 1994). Proper understanding and accurate estimation of these
properties are fundamental for optimizing water management, improving agricultural productivity,
and ensuring ecosystem sustainability. Two fundamental hydraulic properties are primarily assessed:
the soil water retention curve (SWRC) and hydraulic conductivity (K) (Clapp and Hornberger 1978;
Genuchten and Nielsen 1985; Bittelli et al. 2015).

The SWRC, describes the relationship between soil water content (8) and matric potential (y). Matric
potential indicates the energy state of water in the soil, reflecting how tightly water is retained by soil
particles. Two critical points on the SWRC are the field capacity (FC) and the permanent wilting point
(PWP). Field capacity represents the water content held in the soil after excess water has drained by
gravity, typically corresponding to a matric potential of approximately -10 to -33 kPa. The permanent
wilting point is defined as the moisture content at which plants can no longer extract sufficient water,
usually corresponding to a matric potential around -1500 kPa. The water retained between these two
points constitutes the plant-available water (PAW), crucial for plant growth and survival, particularly

during dry periods (Bittelli et al. 2015).

Hydraulic conductivity (K), on the other hand, quantifies the soil’s ability to transmit water under a

hydraulic gradient, directly influencing infiltration rates, drainage, and water redistribution within the
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soil profile. Saturated hydraulic conductivity (Ksat) is specifically measured under saturated
conditions and is a key indicator of soil permeability and drainage capacity. Unsaturated hydraulic
conductivity describes water movement when the soil is below saturation, relevant to water dynamics

under typical field conditions (Mualem 2018).

Several empirical models have been developed to mathematically describe the SWRC. Among these,

the most widely used is the unimodal van Genuchten equation:

W) =6, +

T+ (el

where 0s and Or represent the saturated and residual water content, respectively; a, n, and m (where
m = 1 - 1/n) are shape parameters that must be fitted from experimental data. Other commonly
employed models include Brooks-Corey, Campbell, and Kosugi, each suited to different soil types
and research objectives (Bittelli et al. 2015).

However, soils often exhibit complex pore structures (Durner 1994) resulting from biological
activity, such as root growth, microbial processes, and soil fauna movements. These biological
activities create a heterogeneous distribution of pore sizes, often leading to a bimodal pore size
distribution characterized by distinct macropore and micropore domains (Stolpovsky et al. 2012).
Macropores, frequently created by root penetration and biological activity, allow rapid water
movement and infiltration, whereas micropores retain water against gravity, supplying plants over

extended periods (Colombi et al. 2017).

In Chapter 3 of this thesis, we adopted a bimodal van Genuchten model, better suited for soils
influenced by root-induced structural modifications (Durner 1994). This model separately describes
two distinct pore systems by employing two sets of parameters, accurately capturing the dual behavior
of structured soils (see Chapter 3). The selection of this bimodal approach allows us to illustrate how
root architecture influences soil porosity and consequently alters the hydraulic characteristics,

providing a framework for analyzing root-soil interactions.
3. Root=Soil Interactions: From Live Architecture to Post-Senescence Legacies

Roots play a fundamental role in shaping the physical, chemical, and microbiological dimensions of
soil health (Jin et al. 2017). As dynamic interfaces between plants and the soil environment, roots
modulate key soil processes that determine nutrient availability, water dynamics, and microbial

community structure (Hartman and Tringe 2019). Their impact is particularly relevant in the context
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of sustainable agriculture, where improving soil function through root-based strategies is seen as a
promising approach to enhance productivity while maintaining ecosystem resilience (Lynch et al.

2022).

From a physical standpoint, roots are major agents of soil structure formation. As they grow and
penetrate the soil matrix, they exert mechanical pressure that can break compacted layers and create
macropores, enhancing porosity and water infiltration (Jin et al. 2013). Root decay, in turn, leaves
behind biopores that facilitate gas exchange and root proliferation for subsequent crops (Xiong et al.
2022; Wendel et al. 2022). Root exudates, including mucilage—a gel-like substance secreted by root
tips—also contribute to the stabilization of soil aggregates by increasing cohesion between particles

and maintaining moisture around the root zone (Carminati et al. 2010).

Aggregation is one of the most crucial physical processes influenced by roots. Stable aggregates
improve water retention, reduce erosion, and create habitats for soil microorganisms (Amézketa
1999). Root hairs, root length density, and rooting depth have all been positively associated with
increased aggregate stability (Graf and Frei 2013; Le Bissonnais et al. 2018; Xiao et al. 2020; Capri
et al. 2023). However, not all traits have shown consistent results. For example, high root diameter
has been linked in some studies to improved macroporosity, while others found no clear relationship,
suggesting that the influence of certain architectural traits may depend on context-specific

interactions with soil type and management (G. Bodner, Leitner, and Kaul 2014; Shi et al. 2021).

On the chemical front, roots influence nutrient dynamics both directly and indirectly. They excrete
organic acids, enzymes, and chelating compounds that alter pH, mobilize nutrients, and affect mineral
weathering (Dakora and Phillips 2002). By releasing labile carbon sources, roots also feed microbial
populations that play critical roles in nutrient cycling, including nitrogen fixation and phosphorus
solubilization. This rhizosphere priming effect creates a chemically distinct microenvironment that

differs significantly from the bulk soil (Dotaniya and Meena 2015).

Microbiologically, roots act as powerful selectors and organizers of microbial communities (Philippot
et al. 2013). The rhizosphere hosts a higher abundance and diversity of microorganisms compared to
bulk soil, primarily driven by root exudation patterns and plant genotype (Berendsen et al. 2012;
Mendes et al. 2013; Chaparro et al. 2013). Some root traits, such as a dense and finely branched
architecture, increase root surface area and exudate release, fostering microbial hotspots. Others, such
as the presence of aerenchyma, may influence oxygen availability and shape aerobic versus anaerobic

microbial niches. Yet, despite growing interest in identifying root traits that enhance beneficial
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microbial associations, results remain mixed, and trait-microbiome linkages are often context-

dependent and species-specific (Freschet et al. 2021; Freschet et al. 202b).

Root physiological traits, especially exudation, strongly shapes rhizosphere hydraulics. Viscous
polysaccharides (mucilage) secreted by root tips and hairs coat mineral surfaces, glue particles into
micro-aggregates (Fig. 3), and line pore walls; this simultaneously enlarges water-holding capacity
at low matric potentials and alters soil wettability as the profile dries (Carminati et al. 2016; Benard
et al. 2019). Because the amount and chemistry of exudates vary with genotype, developmental stage,

and abiotic stress, their hydraulic impact is likewise genotype- and environment-dependent.

@ sSoilparticle [ | Mucilage [l Water
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Figure 3. (A) Detail of a root with high root hair density, releasing abundant mucilage that promotes
the formation of micro-aggregates around the root surface. Mucilage (light blue) coats mineral
particles and pore walls, enhancing water retention (dark blue) under low matric potential and
modifying soil wettability upon drying. In contrast, (B) shows roots with low hair density and minimal
exudate release, resulting in limited soil aggregation and a less hydraulically functional root—soil
interface. The hydraulic effects of exudation are highly dependent on genotype, developmental stage,

soil and environmental conditions.

Other physiological traits act on longer timescales. Root longevity and the degree of lignification
determine how long axial and lateral roots persist before decaying; their decomposition could
generate transient biopores that improve vertical connectivity, while highly lignified walls delay pore

collapse and prolong this conductive pathway (Zhou et al. 2020).

Despite growing recognition of mucilage as a key modulator of water retention and microbial activity,
its in-situ dynamics remain difficult to quantify, limiting current models of root-soil hydraulic

feedbacks (Naveed et al. 2019).

Overall, the effect of roots on soil health is a complex systems with coupled processes. For instance,
roots affects soil microbes that in turn affects the chemical composition of the pore space affecting
root growth and functioning. Root affects soil physical properties, for instance porosity, that in turn
affects the availability of gases and water to microbes and so forth. Moreover, in the majority of cases,
the phenomena are non linear, where for instance the effect of key physical parameters such soil
temperature and water availability, are non-linearly related to microbial growth or chemical cycles
such as the carbon or the nitrogen cycles. Dealing with such a complex, coupled and non-linear system

is certainly a very challenging task.

Given this complexity and the methodological possibilities available in our laboratory, this thesis
focuses specifically on RSA as a key lever for influencing soil physical properties. In fact, RSA plays
a crucial role in determining how roots explore and interact with the soil environment, affecting
processes such as resource acquisition and structural modification (Rogers and Benfey 2015;
Koevoets et al. 2016; Lombardi et al. 2021; Magbool et al. 2022; Zhiyong et al. 2022). While there
is substantial evidence that certain RSA configurations can promote soil aggregation, enhance
porosity, improve water retention, and foster microbial colonization, the specific contribution of
individual root traits to these processes remains unclear. Further research is needed to disentangle the
causal mechanisms and identify which traits most effectively drive improvements in soil structure
and function (Bardgett et al. 2014).
13
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In the following chapters, we investigate how genotypic variation in wheat root architecture
modulates soil structure and hydraulic behavior, with a particular emphasis on the rhizosphere versus
bulk soil distinction. While biochemical effects mediated by exudates and mucilage are
acknowledged, the primary focus remains on the mechanical and structural effects of root growth and

organization.

Beyond their role in soil aggregation and biopore formation, specific root architectural and
morphological traits significantly modulate soil hydraulic properties, including water retention,
saturated and unsaturated hydraulic conductivity, and pore network connectivity (Fig. 4). Root length
density, diameter, branching intensity, and rooting depth are key traits determining the extent and
configuration of pore networks, directly shaping water flow paths and soil porosity (Passioura 2002;

Bardgett et al. 2014).

[C] Macropore with air
I Micropore with water
[ Soil particles

Figure 4. Roots are thicker than the surrounding soil pores and through their growth locally compact
the matrix, redistributing soil particles into a denser arrangement. This mechanical pressure can
promote new aggregate formation and alter the balance between macro- and micro-porosity,

ultimately reshaping the soil’s hydraulic and structural properties.
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Long, dense and fine root systems with high number of root hairs occupy and stabilize smaller soil
pores, enhancing soil water retention particularly at lower matric potentials (Zarebanadkouki et al.
2016; Lucas et al. 2019; Amtmann et al. 2022). Conversely, thicker roots, typically associated with
taproot architectures or basal seminal root segments, actively promote the formation of larger
macropores and soil fissures, facilitating preferential water flow and enhancing saturated hydraulic
conductivity (Amtmann et al. 2022; Kohli et al. 2022). Furthermore, rooting depth and root branching
significantly affect vertical and horizontal water redistribution (Fig. 5); deeply rooted plants stabilize
deeper soil layers and provide access to subsoil moisture during drought, while shallow, densely
branched systems enhance surface water uptake during lighter rainfall events (Uga et al. 2013; J.

Lynch 2013).

On multi-season timescales the rhizosphere no longer behaves like the hydrated shell measured
around living roots. As soon as drying begins, roots shrink and detach from the soil matrix, forming
a micrometre-scale gap that cuts rhizosphere conductivity; re-wetting only partly reseals this gap, so
the original hydraulic benefit is never fully restored (Carminati et al. 2010; Carminati and Vetterlein
2013; Ahmed et al. 2016). Meanwhile the mucilage that had increased water retention when fresh
dehydrates, turns hydrophobic and slows infiltration, with the strength of this effect differing among
genotypes that secrete larger or smaller amounts (Naveed et al. 2019). After complete senescence the
remaining root skeleton leaves a genotype-specific pore architecture: thick, lignified axes persist as
stable macropores that sustain preferential flow, whereas dense mats of fine roots decompose quickly
and the small pores they create tend to collapse or become hydrophobic (Colombi et al. 2017; Lucas
et al. 2019). Consequently, hydraulic measurements made around fresh, turgid roots capture only a
transient state; the legacy inherited after root death can differ in both magnitude and direction, and

must be considered when linking specific RSA traits to long-term soil function.

It is important to clarify that the effects of roots on soil physical properties strongly depend on soil
type and climatic conditions. Thick roots may indeed compact the surrounding soil, but they might
also exert enough force to break apart macroaggregates, paradoxically generating smaller pores
during their growth. In contrast, fine and elongated roots can entangle and bind microaggregates into
larger structures, thereby increasing soil macroporosity. From this perspective, investigating these
mechanisms is crucial to determine when and where such knowledge can be applied. There is no
universally superior ideotype; rather, root effects are context-dependent—emerging under specific
environmental conditions and soil types—and, if deeply understood, could be harnessed to support
local or regional adaptation while reducing external agricultural inputs. These processes, in my view,

should be a central focus of breeding programs, especially in perennial crops and no-till systems,
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where prolonged root presence and minimal soil disturbance may significantly influence long-term

soil functionality.

1 Macropore with air o Living roots
B Micropore with water
I Soil particles @ Senescent/dry roots
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Figure 5. (1A) Living coarse roots compact the immediate rhizosheath but leave the surrounding bulk
soil largely unaltered, thereby increasing adjacent microporosity. (1B) Living dense fine roots invade
and occlude macropores, lowering overall macroporosity; their high root-length density raises bulk
density and reduces hydraulic conductivity. (2A) Senescent coarse roots shrink, forming continuous
axial channels that act as preferential flow paths: saturated hydraulic conductivity rises, water is
stored at lower matric potentials (larger pores), and water held at high tensions declines. (2B)
Senescent dense fine roots leave many small, disconnected biopores; conductivity remains low, but
water retention at higher tensions increases. As a result, plant-available water responds in a texture-
and climate-dependent manner: coarse roots tend to raise plant-available water in heavy soils under
humid conditions, whereas dense fine roots tend to raise plant-available water in lighter soils and in

arid environments.
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Chapter 1

Experimental Site and Baseline Characterisation

Field trials were established at the Cadriano experimental station, Bologna, Italy (44.5491 °N,
11.4130 °E). The site experiences a sub-humid temperate climate, with a long-term mean annual
temperature of 12.8 °C and a mean annual precipitation of 924 mm. In autumn 2022, the field was
staked out with centimetre-precision global positioning system (GPS) receivers. The resulting xyz
coordinates were imported into AutoCAD (Ridder 2014) to create a two-dimensional geospatial map

and to fix each plot at the exact same position for the duration of the multi-year study (Fig. 1).

N/

Figure 1. The red rectangle bounds the sown area. Green polylines form the geo-referenced grid. Red

circles locate the primary baseline sites (triplicate cores at 0—30, 30—60 and 60—90 cm for texture,
aggregates, chemistry and microbiome). Fuchsia polylines mark the secondary grid for soil-physics
work, and the corresponding fuchsia circles show where undisturbed cylinders were taken for
hydraulic tests and X-ray CT.
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Baseline sampling points were geo-referenced on the CAD map. At each node, triplicate soil cores
were collected at 0-30, 30-60, and 60—90 cm to profile chemical, physical, and microbiological

gradients. Subsamples were split and processed as follows (Fig. 2):

e Chemical assays. Air-dried, <2 mm fractions were analysed for total carbon, total nitrogen,
ammonium-N, nitrate-N, and N 15, together with routine macro- and micronutrient
determinations (Jackson et al. 1997; Norman and Bremner 1965; Yeomans and Bremner
1991).

e Physical assays. Additional aliquots were subjected to laser diffraction for particle-size
distribution, wet-sieving for macro-aggregate stability, and X-ray computed-tomography—
based measurements of pore architecture; intact cores were also used for hydraulic
conductivity and water-retention curves (Singh and Verdi 2024; Six et al. 2000; Black and
Whittig 1965).

e Microbiological assays. Field-moist material was stored at =20 °C for potential nitrification

rates and microbiome analysis (Fierer 2017).

This integrated protocol provides a comprehensive baseline against which treatment-induced

changes can be quantified throughout the experiment.

Figure 2. Composite cores from each sampling node were air-dried, sieved to <2 mm, and partitioned
into separate aliquots for chemical, physical, and microbiological assays, establishing the reference

dataset for subsequent field-scale evaluations.

To balance our ambition for broad genetic coverage with the practical limits of labour and funding,
we drew on two complementary wheat collections whose contrasting functional traits were likely to
modulate soil properties. From the Watkins panel (Wingen et al. 2014) of bread wheat (Triticum
aestivum), we chose seven genetically distinct landraces and added the elite cultivar ‘Paragon’ to

serve as a modern reference. From Durum Panel 1 we selected eight durum landraces, a single emmer
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wheat (7. dicoccum) accession and, as an elite check, the widely grown cultivar Bologna

(Mazzucotelli et al. 2020). Each entry received an internal alphanumeric code (Table 1) to streamline

data handling.

Table 1. Genotypes included in the field experiment and their assigned numeric codes.

Genotype Number
RUSSELLO_SG7 1
KYPEROUNDA 128 2
TETRA-IPK251 3
SENATORE_CAPPELLI 4
HAURANI 5
MENCEKI_L36 6
DICOCCUM_MOLISE_COLLI 7
SVEVO 8
ALTAR_C84 9
MONASTIR 10
Wat 238 11
Wat 496 12
Wat 579 13
Wat 580 14
Wat 784 15
Wat 387 16
Wat 560 17
Paragon 18
Bologna 19
Wat 746 20

Using the statistical software R (Knezevic, Streibig, and Ritz 2007), we then generated a completely
randomised block layout that would give robust replication without exceeding the capacity of our
field team. Six blocks were established (A; B; C; D; E; F), and within every 6 m? plot the genotypes
were allocated entirely at random (Fig. 3). This design maintains sufficient statistical power to detect

genotype effects while remaining feasible within the available human and financial resources.
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Figure 3. Each square represents a block with twenty polts; numbers correspond to the genotype codes
in Table 1. Block colours denote nitrogen rate: red =N~ (48 kg N ha™"), blue =N* (80 kg N ha™), and
green = N** (160 kg N ha™"). The two green blocks are planted only with the regional check cultivars

Bologna and Monastir, providing an agronomic benchmark.

Blocks B, C and F were assigned the low-nitrogen treatment (48 kg N ha™', N™), whereas blocks A, D
and E received the moderate rate (80kgNha™', N*). Two supplementary micro-blocks were
established outside the main RCBD and sown exclusively with the widely grown cultivars Bologna
and Monastir; these controls were fertilised at the regional standard of 160 kg N ha™" (N**). The final
seeding map was drafted in AutoCAD and geo-referenced in QGIS (Fig. 4), a workflow that not only
guaranteed centimetre-level sowing accuracy but also enables future production of spatially explicit

soil-property maps.

Figure 4. Final representation of the imported CAD layer into QGIS ensures centimetre-accurate

sowing and provides a spatial framework for integrating future drone imagery and soil-property maps.

Sowing was carried out on 26 November 2022 with a precision plot drill. Immediately afterwards,
the entire trial area was covered with a translucent polyethylene film and enclosed by a bird-proof net

to promote uniform emergence and minimise vertebrate damage (Fig. 5).
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Figure 5. (A) Precision plot drill used for sowing on 26 November 2022. (B) Experimental blocks

after sowing, covered with a protective plastic film and surrounded by perimeter netting.

Once the plastic cover had been removed on 19 December 2022, the trial was inspected every week.
Ground checks were complemented by unmanned-aerial-vehicle (UAV) flights that produced
high-resolution orthophotos of the entire site. The imagery proved invaluable for pinpointing plots
with poor emergence; these localised gaps were hand-reseeded within a fortnight to restore stand

uniformity (Fig. 6).
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Figure 6. Variations in canopy density are clearly visible; the pale, bare-soil patches were

subsequently hand-reseeded to ensure a uniform plant stand across all plots.

Liquid ammonium sulphate enriched with N15 was applied by hand with a backpack sprayer at two
key growth stages—tillering (13 February 2023) and stem elongation (17 April 2023) (Fig. 7). The
low-, moderate- and high-nitrogen treatments received 24, 40 and 80 kg N ha™! per application, giving

seasonal totals of 48, 80 and 160 kg N ha™', respectively.

Figure 7. Liquid ammonium sulphate enriched with N15 application at tillering (A) and stem

elongation (B).
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Between three and five days after each fertiliser application, rhizosphere soil was sampled from every

plot (Fig. 8). Three sub-samples per plot were taken and combined in a composed sample.

Figure 8. (A) Field technician collecting rhizosphere soil samples. (B) Roots with an adhering
rhizosheet of soil. Rhizosphere samples were flash-frozen at—20°C for subsequent laboratory
determination of potential nitrification rates, whereas the soil adhering to the rhizosheath was shipped

on dry ice to BiomeMaker (Madrid, Spain) for high-throughput profiling of the resident microbiome.

The soil retrieved from each plot was subsequently partitioned for three key indicators of soil

function:

1. Potential nitrification rate, determined by incubating field-moist subsamples under aerobic
conditions with ammonium amendment and measuring the accumulation of nitrate over 24 h.

2. Rhizosphere microbiome diversity, assessed by 16S rRNA/ITS amplicon sequencing from the
rhizosheath fraction.

3. Aggregate stability, quantified by wet-sieving to obtain the mean weight diameter (MWD) of

water-stable aggregates.

The field trial was inspected weekly to ensure agronomic integrity (Fig. 10) and to record key
phenological variables—plant density (m?), canopy height, and growth stage. These time-series
measurements guided the scheduling of the final destructive operations: shovelomics at full anthesis

and grain harvest at physiological maturity.
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Figure 10. Different growth stages of wheat in the same area of the experimental field: emergence

(A), tillering (B), stem elongation (C), and flowering (D).

Root phenotyping through shovelomics was carried out at anthesis, between May 15th and May 25th,
2023, depending on the phenological timing of each wheat genotype. From each plot, rhizospheric
soil monoliths containing between six and ten plants were excavated. Among these, three
representative plants per plot were selected for root phenotyping, following the methodology

described in Chapter 4 of this thesis.

Grain harvest was performed manually using a sickle on July 15th, 2023. The entire experimental
field was harvested within approximately seven days. From each plot, 5 grams of grains were finely

ground and stored for subsequent analysis of N15 content in the caryopsis.

For the collection of samples destined for X-ray computed tomography and for the analysis of soil
hydraulic properties—corresponding to the studies presented in Chapters 2 and 3, respectively—
custom aluminum sampling rings had to be designed. To this end, a CAD model of standardized
aluminum cylinders (Fig. 11) was created and provided to a local manufacturer, who fabricated the

rings according to specifications.
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Figure 11. Design of the aluminium sampling ring used for undisturbed samples of rhizosphere soil.

To select the genotypes to be analyzed via X-ray tomography and hydraulic property measurements—
given the higher cost and technical complexity of these methods—I used root architectural traits as a
proxy for potential soil-structuring effects. Specifically, root images obtained from the shovelomics
campaign were analyzed using RhizoVision Explorer (Seethepalli et al. 2021), and a principal

component analysis (PCA) was performed to identify the main axes of variation (Fig. 12).
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Figure 12. Principal component analysis (PCA) of root traits obtained from shovelomics for 20 wheat
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genotypes. The inset in the bottom right corner shows the proportion of variance explained by each

principal component.

The first principal component (PC1) accounted for approximately 92% of the total variance and was
strongly associated with root length and diameter traits. Genotypic effects explained the vast majority
of the phenotypic variation, suggesting strong genetic control over root architectural diversity. Based
on this analysis, we selected genotypes that maximized the diversity in root traits, while also
considering phylogenetic distance and agronomic relevance. For the X-ray tomography study, we
selected Watkins (a 7. aestivum landrace), Paragon (a modern elite 7. aestivum cultivar), and Senatore
Cappelli (a T durum landrace). For the hydraulic properties study, the Bologna variety was
additionally included, as it exhibited a markedly reduced root system compared to the others, making

it an interesting contrasting genotype.

On November 7th, 2023, the field was prepared through minimum tillage (not exceeding 15 cm
depth), and the second sowing was carried out on November 27th, 2023. The trial was repeated in a

mirrored layout relative to the first year and concluded with the second harvest on July 7th, 2024.
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Abstract

Plant roots play a fundamental role in maintaining soil health. Although a broad range of root traits
have been reported, few studies have attempted to link root morphology with soil structure. Here, we
used shovelomics to characterize the root morphology of a wheat cultivar (Paragon), and two
landraces (Senatore-Cappelli, and Watkins238), and advanced soil pore and root network X-ray
computed tomography to assess their impact on soil morphology at cylinder and aggregate scales.
Bare soil was analyzed as a control. Minkowski functionals and percolation theory parameters were
computed to characterize soil pore network morphology. Bioporosity at the cylinder scale was
significantly different for all cultivars compared to the bare soil. Bare soil presented the largest
structural pore volume and the smallest biopore volume, this suggesting rapid degradation of
biopores. At the cylinder scale, biopore characteristics were significantly different between Senatore-
Cappelli and Watkins238, with Senatore-Cappelli exhibiting more pores with diameters >1 mm. The
parameters from percolation theory revealed notable differences between the rhizospheric and bare
soil samples. We found significant differences between genotypes, finding statistically significant
correlations among root morphology parameters and pore network geometry.

Total imaged porosity and total root volume were limited descriptors of the effect of roots on soil
structure, which is better quantified by pore network connectivity measurements. Our findings
confirm previous studies on the relationship between root traits and soil properties and highlight the
potential of our experimental approach to explore how different genotypes may influence soil

morphology, paving the way for future applications in plant phenotyping.
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1. Introduction

Soil structure, defined as the spatial arrangement of soil particles and pores, is a fundamental
parameter for soil quality (Dexter, 1988, Young, 2001). Soil pores provide a habitat for
microorganisms and play a major role in infiltration, root growth and carbon turnover (Kravchenko
etal., 2017). Soil structure is also directly linked to soil hydraulic properties (e.g. water retention and
hydraulic conductivity) that determine the availability of water for plants and soil microbial
communities and key processes such as gas exchange, thermal properties, soil organic matter
transformations, nutrient dynamics and root penetration (Horn et al., 1994, Bittelli et al., 2015).
A vast number of soil processes depend indeed on its complex structure, but its characterization and
quantification remain challenging due to: (a) the various hierarchies of scales ranging from very small
pores, to aggregates and large cavities and (b) the multitude of complex shapes and geometries that
are difficult to interpret (Yudina and Kuzyakov, 2023).The interactions between plants roots and soil
add additional levels of complexity. Plant roots can significantly affect soil physical structure through
the formation and activity of biopores, modification of the density and distribution of soil pores, and
by affecting the soil’s capacity to retain water and air. Previous research has indicated that different
root phenotypes can significantly impact soil structure by forming pore spaces, influencing water
infiltration, and facilitating aggregate formation (De La Fuente Canto at al., 2020). Considering that
crop production claims nearly one third of the world land (Ritchie et Roser, 2019), it is crucial to
introduce root traits in crop systems that can improve soil structure parameters such as porosity and
aggregation (Lal, 2015). Reducing the detrimental impact of crop production on agricultural land
remains a key goal of policies such as the European Green Deal (Montanarella and Panagos, 2021).
Therefore, immediate measures to reverse current trends in soil degradation and restore and support
soil productivity require strategies that preserve soil structure (Lal, 2009). Wheat landraces are a
valuable source of genetic diversity (Cheng et al., 2024) for the introduction of root traits in modern
cultivars that can be beneficial for soil structure (Marone et al., 2021). Accordingly, crops that
improve soil physical properties have become a major breeding target (Lynch, 2022). Particularly,
identifying root traits in wheat cultivars that can enhance soil productivity and breeding them into
commercial elite cultivars is a key goal for improving crop yields (Ober et al., 2021). Wheat is a target
crop since it plays a key role in global food security due to its nutritional and economic value
(Shiferaw et al., 2013). Therefore, identifying root traits in wheat that enhance soil structure can
advance our capability to support sustainable and profitable wheat production. Current collections of
wheat cultivars such as the A.E. Watkins238 landrace collection (Wingen et al., 2014, Cheng et al.,
2024) and the Global Durum Wheat Panel (Mazzucotelli et al., 2020) are untapped sources of

diversity to identify root traits that have been lost through breeding and modern agricultural practices

45



and breed them into modern cultivars. Root traits such as root depth, root length, xylem diameter and
root hairs can improve water use efficiency by enhancing soil structure (Wasson et al., 2012). Root
traits associated to the relationship between soil structure and soil biota play a key role in reshaping
and modifying plant performance and crucial soil biological processes such as nutrient cycling
(Brussaard, 2012; Rabot et al., 2018). Importantly, it is well established that root systems, particularly
fine roots, induce specific structural changes by increasing pore space heterogenization and
promoting aggregate coalescence (Carminati et al., 2010, Mooney et al., 2012, Bodner et al., 2014)
Overall, the root morphology and processes associated with the rhizosphere significantly contribute
to structural dynamics and function through bioturbation (Meysman et al., 2006; Lucas et al., 2019a).

According to Pagliai and Vignozzi (2002), the most relevant approach to assessing soil
structural properties is the characterization of the pore system. For this reason, and for the ability to
measure further and more detailed morphological properties, X-ray computed tomography (CT) is
now increasingly used to assess soil and root structure (Bardgett et al., 2014 Young et al., 2022). In
recent years, several studies have explored the impact of roots on morphological assessment of soil
structure, primarily focusing on comparing how different ecosystems and cultivation methods shape
soil pore structure (Kuka et al., 2013; Burr-Hersey et al., 2020; Kan et al., 2023).

While extensive research has explored the reciprocal relationship between soil structure and
root growth (Tracy et al., 2012; Dal Ferro et al., 2014; Mawodza et al., 2020; Giuliani et al., 2024),
investigations into the effects of root growth on soil structure have primarily relied on soil water
retention curves (Angers and Caron, 1998; Logsdon, 2013; Bodner et al., 2014; Scholl et al., 2014).
However, methods that are based on the capillary bundle model (Childs and Collis-George, 1948)
often lack the ability to provide a comprehensive morphological characterization of the pore space
due to oversimplification of the soil geometry (Hunt et al., 2013). This critique becomes even more
pertinent when considering biopores, which possess distinct geometries and topologies (Leue et al.,
2019).

Helliwell et al. (2019) investigated the impact of different plant species and their interaction
with different soil types while Phalempin et al. (2021) assessed bulk density in the rhizosphere for
different soil conditions. Here, for the first time we examined the impact of the genetic diversity of
three wheat cultivars with different root morphological features on soil structure. The cultivars were
selected from a preliminary screening of root morphology on a set of 20 wheat cultivars. We
quantified the impact of the contrasting root morphology of an elite cultivar (Paragon) and two
landraces (Watkins238 and Senatore-Cappelli, hereafter referred to as Senatore) grown in a field trial
on key soil morphological and topological properties, both in soil cores and soil aggregates. Root

crown morphology was determined using shovelomics and broken roots (Trachsel et al., 2011).
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The results presented in this paper advance our understanding of the relevance of root traits to support

soil structure.
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2. Materials and methods

2.1 Field Trial

The field trial was conducted at the experimental farm of the University of Bologna in
Cadriano (44°3255 N, 11°2452 E, 26 m a.s.l.), located in the Pianura Padana valley, in northern Italy.
The area is characterized by a subhumid climate with a mean annual temperature of 12.8°C and an
average annual precipitation of 924 mm. The soil is classified as loam, consisting of 11.6% clay,
52.8% silt, and 35.6% sand, with a bulk density between 1.1 and 1.3 g/cm?.

Following a preliminary screening of the root morphology of 20 wheat cultivars and varieties,
the following were selected based on contrasting root morphology: a bread wheat landrace
(Watkins238), the bread cultivar Paragon, and the durum wheat landrace Senatore-Cappelli. The
selection aimed at maximizing diversity in root architecture while also considering species
differences and their breeding history of each genetic diversity. We intentionally selected: (1) an elite
bread wheat variety with a robust root system, (ii) a durum wheat landrace characterized by a highly
branched root system, (iii) a bread wheat landrace with fewer but slightly thicker roots. This selection
ensures a broad spectrum of root system variability. Additionally, by incorporating both elite and
landrace varieties from different species, we aim to capture variability not only in root traits but also
in their evolutionary and breeding trajectories. For further clarity, we have included a PCA plot
(available in the supplementary material) that visually represents the divergence among these
genotypes.

The three selected cultivars are phylogenetically distinct and sourced from two collections of
tetraploids (Maccaferri et al., 2016, Mazzucotelli et al., 2020) and hexaploidy wheat (Wingen et al.,
2014). These cultivars were sown in 6 x 1-meter (6 m?) plots for the first time on November 26, 2022,
on soil that had not undergone any tillage in the previous two years. Each cultivar was grown in three
different plots according to a randomized experimental design. The field was not cultivated and not
tilled for two years to reduce the potential effect of other crops or tillage on soil structure. The plants
were subjected to two rounds of nitrogen fertilization at a rate of 24 kg/ha: the first on February 13,
2023, during the tillering stage, and the second on April 17, 2023, during the stem elongation stage.
Wheat was harvested on June 10", 2023.

2.2 Sample collection
Undisturbed soil cores were collected in October 2023 using an Eijkelkamp soil sampler. The
samples were collected between rows and at the center of each plot between residual wheat plants.

After harvesting the wheat in June 2023, no other crop was cultivated, and no tillage was performed.
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Additionally, samples of bare soil were collected outside the plots of the rhizosphere as a control. The
bare soil had been grown by weeds prior to October 2022 but been bare after that date. Sampling was
conducted at a soil depth of 10 cm (corresponding to the bottom of the sampler), using an aluminum
cylinder, which was selected due to its suitability for X-ray analysis (Koestel et al., 2018). The
cylinder used had an internal diameter of 8 cm, a height of 5 cm and had a wall thickness of 2 mm.
Three undisturbed bare soil samples were collected as controls (bare soil) and three for each cultivar.

The samples were preserved at a constant temperature of 18°C and covered with aluminum
foil to prevent soil shrinkage. Any excess soil protruding from the aluminum cylinder was removed.
Following the X-ray scanning of the undisturbed soil cylinder, sub-samples of soil aggregates were
collected and used for scanning at a higher resolution for the aggregate soil structure analysis. X-ray

analysis was therefore performed on the whole soil cylinder and on aggregates, as detailed below.

2.3.1 Root phenotyping

Root phenotyping of the selected cultivars was conducted on May 27, 2023, during the
flowering stage, to ensure complete root development using shovelomics (Trachsel et al., 2011). A
40 cm long and 30 cm deep soil block was excavated with a shovel. The analysis was performed for
three plants for each plot (cultivars), for a total of eighteen plants per cultivar. After washing the roots
of the excavated plants, three plants were selected for phenotyping as representative of the plants
collected per plot regarding average number of tillers, plant height and root system size. Plants with
visible malformations, signs of disease, or damaged root systems were excluded. Shovelomics was
performed using two methods: whole root (crown) and broken root image analysis (Trachsel et al.,
2011).

Whole roots were photographed with a black matte background (Fig.1). The plants were
positioned 80 cm above the ground, with the camera placed 80 cm away from the black matte
background and 80 cm above the ground surface. To provide a comprehensive view of the root system
morphology in three dimensions, each plant was photographed first from a frontal view, then rotated
90 degrees, and photographed again. The values of the root traits were therefore an average of both
two-dimensional (2-D) images (Liu et al., 2021).

Broken roots were also imaged following the whole root analysis. The seminal and nodal roots
were separated from the main culm and arranged in a plexiglass tank placed over an Epson Expression
12000XL Pro scanner, filled with 1.5 L of water to prevent overlapping. The main culm of the plant
was identified based on its greater height than the other tillering culms. A reference marker was
included, and the tank was covered with a matte black lid to reduce reflections and interference.

Images were captured at a minimum resolution of 600 DPI (Fig. 2). To maintain image quality, the
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water was replaced every 10 samples.

Watkins238 1cm

Watkins238

" Senatore

Figure 1. Photos of the root crowns of the three wheat cultivars (top) and the corresponding image
analysis output from RhizoVision Explorer (bottom). In the RhizoVision Explorer output, root
segments are color-coded based on their diameter: red lines represent Range 1 roots (0—1.6 mm),
while blue lines represent Range 2 roots (>1.6 mm). The colored regions within the roots indicate
fragmented root morphological patterns, highlighting structural variations. The outer blue contour
delineates the convex hull area, which represents the minimum convex boundary enclosing the root

system.
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Figure 2. Photos of the dissected main culm of the three wheat cultivars (top) and the corresponding
image analysis output from RhizoVision Explorer (bottom). In the RhizoVision Explorer output,
root segments are color-coded based on their diameter: red lines represent Range 1 roots (0—0.5

mm), while blue lines represent Range 2 roots (>0.5 mm).

2.3.2 Root image analysis

Root image analysis was performed using RhizoVision Explorer software for both the whole-root and
broken-root methods (Seethepalli et al., 2021). This software has been extensively validated and
utilized in previous research within the shovelomics framework (Bucksch et al., 2014; Le Marié et
al., 2019; Seethepalli et al., 2021; Xu et al., 2022; Prince et al., 2022; Weihs et al., 2024). RhizoVision
Explorer provides two distinct analytical modalities: "whole-root analysis," used to evaluate entire
root system images, and "broken-root analysis," which examines root fragments obtained after

sectioning.
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For whole-root analysis, focusing specifically on crown images, an image threshold value of 170 was
employed to achieve precise segmentation of the root structures. Pixel-to-millimeter conversion was
accomplished using a known-length reference scale and the Fiji software (Schindelin et al., 2012),
with a resulting pixel-to-mm ratio of 8.6 pixels/mm, equivalent to an approximate resolution of 116
um per pixel. Thirty-two root traits were derived from whole-root images, among which six key traits
were selected due to their relevance to the study objectives and support in the literature: network area,
convex hull area, root holes, shallow angle frequency, and steep angle frequency (Trachsel et al.,
2011; Maccaferri et al., 2016; Ober et al., 2021). The parameter initially named "root holes,"
indicative of disconnected root segments, was renamed for clarity as "fragmented root morphological
pattern". This trait, determined by analyzing the inverted segmented images (Seethepalli et al., 2021),
quantifies the branching degree and structural complexity of the root system. Higher values for this
trait denote greater complexity and branching, potentially reflecting enhanced soil exploration
capability, nutrient and water uptake efficiency, and improved soil aggregation capacity (Balashov
and Bazzoffi, 2003).

For the broken-root image analysis, thresholding levels were set differently to enhance

segmentation accuracy: 200 for fine roots and 170 for axial roots. Root diameters were categorized
into two narrower classes: root diameter range 1 (0—-0.5 mm) and root diameter range 2 (>0.5 mm),
enabling a more precise assessment of detailed root topology. Pixel-to-millimeter conversion
followed the identical approach as described for whole-root analysis, ensuring consistency between
methods. Further details regarding RhizoVision parameterization and image analysis are provided in
the Materials and Methods section.
A total of twenty-two root traits were extracted from broken-root images. To facilitate direct
comparison with the whole-root analysis, five critical traits were prioritized: number of root tips, root
length in diameter range 1 (0—-0.5 mm), root length in diameter range 2 (>0.5 mm), branching points,
branching frequency, as well as average and maximum root diameter. The total root length was
computed by summing the root length of diameter range 1 and diameter range 2 classes.

The two analytical methods employed are complementary: whole-root analysis provides
comprehensive information regarding overall root system architecture, whereas broken-root analysis
offers detailed insights into finer structural and topological root characteristics. However, traits such
as root tips, branching frequency, and branching points should be interpreted with caution, as they
may be slightly overestimated due to background noise or limitations in feature detection inherent to

the analysis software (RhizoVision Explorer).
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2.4 X-ray scanning

X-ray images were taken with two different cone-beam X-ray CT systems at the Department
of Physics and Astronomy at the University of Bologna. The X-ray scanning processes were
controlled remotely by means of in-house proprietary software developed for research purposes
(Zagaglia, 2012). Images of the undisturbed cylinders were collected using a PXS10-65 W
MicroFocus X-ray tube (Thermo Kevex X-ray LLC) with a tungsten anode, a Varian PaxScan 2520D
flat-panel detector and a Physik Instrumente M-038 PD1 precision rotary stage. The operating voltage
was set to 130 kV, and the beam current was set to 240 pA. An optical lead filter of 0.3 mm was used
to reduce beam-hardening effects. A total of 900 projections were acquired over a rotation of 360
degrees, and ideally, the number of projections should be the same as the number of horizontal pixels,
which is 1500 in the detector. However, since the object did not occupy the entire field of view, 900
projections resulted in an optimal approximation. The exposure time per radiograph was adjusted to
250 ms, and the projection was averaged from 8 consecutive radiographs to reduce image noise. The
voxel size was approximately 63 um. We estimated the X-ray image resolution to be three times
greater than this value, i.e., approximately 190 um.

For the soil aggregates, a PXS10-65 W MicroFocus X-ray source was used in combination
with a Photonic Science VHR 1:1 X ray camera and a Physik Instrumente M-037 precision rotary
stage. Since the object size and the distance between the tube and the detector were significantly
smaller than those of the ring sample, it was possible to work with a lower voltage, which we set to
110 kV and an electron current of 70 pA. We added an iron filter of 0.1 mm thickness. The exposure
time per radiograph was set to 2 s. Again, we collected 900 projections over a rotation of 360 degrees,
and each projection was averaged again from 8 consecutive radiographs. The voxel size was
approximately 9 um, resulting in an estimated image resolution of 27 um. Fig. 3 illustrates the X-ray

imaging systems for the cylinder and the aggregates collected from each measured cylinder.
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Figure 3. Setup system with a soil sample on the rotating axis. In the upper picture the measurement

of the cylinder sample and the in the lower picture one of the collected aggregates from each sample.

The tomographic reconstruction software PARREC (Brancaccio et al., 2011) was used to filter
the projections to remove imaging artifacts. This was performed in two steps. The first step was the
application of a local threshold filter, using the local standard deviation for thresholding. Secondly,
the projections were converted to sinograms and ring artifacts caused by malfunctioning detector
pixels were corrected. Then the sinograms were re-converted to projections and a back-projection
Feldkamp algorithm was used to reconstruct the sequence of frontal slices of each sample. Finally,

3D images were obtained by means of rendering software VGStudio Max 2.0 by Volume Graphics.
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2.5 Image processing

2.5.1 Denoising

Digital images consistently contain noise to some extent, this being defined as casual
brightness variation, i.e., that is not present in the original object. This can be due to measuring
instruments, data transmission or quantization. Schliiter et al. (2014) reviewed the best denoising
methods for micro tomography images and indicated that a nonlocal means filter is especially suitable
for soil-like materials. This filter is based on the replacement of the gray level of a given pixel with
an average of the gray levels of similar pixels, which allows overcoming the issues associated with
the classical principle of denoising based on neighborhood values. As a 3-D implementation of a non-
local means filter is not available as a Fiji plugin, we applied a 2-D non-local means filter (Buades et
al., 2011) in all three different dimensions as described in Nitzbon et al. (2022). The smoothing factor

was set to 1, and the noise standard deviation sigma was set to be auto estimated.

2.5.2 Calibration and segmentation

To segment the images from each sample series, i.e., the cylinder and aggregate samples, with
the same value, a calibration was performed beforehand. The following steps were carried out using
the SoilJ plugin (Koestel, 2018). First, the 3-D cylinder outlines were delineated. Then, the gray
values were rescaled to the 0.1-percentile of each cross-sectional histogram and the gray value of the
aluminum wall. The rationale behind this approach is that the 0.1-percentile corresponds to air-filled
pores (see Koestel et al., 2020). For the aggregates, calibration was performed by using values of the
10 and 60-percentiles since there was no aluminum wall to use as an upper reference. The 0.6 was
found to correspond to the matrix gray value. After the gray-value calibration, joint histograms, i.e.,
a single representation of gray-values intensity distributions from all slices of all the scanned samples,
were compiled from the cylinder and aggregate scale images, respectively. and used to compute
threshold values with different methods: Otsu, Minimumn, Isodata, Renyi Entropy, Maximum
Entropy, Huang, Li and Yen (Prewitt and Mendelsohn, 1966; Ridler and Clavard, 1978; Otsu, 1979;
Kapur et al., 1985; Huang and Wang, 1995; Yen et al., 1995). The gray value used as a threshold for
segmentation was the average of all the global method thresholds listed before. Once the images were
binarized into imaged pores, a morphological opening (erosion followed by dilation) of a cubic
structural element of 2 voxels was performed. This approach allows for overcoming the fact that

objects smaller than 3 voxels are likely to be noise.

55



2.5.3 Biopore extraction

Pores of different sizes and shapes belong to two main categories: abiotic pores and biopores.
Among the abiotic pores are textural pores which originate from the arrangement of primary particles
(sand, silt, and clay), and affect soil structure at the macroscale, such as the typical formation of cracks
in silty soil. Biopores are the result of biological activity; in particular, in the rhizosphere, they are
the result of root exploration, which pushes mineral particles and organic substances aside (Lucas et
al., 2019a). Once the root decomposes, the biopore persists as a tubular structure in soil. We used the
workflow described by Lucas et al. (2019b) implemented in SoilJ to extract the biopores from the

binarized images.

2.6 X-ray CT image Analysis
To characterize the soil structure, four Minkowski functionals and three percolation theory parameters
were computed from the binarized images for the total imaged porosity and the bioporosity, and at
both cylinder and aggregate scale. The Minkowski functionals, or the quermass integral, are described
as the “intrinsic volume” of an object and are valuable tools for describing soil structural properties
since they are scale invariant (Vogel et al., 2010) and express information on the topology of the
porous material through the Euler number (Renard and Allard, 2013; Armstrong et al., 2018).
Negative values of the Euler number denote a higher number of redundant paths within pore-clusters
than the number of isolated pore-clusters. Pore morphology and connectivity are also defined through
the parameters obtained from percolation theory (Liu and Regenauer-Lieb, 2011; Koestel et al.,
2020). The three parameters that best describe the connectivity of a system are the connection
probability (I'), which measures the likelihood of two random pore voxels being connected, and thus
belong to the same cluster; the percolation threshold (PT), indicating the minimum porosity needed
for a continuous pore network; and the critical diameter, representing the largest pore size that allows
fluid flow through the soil. Thus, these parameters were computed to investigate soil morphology.
The first Minkowski functional, the phase volume fraction (MO0), represents the most basic
characteristic of porosity, i.e., its total volume. The second indicator, the surface area (M1), represents
the area of the total imaged porosity, which is a relevant indicator of water adsorption and chemical
exchanges between the solid and fluid phases. The third functional, the mean curvature (M2), is
affected by the pore shape and is a relevant indicator of soil mechanical properties (Vogel et al.,
2010). Finally, the fourth functional measures the total curvature. If it is divided by 4=, the Euler
characteristic (M3) is obtained. The Euler characteristics is a topological property that carries
information on the local connectivity of a porous medium (Renard and Allard, 2013). Negative values

of the Euler number denote a higher number of redundant paths within pore-clusters than the number
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of isolated pore-clusters.

In the natural sciences, connectivity is also defined through the parameters obtained via the

percolation theory paradigm (Liu and Regenauer-Lieb, 2011; Renard and Allard, 2013). Originally,
percolation theory investigated at which porosity two opposite sides of an infinite domain become
connected. Applied to soil science, it has been used to evaluate if an imaged soil pore-network
contains a connected pore-cluster that spans from top to bottom surface of a soil sample (Jarvis et al.,
2017). We used three parameters from percolation theory to quantify the pore network connectivity:
the connection probability (I'), the (apparent) percolation threshold (PT), and the critical pore
diameter (CPD).
The connection probability is defined as the probability that two randomly chosen pore voxels in the
region of interest (ROI) are connected (i.e., they belong to the same pore cluster). Its upper bound is
1 and it may asymptotically approximate 0. Larger values indicate better interconnected pore systems.
However, since the beneficial effect on total pore connectivity of a root system is given by an
enhanced connectivity of the whole system itself, only the connectivity and Euler number of the
whole pore system was discussed and not of the biopore system.

The apparent percolation threshold was determined using the method proposed in Liu and
Regenauer-Lieb. (2011). It refers to the minimum porosity required for a continuous network of pores
to form. Note that the apparent percolation threshold strongly depends on the image resolution, since
it only expresses percolation properties for pores with diameters larger than the image resolution.
Pores with smaller diameter may well percolate at lower porosities but are not resolved by the image
data. A higher percolation threshold indicates that the gap needed to bridge for obtaining a pore
connection from top to bottom of the ROI is larger. The critical pore diameter is only defined if at
least one percolating pore cluster exists. Then it corresponds to the bottleneck in the pore connection
from top to bottom, i.e., it is equivalent to the diameter of the largest sphere that could be moved from
top to bottom through the pore system. In undisturbed soils, the square of the critical pore diameter
is correlated with the saturated hydraulic conductivity (Koestel et al., 2018b, Schliiter et al., 2020).
The labels for the morphological parameters for the cylinder and aggregate were chosen as follow:
MO, M1, M2, M3, T and PT for the cylinder analysis and pMO, pM1, uM2, uM3, uI" and pPT for the
aggregate sub samples.

The pore size distribution (PoSD) was also extracted from both rhizospheric samples with a
thickness analysis of the pore space using the maximum inscribed sphere method using the software
SoilJ (Koestel, 2018), to obtain a PoSD by attributing each pore voxel to its class diameter. Nonlinear
regression models were used to quantify different continuous probability distributions. The best fit

was obtained for an inverse Gamma distribution (Kahle and Stamey, 2017):
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where o is the shape factor, which is defined as o = 2 + p%/c? and B is the scale factor, p = p
(o — 1). Four parameters can be extracted from each inverse Gamma distribution: shape, scale, mean
and variance (a, B, p and 6?). Two PoSD (Pore Size Distribution) curves were obtained for the
different cultivars: one derived from the aggregate samples and the other from the ring samples. The
first curve represents a pore diameter range from 0.03 to 0.7 mm, while the second curve covers the

range from 0.19 mm to 2 mm. The two curves overlap at approximately 0.2 mm.

2.7 Statistical analysis

Firstly, we tested whether the parameters for normal distribution by using the Shapiro-Wilk
test. For those parameters that didn’t adjust to normal distribution, a nonparametric Kruskal-Wallis
test was used to assess differences among the cultivars and between the cultivars and the control for
parameters that were normally distributed, Tukey's post-hoc analysis was performed to identify which
cultivars primarily contributed to the significant differences. For non-normally distributed
parameters, the Conover post-hoc test was used instead (Dinno et al., 2024). In the case of bioporosity
the analysis was performed only on geometrical properties, i.e., the first three MF. Connectivity
parameters were excluded because biopores can be linked by structural pores without a tubular shape,
which the plugin cannot detect, and this would have led to misleading results.

The PoSD curves, modeled as inverse Gamma functions, were compared using the
Kolmogorov—Smirnov (KS) test.

The impact of the root traits of the cultivar and varieties on soil morphology was determined
using an ANOVA and a Tukey post hoc analysis. To investigate the relationships between soil pore-
network properties and root traits, linear regression models were used to evaluate all the interactions
of the soil and root variables. The statistical analyses were performed using R software (RStudio,
2020). To analyze the effect of each root trait on the soil morphological parameters, data from the
cultivars was combined. Since we wanted to explore the effects of root morphological traits on soil
structure this analysis was conducted with the bioporosity parameters only. The analysis was
conducted by using a mixed linear model (LMM) providing 96 combinations, where each root trait

was analyzed in terms of its effect on the morphological parameters of the bioporosity alone.
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3. Results and discussion

3.1 Root traits

The genotype Senatore-Cappelli exhibited a statistically significant bigger convex hull and network
area compared to Paragon and Watkins238 (p < 0.05). There were no significant differences in the
frequency of root angles among the cultivars (p > 0.05). The genotype Paragon exhibited significantly
higher values of root tips, branching points, and total root length compared to Senatore Cappelli (p <
0.05). Watkins238 showed significantly lower values for root tips, branching points, and total root
length compared to both Paragon and Senatore Cappelli (all p < 0.001). Senatore Cappelli and
Watkins238 presented significantly smaller average and maximum root diameter compared to
Paragon (p < 0.001 and p < 0.01, respectively). Branching frequency was significantly lower in both
Senatore Cappelli and Watkins238 compared to Paragon (both p < 0.001). Finally, the root length
within diameter ranges 1 and 2 was significantly lower in Senatore Cappelli and Watkins238

compared to Paragon (p < 0.01 and p < 0.001, respectively).
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Table 1. Mean values of root traits for the three wheat cultivars. Mean values associated with

different letters indicate statistically significant differences (p < 0.05, Tukey'’s test).

Root trait p_value!  Paragon Sé:‘;;:;? Watkins 238
Whole root analysis
Network area (mm?) ok 4435 +361* 5667 +391° 4145+ 454°
+ + +
Convex area (mm?) ok 1?22(2)3 133(9) éb ITZ;;
Shallow angle frequency ns 0.22 £0.02* 0.24=+0.01* 0.23+0.01?
Steep angle frequency ns 0.51+£0.02* 0.46+0.01* 0.48+0.02*
Fragmenter root morphological « 451 = 278 637 + 36 636 4 758
pattern
Broken root analysis
Root tips ok 894 + 127° 506 = 60° 237 £45°
Total root length (mm) ik 6086 £ 828 3200 £416° 1353 +£322°
Root length diameter range 2 (mm) ok 1157 £100° 546 £ 175° 283 + 42?2
Root length diameter range 1 (mm) ok 4928 £734> 2654 £743% 1170 £ 249*
Branching points Rk 3479 £ 612 1447 £189° 635+ 165°
Branching frequency (mm™) ok 0.69+0.08° 0.35+0.01* 0.29 +0.03?
Max root diameter (mm) ok 1.93+£0.50° 1.17+0.13* 1.19+0.56*
Root diameter (mm) HAx 0.93+0.09° 0.56+0.01* 0.60+0.02°

1 p values of ANOVA genotypic effect, with *, ** or *** representing p < 0.1, <0.05 or <0.01,

respectively.

3.2Minkowski Functionals and Percolation Properties

3.2.1.1 Cylinder scale, total imaged porosity.

No statistically significant differences were observed among the cultivars or between the bare
and rhizospheric soil for the geometric and topological characteristics of the Minkowski functionals
(Fig. 4). The analysis of the critical diameter at the cylinder scale did not reveal any significant

differences between the samples, with a mean value of 0.06 mm.
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Figure 4. Values of MO (pore volume), M1 (surface area), M2 (mean curvature) and M3 (Euler
number) for the bare (red bar) and rhizospheric soil from the three wheat cultivars (blue, green and
purple bars) from the cylinder and the aggregate setups. The values are computed for the total imaged

porosity.

From the analysis of total imaged porosity, the only parameter non-normally distributed was
the connection probability and the values, for both rhizosphere and bare soil samples were comparable

and showed no significant differences. The percolation threshold is the minimum porosity required
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within the analyzed volume to form at least one "percolating" cluster, i.e., a cluster that spans from
one end to the other of a 3D image in a finite system, such as our tomography-scanned volume. This
parameter does not depend solely on the amount of porosity but also on morphological properties of
the pore network, such as anisotropy (Jarvis et al., 2017) and pore size distribution (Huang, 2021).
Consequently, higher connectivity is often associated with a lower percolation threshold. The
percolation threshold revealed notable differences between rhizospheric and bare soil samples (Fig.
5), being significantly higher in bare soil (p < 0.01) than in rhizospheric soil. The observation of
similar total connection probabilities between rhizospheric and control soils, along with significantly
higher percolation threshold values for bare soil, suggests that bare soil contains clusters large enough
to support connectivity comparable to that of root-explored soils. However, these clusters are less
uniformly distributed within the volume, resulting in lower levels of percolation compared to
rhizospheric soil.

This highlights the importance of using a broad set of parameters to describe the morphology
of the pore phase from multiple perspectives. Since a high percolation threshold indicates highly
disconnected porosity or non-conducting regions (Daigle et al., 2019; Soto-Gomez et al., 2020), this
finding evidences the beneficial effect of wheat roots on soil structure. Root activity promotes a more
connected pore network, reducing the percolation threshold and enhancing total connectivity. Our
results are consistent with Lucas et al. (2019a), who emphasized the critical role of connected pores
formation in plant growth that facilitates access to deeper soil layers and mitigates the impact of soil

compaction.
Figure 5. Values of the connection probability and the percolation threshold for the cylinder and the

aggregate, for the control (red bar) and three cultivars (blue, green and purple bars). The values are

computed for the total imaged porosity.
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Figure 5. Values of the connection probability and the percolation threshold for the cylinder and the
aggregate, for the control (red bar) and three cultivars (blue, green and purple bars). The values are

computed for the total imaged porosity.

3.2.1.2. Cylinder scale, bioporosity.

Xiong et al., 2022, stated the importance of biopores smaller than 2 mm, which is the case of the ones
observed at both scales in this study, since they consistently promote plant growth by enhancing root-
soil interactions, nutrient uptake, and water absorption. The bioporosity network is presented in Fig.
6, while Fig. 7 illustrates the morphological functions (MFs) for the biopore networks at both the
cylinder and aggregate scales. No significant differences were observed between rhizospheric and

bare soils in terms of total biopore volume fraction, mean curvature, or surface area.
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Figure 6. Tomographic images of total imaged porosity and bioporosity for the three cultivars for
the one representative cylinder sample. The color gradient is a representation of the pore diameter.

Cylinder Aggregate

MO (%)
JAMO (%)

A D
! 0.020 {
0.02
0.018{
ot 0.010{ —
0.00 0.000
Control Paragon Senatore Watkins238 Control Paragon Senatore

B E

00128 |

0.0086 |
00100

p<0.1
0.0078 | o004
10,0050 | S——
0.002
) ]
0.0000 | ’ . ' | 0.000
Control Paragon Sanatore Control Paragon

M1 (ve)

M1 (%)

Watkins238

( F
6004
0.0018

p<0.1

M2 (wx)

00010 —= 4e-0%]
1
0.0005 | 20041 i
00000 | Do400
Canitrol Paragon Senatore Watkins238 Caonitrol Paragon

Figure 7. Values of MO (biopore volume), M1 (surface area), M2 (mean curvature) for the cylinder
and the aggregate, for the control and three cultivars. The values are computed for the imaged

bioporosity.

3.2.1.3 Cylinder scale, pore size distributions

The computed frequency distribution of the pore diameters (Fig. 8) extracted from cylinder samples
span a pore diameter range from 0.15 to 3 mm and it was fitted with an Inverse Gamma distribution.
Each distribution was compared among the samples using the Kolmogorov-Smirnov test and the
results revealed significant differences for the following pairs: Senatore-Cappelli and Paragon (p <
0.01), Senatore-Cappelli and Watkins238 (p < 0.01), Watkins238 and bare soil (p < 0.01), and
Senatore-Cappelli and bare soil (p <0.1).
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To better visualize these differences, all soils were characterized by total imaged biopore diameters
below 3 mm (Fig. 9) in a cumulative curve, with the most abundant diameters ranging between 0.45

and 0.8 mm.
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Figure 8. Probability density function (PDF) for the cylinder and aggregate samples, for the control
and three cultivar samples. The red line was obtained by fitting the inverse gamma function to the

experimental data (dots).

We found a significant difference in biopore size distributions between Senatore-Cappelli and
Watkins238 (p < 0.05), with the latter one having smaller diameters. Bioporosity volumes between
control and rizospheric soil within this diameter range are comparable (fig.7) indicating that the

biopores produced by spontaneous vegetation from the previous year were still persistent, and the
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diameters in the bare soil samples were smaller compared to the rhizospheric soil (p< 0.01 both for
Senatore-Cappelli and Paragon respect control) (Fig. 9), which confirms the findings of Whalley et
al., (2005). This is likely due to the creation of larger pores by wheat root growth.
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Figure 9. Modeled cumulative distribution functions for total imaged and bio-porosity for the cylinder
and aggregate samples. Both curves are represented on a scale that allows visualization of their

growth up to approximately 95%, for a better comparison of their differences.

3.2.2.1 Aggregate scale, total imaged porosity.

For the total imaged porosity at the aggregate scale, no statistically significant differences were
observed among the rhizospheric and the bare soil, although the porosity values within the aggregate
suggested that the presence of roots might result in a larger pore volume fraction (p= 0.11) and
greater imaged pore connectivity, as indicated by lower Euler numbers (Fig. 4) Similarly to what we
observed for the cylinder samples, the non-normally distributed percolation theory parameter (Fig. 5)

showed significant differences between rhizospheric samples and bare soil, the percolation threshold
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was higher in the control samples than in the rhizospheric values (p < 0.01). These results indicate
that, although rhizospheric soil is known to be more compacted than bulk soil (Dexter, 1988, Whalley
et al., 2005; Daly et al., 2015; Lucas et al., 2019a) it also exhibits a more connected structure
(Helliwell et al., 2019), with roots promoting enhanced structural connectivity across the two scales

assessed.

3.2.2.2 Aggregate scale, bioporosity

Bioporosity inside the aggregate is likely determined by the growth of fine roots (Hendriks et al.,
2022) (Fig. 10).

Total imaged porosity Bio-porosity

Scnatore Scnatore

Paragon Paragon

Figure 10. Tomographic images of total imaged porosity and bioporosity of the three cultivars for the

one representative aggregate sample. The color shades represent the pore diameter.
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In the aggregate samples, no significant differences were found for the total bioporosity fraction
parameter. However, the results suggest a lower bioporosity fraction in the bare soil samples. Since
this pattern was not observed at the cylinder scale, we speculate that bioporosity associated with fine
root growth may be less persistent than that associated with larger roots. Interestingly, the cultivar
Watkins238 showed higher values for surface area (p < 0.1) and mean curvature (p < 0.1) of the
aggregates compared to bare soil samples. These two functionals likely enhance the development of
the microbiome and increase the surface area available that roots encounter for exchanges of nutrients,

gases and water fluxes (San José Martinez et al., 2015).

3.2.2.3 Aggregate scale, pore size distribution

For pore diameters ranging between 0.03 mm and 1.5 mm, the Inverse Gamma model
fitting was not performed on the control samples (Fig. 9), since as indicated in Fig. 4
and 7 there was an order-of-magnitude difference in porosity between the bare and the
rhizospheric soil. Consequently, illustrating a distribution function across such
different volumes would not provide a representative comparison. The pairwise
comparisons among the rhizospheric samples showed significant differences for
Watkins238 vs. Senatore-Cappelli (p < 0.01) and Watkins238 vs. Paragon (p < 0.01).
Analysis of the biopores at this resolution resulted in significant differences for
Senatore-Cappelli vs. Watkins238 (p < 0.01) and Senatore-Cappelli vs. Paragon (p <
0.01). Similarly, to the bioporosity investigated in the larger diameter range, Senatore-
Cappelli consistently exhibited slower increase in the curves, with 90% of bioporosity
below 1 mm compared to 97% for both Watkins238 and Paragon. The Paragon and
Watkins238 cultivars, which have thicker roots, may cause greater compaction of the
rhizospheric soil during exploration in this size range, which may ultimately lead to
enhanced soil microporosity as root decay. During the decomposition process, the
substantial loss of water from roots and root hairs causes a reduction in their diameter,
creating voids previously occupied by the root structures, which are subsequently filled
with air (Lucas, 2022). These voids, or biopores, improve soil structure by enhancing
aeration, water infiltration, and retention. Furthermore, the decomposition of roots
enriches the biopore walls with nutrients and promotes microbial activity, creating

hotspots for nutrient cycling and contributing to soil health and fertility (Wendel et al.,
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2022), and potentially enhancing water retention and structural stability at this scale.
This behavior, and our results indicating that soil underwent compaction for pores in
the range between 0.1 and 0.5 mm, are consistent with previous research reporting that
roots decrease porosity in rhizosphere plots, especially for macropores (> 0.25 mm)
(Lucas et al., 2019a). The authors indicated that these effects depend on the initial bulk
density, but that bulk density alone is not sufficient to explain this complex behavior.
This was also discussed by Dexter, 2004, who reported that compaction around roots
also depends on other soil physical properties such as the organic matter content and
water retention capacity. The authors maintained that the ability of the roots to grow
into an already connected soil affects the eventual impact on the pore size distribution.
Therefore, the connectivity parameters measured in the overall imaged pore system are
not only influenced by plant roots but also shape their growth, creating a dynamic
relationship of mutual influence. These results may explain the scale dependent effect
on the imaged pore size distribution of the three wheat cultivars that was found between
the pore size ranges of 0.05 to 0.5 mm (aggregate) and 0.5 to 2 mm (cylinder), and
demonstrates that the influence of the root morphology on the physical properties of a

particular soil varies depending on the pore size range analyzed.
3.2 Root traits impact on total imaged porosity

The ANOVA results show that the root traits of the cultivars mainly affect the percolation threshold
for both cylinder and aggregate scale, with bare soil displaying significantly higher values than
Paragon, Senatore Cappelli, and Watkins238 (p < 0.01). These results suggest that the cultivars
Paragon, Senatore Cappelli, and Watkins238 might modify specific soil characteristics. Tukey’s post
hoc tests confirmed these differences, suggesting a negative effect of bare soil on soil permeability.
These findings are relevant to advancing our capability to introduce root traits with potential to
influence the soil structure. Particular root traits showed specific correlation on soil properties (Fig.
11), showing how specific root trait could be correlated with specific soil physical property. Crown
network area was positively associated with MO (p < 0.05), M1 (p = 0.05), GAMMA (p < 0.05), and
uPT (p <0.001), while negatively affecting M2 (p <0.05). Those correlations suggest decreased bulk

density in the rhizospheric zone, this being consistent with previous research (Aravena et al., 2011;
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Lucas et al., 2019a; Helliwell et al. 2019, Phalempin et al., 2021) that reported compaction around

the growing roots.
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Figure 11. Effect of each root trait on the statistically significant soil morphological parameters
obtained by using a mixed linear model, on total imaged porosity. When a parameter does not show
it means it was not statistically significant. Symbols for the root are Avg = Average Root Diameter,
Frmp = Fragmented Root Morphological Pattern, NuRT = Number of Root Tips, Per = Perimeter,
ShaF/SteepF = Shallow and Steep Angle Frequency, Total = Total Root Length, Vol = Root

Volume.

Shallow angle frequency was positively associated with GAMMA (p < 0.05), whereas steep angle
frequency was negatively correlated with the same parameter (p < 0.05).

Branching frequency showed contrasting effects depending on the soil variable. It was positively
associated with MO (p <0.01), M1 (p <0.001), and GAMMA (p <0.01), while showing a significant

negative correlation with M3 (p < 0.01). A weaker negative association was also found with
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LGAMMA (p = 0.05).

Root diameter presented a positive relationship with MO (p < 0.05), M1 (p < 0.001), and GAMMA
(p = 0.05), while being negatively correlated with M3 (p < 0.01). Maximum root diameter had a
positive effect on MO (p < 0.05), M1 (p = 0.05), GAMMA (p < 0.05), and uM3 (p < 0.05), while
showing a negative correlation with M2 (p <0.05). Those correlations suggest that thicker roots could
decrease bulk density, confirming previous studies results (Aravena et al., 2011; Lucas et al., 2019a;
Helliwell et al. 2019, Phalempin et al., 2021). Our results confirmed that root diameter might affect

multiple soil properties, as previously suggested by Lu et al., 2020.

3.3 Root traits impact on soil bioporosity

The effect of the different root traits on the bioporosity morphology was assessed by combining the
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root features of the three genotypes and tested for correlation with each bioporosity parameter. Fig.

12 depicts the root traits that presented a statistically significant effect on bioporosity.
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Figure 12. Effect of each root trait on the statistically significant soil morphological parameters
obtained by using a mixed linear model, on bioporosity. When a parameter does not show it means it
was not statistically significant. Symbols for the root are Avg= Average Root Diameter,
Frmp = Fragmented Root Morphological Pattern, NuRT = Number of Root Tips, Per = Perimeter,
ShaF/SteepF = Shallow and Steep Angle Frequency, Total =Total Root Length, Vol = Root

Volume.

At the aggregate scale, branching frequency and root length were positively associated with uMO (p
< 0.05). At the cylinder scale, root diameter and branching frequency were positively associated with
MO (p < 0.05). FRMP exhibited a strong negative correlation with M0, M1, and M2 (p < 0.01).
Interestingly, tap root length and root length showed weak positive correlations with M2 and M3 (p
= 0.05). Shallow angle frequency was negatively associated with M1, M2. In contrast, steep angle

frequency was positively correlated with M1 and M2.
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4. Conclusion
This study provides further insight into the potential influence of wheat root traits on soil physical
properties, particularly on the pore network structure. By combining non-destructive X-ray
tomography with 2D root phenotyping, we explored how different genotypes may contribute to
modifying soil structure under controlled conditions. While no significant differences were detected
in total porosity, our findings suggest that root development can enhance pore connectivity and reduce
the percolation threshold, potentially improving water and air transport within the soil. Differences
in bioporosity distribution across genotypes and scales indicate that root system morphology,
including traits such as diameter, branching frequency, and root length, may play a role in shaping
the rhizospheric soil. However, the observed effects appear to be scale-dependent and may vary with
root persistence, compaction, and post-harvest decomposition processes. Further research is needed
to validate these patterns under field conditions and assess the long-term implications of root traits

on soil structure and functionality.
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Abstract

This study examined how contrasting root architectures of four wheat genotypes, two modern
cultivars (Paragon, Bologna) and two landraces (Watkins 238, Senatore Cappelli), modify soil
hydraulic behaviour under field conditions. Baseline (pre-sowing), bulk (fallow), and rhizosphere
soils were characterised for water retention, unsaturated hydraulic conductivity, and pore size
distributions derived from fitted retention curves. Root morphological traits were quantified using

crown imaging and root scanning.

Genotypes differed markedly in both root traits and their associated hydraulic responses. Paragon,
Watkins 238, and Senatore Cappelli exhibited bimodal pore size distributions, whereas Bologna,
baseline, and bulk soil displayed unimodal behaviour, indicating a less heterogeneous pore structure.
Watkins 238 achieved the most significant improvement in hydraulic properties, increasing plant-
available water to 0.21 m*> m™ (vs. 0.15 m? m™ in baseline), driven by a lower permanent wilting
point (0.12 m* m™®) and higher field capacity (0.34 m® m™). Watkins 238 also displayed higher
unsaturated conductivity, with hydraulic conductivity at field capacity and wilting point significantly
higher than baseline and Bologna, and an area under the K(y) curve of 46.1, more than double that

of other genotypes.

Root network area, root diameter, and branching frequency were significantly correlated with water
retention parameters and conductivity metrics, indicating that root systems reshape the pore network
and soil hydrological properties. These findings suggest genotype-specific modification of hydraulic
processes and highlight opportunities to leverage root traits to enhance water availability and

resilience under water-limited conditions.
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1. Introduction

Soil health underpins agricultural productivity and resilience to climate variability, with the
regulation of water availability being a central function (Bronick and Lal, 2005; Doran and Parkin,
2015). This regulation is governed by soil structure and pore network connectivity, which control
water infiltration, retention, and redistribution through the soil matrix (Dexter, 2004; Young and Ritz,
2005; Rabot et al., 2018). These physical attributes strongly influence plant water supply and

susceptibility to erosion or waterlogging (Bordoloi et al., 2019).

Soil hydraulic properties provide a quantitative framework for describing water retention and
flow. Advances in measurement and modelling now enable improved characterisation of pore-scale
processes and hydraulic behaviour (Bezerra-Coelho et al., 2018). Soil hydraulic properties are
governed by soil pore architecture and mediate water retention and transport; in vegetated systems,
roots and associated biota modify pore networks, thereby altering hydraulic behaviour (Lu et al.,

2020).

Water retention and flow in unsaturated soils depend on the relationship between water
content, water potential, and hydraulic conductivity (Bittelli et al., 2015). Saturated hydraulic
conductivity (Ks) describes water transmission through saturated soil, underpinning infiltration and
runoff dynamics (Hillel, 1998; Jury and Horton, 2004), while water retention and unsaturated
conductivity are essential for modelling water and solute transport, as accurate parameterisation is
required to solve Richards’ equation (Mualem, 1976; van Genuchten, 1980). Consequently, soil
hydraulic properties are foundational for estimating soil water budgets and have broad applications

in hydrology and agriculture (Lal and Shukla, 2004; Simiinek et al., 2024).

Root systems play a central role in shaping soil structure and hydraulic properties by
influencing aggregation, pore formation, and water flow through mechanical and biochemical

processes (Bengough et al., 2011; Gregory, 2006; Hallett et al., 2022; Lynch, 1995). Through growth,
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turnover, and interactions with the soil matrix, roots drive soil structural evolution and exhibit
substantial complexity and plasticity, reflecting adaptation to heterogeneous soil environments
(Hodge et al., 2009; Grossman and Rice, 2012). Beyond enabling anchorage, resource uptake, and
carbohydrate storage (Evert, 2006), roots act as ecosystem engineers, exerting mechanical forces,
depositing organic compounds, and altering pore continuity as they explore the soil. This architectural
plasticity supports plant responsiveness to biotic and abiotic stresses (Bardgett et al., 2014), thereby
reshaping pore architecture and water flow pathways. Advancing our understanding of root—soil
interactions and their consequences for soil structure is therefore critical for enhancing soil hydraulic

functionality and supporting long-term agricultural sustainability (Dexter, 2004).

The rhizosphere, the narrow zone of soil directly influenced by root activity, is a dynamic
interface where biological processes actively reshape soil structure and hydrology (Wang et al., 2022).
Penetration and radial expansion of roots modify the physical arrangement of the soil matrix by
creating new pore spaces and altering the size distribution and connectivity of existing pore networks
(Bengough et al., 2011; Jin et al., 2013). These physical modifications have immediate effects on soil
water infiltration and drainage, but also create lasting changes to soil hydraulic properties, including
soil water retention capacity, permeability, and aeration (Bronick and Lal, 2005). Root exudates and
organic compounds further modify the soil environment by influencing aggregate stability and pore
architecture, amplifying the structural legacy that persists after root senescence (Carminati and

Vetterlein, 2013).

While interspecific differences in root—soil interactions have been explored (Helliwell et al.,
2017; Staszel-Szlachta et al., 2024), emerging evidence indicates that genotypes within a single crop
species can also differ in their capacity to alter pore structure (Koebernick et al., 2019; Lucas et al.,
2019; Zhou et al., 2021). In wheat, documented genotypic variation in root system architecture (RSA)
and rhizodeposition suggests the potential for divergent impacts on soil physical properties (Bodner

et al., 2014; White et al., 2015; Corneo et al., 2016; Fradgley et al., 2020). Building on our previous
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findings that wheat genotypes vary in root morphology and near-root soil structure (Dimattia et al.,
2025), this study investigates whether such variation translates into measurable differences in soil

hydraulic properties.

The physical influence of roots on soil occurs through multiple interacting mechanisms.
During growth, roots mechanically rearrange soil particles, create new macropores (>30 um) through
penetration, and can either clog existing pores or facilitate their formation depending on root diameter
and branching patterns (Bodner et al., 2014; Lu et al., 2020). Root activity also modifies soil
aggregation, causing macro-aggregate (>250 pm) fragmentation in the rhizosphere while promoting
micro-aggregate (2-250 pm) formation through the binding effects of root exudates and associated
microbial activity (Hallett et al., 2022). Following senescence, decomposing roots leave behind bio-

channels that enhance macroporosity and create preferential flow paths (Bodner et al., 2014).

While the effects of agricultural management on soil hydraulic properties are well
documented (Blanco-Canqui et al., 2007; Strudley et al., 2008), root-induced modifications remain
challenging to quantify, particularly under field conditions and at larger spatial scales. This difficulty
arises because root morphological traits—including diameter, density, and architectural
configuration—can have contrasting effects on water retention and hydraulic conductivity depending
on soil texture, moisture conditions, and the stage of root development or decay (Carminati et al.,

2016; Lu et al., 2020)

However, quantifying root architecture under field conditions is essential for understanding
its influence on soil physical processes, as field-based phenotyping approaches provide realistic

measures of root system expression and spatial organisation (Trachsel et al., 2011).
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In this study, we investigate how contrasting wheat root traits influence soil structure and
hydraulic behaviour. We quantified root architecture under field conditions and measured soil
hydraulic properties in the laboratory, enabling an assessment of genotype-specific effects on pore
structure and water flow. These datasets were integrated to identify key relationships between root
traits and hydraulic parameters, providing insight into the mechanisms by which roots modulate soil

hydraulic properties.

2. Materials and methods

2.1 Field trial and wheat genotypes

The field experiment was conducted at the DISTAL experimental farm (Department of Agricultural
and Food Sciences, University of Bologna) in Cadriano (Bologna, Italy; 44.5491° N, 11.4130° E).
The climate is subhumid, characterised by a mean annual temperature of 12.8 °C and an average

annual precipitation of 924 mm.

Baseline physical and chemical soil properties were characterised prior to the experiment
(Supplementary Table 1). Baseline soil hydraulic properties were assessed by collecting three
undisturbed soil cores before sowing using standard sampling cylinders, following the procedure

described by Lipovetsky et al. (2020).

Four wheat genotypes were used to evaluate the influence of root systems on soil hydraulic
properties: Watkins 238 (landrace bread wheat), Paragon and Bologna (modern elite bread wheat
cultivars), and Senatore Cappelli (durum wheat landrace). These genotypes represent
phylogenetically distinct material from both hexaploid and tetraploid wheat collections (Wingen et
al., 2014; Maccaferri et al., 2019). They were selected following a preliminary screening of root
morphology performed on 20 wheat genotypes, for which principal component analysis
(Supplementary Fig. 1) identified the greatest divergence in root architectural traits. All four
genotypes were included in the experiment to assess soil hydraulic properties and associated soil
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parameters. The field trial was arranged in randomised complete block design with three replicates
per genotype. The wheat genotypes were cultivated in plots of 6 m?, each sown-on November 26,
2022, at a density of 23 g of seeds per m?. The experimental area had not undergone any tillage
operations for the previous two years. During the growing season, nitrogen fertiliser was applied
twice at a rate of 24 kg N ha™' per application: the first during the tillering stage on February 13, 2023,

and the second at stem elongation on April 17, 2023.

2.2 Root characterization

Soil monoliths (40 cm length x 30 cm depth) were excavated at the flowering stage from each
plot and root systems were carefully washed. For each plot, three representative plants were selected
to capture the typical phenotypic expression of the genotype under field conditions. Plants were
chosen based on key morphological criteria (tiller number, plant height, root dimensions) that reflect
the primary drivers of root—soil interactions. Individuals exhibiting visible abnormalities (e.g., pest
damage, disease symptoms, lodging, mechanical injury) were excluded to avoid confounding effects
unrelated to genotype performance. This targeted selection approach is consistent with standard field
sampling practices for root and rhizosphere characterisation, where destructive sampling imposes
practical limitations, and the aim is to represent the modal phenotype rather than outliers (Trachsel et
al., 2011; York et al., 2018). Root crown imaging and individual root component scanning were
conducted according to the methodology described by Dimattia et al. (2025), which includes frontal
and rotated image acquisition for root crown architecture and high-resolution scanning of seminal

and nodal roots in water-filled chambers (Supplementary Fig. 2).

Root image analysis was performed using RhizoVision Explorer, an established platform for
quantitative characterisation of root traits (Seethepalli et al., 2021). Crown images were subjected to
whole-root architectural analysis, extracting traits describing overall spatial occupation and

orientation, including root network area, convex area, morphological fragmentation patterns, and root
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angle (shallow vs. steep) consistent with the framework of Le Marié¢ et al. (2019). Scanned root
components were analysed using the broken-root analysis to quantify dimensional and branching
attributes, following trait definitions commonly adopted in root phenotyping research (Freschet et al.,
2021; Dimattia et al., 2025). Extracted metrics included total scanned root length, diameter-class
lengths (<0.45 mm and >0.45 mm), average and maximum diameter, number of root tips and
branching points, and branching frequency. Root morphology data for Paragon, Cappelli, and Watkins
238 have been previously reported in Dimattia et al. (2025) and are incorporated here to enable a
broader comparative assessment of genotype performance within the expanded experimental

framework.

2.3 Soil sampling and measurement of hydraulic properties

Undisturbed soil cores (inner diameter 8 cm, height 5 cm) were collected using standard
sampling cylinders (Lipovetsky et al., 2020). At the end of the growing season, we collected soil cores
(10-15 cm depth) per genotype and per plot from within the crop row to capture soil influenced by
root activity. To provide a reference baseline, three bulk-soil cores were collected from the inter-row

area at an equivalent depth, representing soil minimally influenced by roots.

Saturated and unsaturated soil hydraulic properties were measured using a combination of
established laboratory techniques. Soil water retention curves (SWRCs) were determined using the
evaporation method (Wind, 1968) and the dew point potentiometer technique (Campbell et al., 2007).
Saturated hydraulic conductivity was measured using the constant head method, a widely applied
approach for core-scale saturated flow assessment (Klute and Dirksen, 2018). Unsaturated hydraulic
conductivity (K) was derived by applying an inverse solution of Richard’s equation to data obtained

from the evaporation experiment, following the approach of Peters and Durner (2008).

Saturated hydraulic conductivity was measured using the constant head method (pressure
head =5 cm) with the KSAT system (METER Group AG, Munich), following the procedure described
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by Sarkar et al. (2019). Before measurement, soil cores were saturated for 72 h to ensure complete
water filling of the pore space. Ks values were replicated three times for each core and subsequently
normalised to a reference temperature of 10 °C to correct for the effect of water viscosity on flow
rate, in accordance with standard practice for comparative hydraulic analysis (Klute and Dirksen,
2018). After K determination, soil cores were re-saturated for 12—24 h to restore uniform hydration

before subsequent hydraulic measurements.

SWRCs and K from 0 to approximately 120 J kg™' were determined using the HYPROP2
evaporation method (METER Group Inc., Pullman, WA, USA), following the procedures described
by (Peters and Durner, 2008) and (Schindler et al., 2010). During these measurements, the mass of
the soil cores and the matric potential values were recorded every 10 min using two tensiometers
inserted at different depths in each core. The analysis was terminated upon reaching the air entry point
of the ceramic plates in the tensiometers, as indicated by the system's measurement protocol. At this
stage, the entire sample, including the sampling cylinder, was weighed to determine its wet mass. The
evaporation method yields matric potential measurements down to 120 J kg™!, limited by the air entry
value of the ceramic tensiometers. To extend the measurement range to lower water potentials, a dew

point potentiometer was employed (Singh and Verdi, 2024).

Upon completion of the HYPROP2 analysis, each soil core was vertically bisected. Three
subsamples were collected from the inner portion of the core for subsequent determination of water
potential using a dew point potentiometer (WP4C, Meter Group Inc., USA). These subsamples were
taken from: (i) the upper distal section, representing the driest zone, (ii) the central section,
corresponding to intermediate moisture conditions; and (iii) the lower distal section at the height of

the smaller tensiometer, where water content remained comparatively higher (Singh and Verdi, 2024).

Those subsamples were analysed with the WP4C device to determine their water potential.

To measure the water content value, the subsamples were dried at 105.5 °C for 24 h after the WP4C
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analysis, along with the remaining soil from the cylinder (excluding the subsamples). The dried
subsamples were reintegrated with the primary core to calculate the total dry weight of the soil

sample.

2.4 Parameterisation of the unsaturated hydrological properties

Soil water retention curves were parameterised using the bimodal van Genuchten model (Durner,
1994; Seki et al., 2022) to account for dual-pore systems influenced by root architecture. This model
is suitable for capturing the structural and textural pore domains typically associated with root

channels and soil aggregates.

(Durner, 1994)

6—0, k 1
Sf,':: pr— i

where S, [-] is the degree of saturation, & [m® m™] is the water content, s [m® m>] is the saturated
water content, &, [m® m>] is the residual water content, ¥ [J kg'!] is the matric potential, a is the
inverse of the air-entry potential [kg J'], n [-] and m [-] are shape parameters determining the curve

steepness and shape, where m =1 - 1/n.

Field capacity (FC) and permanent wilting point (PWP) were computed from the soil water retention

curve as:
FC = 0@ = 33Jkg V)

PWP = 8(y = 1500/ kg™)

Plant-available water (PAW) was then calculated as:

PAW = FC — PWP
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Soil water potential is reported in absolute values in this study to facilitate curve-fitting procedures
and graphical representation on logarithmic scales. Further details on parameter interpretation can be

found in Durner (1994) and van Genuchten et al. (1992).

The fitting routine of Bittelli et al. (2015) was adapted to allow bimodal parameterisation, in which a

weighting factor assigns the relative contribution of each pore domain.

T

K(¥) = K,5.(4)" li w; (1-(1- Si(w)#)m")]

=1 @)
where K(1) is the unsaturated hydraulic conductivity [kg s m>], Ks is the saturated conductivity
[kg s m™], T is the tortuosity parameter, and » is a parameter determined by the model used for
integration of the pore size distribution (Bittelli et al., 2015). Empirical parameters 1=0.5 and r=2
were used, reflecting values commonly applied in hydraulic conductivity models and selected here
to ensure comparability with previous studies and to reduce parameter uncertainty. Unsaturated
hydraulic conductivity was estimated using a custom Python implementation and compared against
experimental observations. Further analyses of the SWRCs were carried out to evaluate model

performance and hydraulic behaviour (Bittelli et al., 2015).

To investigate the effect of root traits on pore-size distribution, matric potential values from
the SWRCs were converted to equivalent pore-size radii using the capillary equation (Jury and
Horton, 2004). Numerical differentiation of the resulting function was then used to derive a pore-
size probability density function (PDF). Indeed, by employing the capillary model approximation,
the SWRCs can be interpreted as a pore size distribution, with water occupying larger pores at low
matric potential and progressively smaller pores as potential increases (Durner, 1994; Tuller et al.,
1999). Rearrangement of the capillary equation allows direct estimation of pore radius from matric

potential, enabling quantification of root-induced shifts in pore structure.

97


https://paperpile.com/c/HO9jXb/sHGVV
https://paperpile.com/c/HO9jXb/sHGVV
https://paperpile.com/c/HO9jXb/HyYh9+2ksam
https://paperpile.com/c/HO9jXb/HyYh9+2ksam

_ 2ycosp
Pﬂl’m (3)

c

where r.is the pore radius, y is the surface tension of water [72 * 0.001 N m™'], p;is the density of
water [1000 kg m>], B is the contact angle [30°] converted to radians for solution of eq. 3 and Ym
[J kg!] is the soil matric potential. Constant values are selected based on typical values for soils
(Bittelli et al., 2015). Parameterisation of the SWRCs provided a continuous function of matric
potential, which was converted to a cumulative pore-radius distribution (Eq. 3). The pore-size
probability density function (PDF) was derived using five-point numerical differentiation with
Lagrange polynomials (Burden and Faires, 1997; Bittelli et al., 2015). For bimodal distributions,
the PDF exhibited two modes, whose peak positions were identified from the second derivative of
the curve. The bimodal van Genuchten model was fitted independently to each of the three SWRCs
replicates, and the resulting parameter estimates were treated as experimental units to preserve

statistical independence for genotype comparisons and avoid pseudoreplication.

The slope of the hydraulic conductivity curve between FC and PWP in log—log space was
calculated as an indicator of the decline in conductivity across the PAW range (Ahuja et al., 1985;
Rawls et al., 1998). In addition, the area under the predicted K(y) curve (AUC) was determined by
trapezoidal integration to provide an integrated measure of unsaturated hydraulic conductivity
(Alexander and Skaggs, 1986). Together, slope and AUC complement point-based metrics (e.g., Krc

, Kwp) by summarising hydraulic behaviour across the full potential range.
2.5 Statistical Analysis

Data normality was evaluated using the Shapiro-Wilk test and QQ plots. To satisfy normality
assumptions and stabilise variance, hydraulic parameters describing soil water retention and
conductivity were loglO-transformed prior to analysis. For brevity, these variables are referred to
without the log-prefix throughout the text. Conversely, volumetric water content parameters (FC,
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PWP, PAW) and weighting coefficients (w0, wl) were analysed in their original linear scale, as they
vary within a narrow numerical range and meet parametric assumptions (Liu and Lennartz, 2019).
Differences among genotypes were assessed using ANOVA for soil physical parameters and root

phenotypic traits, followed by Tukey’s post-hoc test where significant effects were detected.

To examine associations between root traits and soil hydraulic properties, mixed linear models
(LMMs) were fitted, each testing the influence of a single root trait on a corresponding soil variable.

Statistical significance was set at p < 0.05.

3. Results

3.1 Wheat genotypes differed in root morphological and topological traits

Root traits of Paragon, Cappelli, and Watkins 238 were previously characterised in a related study
(Dimattia et al., 2025). Here, we extend the analysis by including the Bologna genotype and
integrating the dataset to examine genotype-driven effects on soil hydraulic properties. Significant

genotypic variation was observed across multiple root morphological and topological traits (Table 1).

Bologna exhibited the most compact root system, with significantly smaller network area than
Paragon (p <0.05) and Cappelli (p <0.01), and smaller convex area than Cappelli (p <0.01). Bologna
also showed lower fragmented root morphological pattern (FRMP) values than Paragon (p < 0.05)
and Watkins 238 (p < 0.01), with consistently higher steep-angle frequencies than all other genotypes

(p <0.05).

Table 1. Root morphological and topological traits across four wheat genotypes. Whole root analysis
characterises overall root system architecture (network area, convex area, angular distribution,
fragmentation). Broken root analysis quantifies individual root segments (length, diameter,
branching). Values are means + standard error. FRMP, fragmented root morphological pattern; D1,

root length with diameter < 0.45 mm; D2, root length with diameter > 0.45 mm. Significance based
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on ANOVA: *p < 0.1, **p < 0.05, ***p < 0.01; ns, not significant. Data for Paragon, Senatore

Cappelli, and Watkins 238 were previously reported in Dimattia et al. (2025).

p_

Senatore

Watkins

Root Trait value Paragon Cappelli 238 Bologna
Whole root analysis
4435 £+ 5667 £+ 4145 £+ 2359 &+
sksk
Network area (mm?2) 361 391 454 381
15002 + 16291 <+ 14714 <+ 11315 =+
kk
Convex area (mm2) 1460 2206 1659 1724
022 £ 024 £ 023 + 019 +
Shallow angle frequency ns 0.02 001 0.01 0.02
Steep angle frequenc ns 0.51 £ 046 £ 048 £ 0.53 =
P angre jrequency 0.02 0.01 0.02 0.02
FRMP * 451+£27 637+£86 63675 295+£51
Broken root analysis
Root tips ek 894 £ 127 50660 237+45 434+32
6086 + 3200 + 1353 + 3479 +
skskk
Total root length (mm) 278 416 320 273
1157 +
Root length D2 (> 0.45mm) HHE 100 546 £ 175 283 +42 524443
4928 + 2654 + 1170 + 1954 +
skskk
Root length D1 (< 0.45 mm) 734 743 249 183
3479 + 1447 + 979.22 =+
; ; skskk
Branching points 612 189 635+ 165 08
0.69 £ 0.35 + 029 + 034 +
’ kskok
Branching frequency (1/mm) 0.08 0.01 0.03 0.02
1.93 + 1.17 + 119 + 122 +
7 sk
Max root diameter (mm) 0.50 013 0.56 0.34
0.93 + 056 + 060 =+ 076 +
; sksk
Root diameter (mm) 0.09 0.01 0.02 0.08

Paragon displayed the most extensive root system, with the highest number of root tips, total root
length, branching points, and branching frequency, and differed significantly from Bologna and

Watkins 238 (p < 0.001 for most comparisons). Cappelli showed intermediate values with
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significantly greater root length and branching than Watkins 238 (p < 0.05). Watkins 238 exhibited
the finest root system with significantly smaller average and maximum diameters than Paragon (p <

0.05), but the lowest overall root development metrics among all genotypes.

3.2 Rhizospheric hydraulic properties differ among the wheat genotypes

Significant differences emerged among soil samples for multiple parameters derived from retention
curves (Table 2, Supplementary Fig. 3). Retention curves were fitted to the pooled data from all
replicates to facilitate visualisation. The bimodal van Genuchten equation fitted the data well (mean
RMSE = 0.025 + 0.015 J kg™"), indicating consistency between the observed and modelled values
throughout the entire range of matric potentials, with greater variability near saturation reflecting

spatial heterogeneity among soil cores (Supplementary Fig. 3).

Rhizosphere soils exhibited higher saturated water content (6;) than bulk soil, with Watkins 238
showing the highest values (p < 0.001 vs. bulk; p <0.05 vs. Bologna). This pattern indicates that root

presence increases total porosity compared to bulk soil.

Watkins 238 also displayed the smallest o value (p < 0.001 vs. all other soil samples), indicating
smaller pore sizes near saturation than those of other genotypes. Since ou represents the reciprocal of
the air-entry value for larger pores, this suggests that the fine, highly branched root architecture of

Watkins 238 creates a denser network of smaller macropores.

The shape parameter n: was significantly higher in Watkins 238 than Bologna, Paragon, and baseline
soil (all p < 0.01), indicating a broader pore size distribution in the macropore domain. Three
genotypes (Paragon, Cappelli, Watkins 238) exhibited bimodal behaviour with distinct macropore
and micropore domains, while Bologna, baseline, and bulk soil showed unimodal distributions. No
significant differences in secondary pore parameters (o2, n2, wi) were observed among the three

bimodal genotypes.
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Table 2. Hydraulic properties of baseline, bulk, and genotype-specific rhizosphere soils derived from
retention curves. Parameters estimated using bimodal van Genuchten model fitted to pooled replicate
data. 0, saturated volumetric water content; ou and o, shape parameters (inverse air-entry values) for
macropore and micropore domains; n: and nz, pore size distribution indices; Ks, saturated hydraulic
conductivity; wo and w1, weighting factors for bimodal distribution; FC, field capacity (water content
at -33 kPa); PWP, permanent wilting point (water content at -1500 kPa); PAW, plant-available water
(FC - PWP); k at FC and PWP, unsaturated hydraulic conductivity at field capacity and permanent
wilting point; AUC, area under hydraulic conductivity curve; slope, gradient of log k vs. log matric
potential. Values are means + standard error. Significance based on ANOVA: *p < 0.1, **p < 0.05,

*#%p < 0.01; ns, not significant.

Soil p-value Baseline Bulk Parago Senatore Watkins Bologna
Paramete Soil n Cappelli 238
r
log 0s otk - - - - - -
0.73£0.0 0.81+£0.0 0.66+0.0 0.70+0.01 0.64+0.0 0.75+0.0
3 5 3 4 6
log al otk - - - - - -
1.18+0.0 3.41+0.3 1.41+0.6 3.57+0.11 4.75+1.1 1.00+0.1
4 1 6 5 9
log a2 ns - - - - - -
243+2.7 1.02+0.11 0.89+0.4
9 2
log n1 oAk 0.18+0.0 0.23+0.0 0.19+£0.0 0.27+0.04 0.36+0.1 0.16+0.0
1 1 3 3 1
log n2 ns - - 0.88+0.3 0.53+0.25 0.53+0.1 -
9 9
log Ks otk 2.66+0.1 3.01+0.0 3.53+0.0 2.85+0.15 3.49+0.1 3.26+0.0
1 7 5 6 7
wo ns 1 1 0.87+£0.0 0.73+0.04 0.64+0.0 1
6 1
wl ns 0 0 0.13+0.0 0.26+0.03 0.36£0.0 O
6 1
FC otk 0.27+0.0 0.31+£0.0 0.32+0.0 0.32+0.01 0.34:0.0 0.30+0.0
1 1 0 0 1
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PWP ok 0.12+0.0 0.13+0.0 0.16+0.0 0.14+0.01 0.12+0.0 0.14+0.0

0 0 0 1 0

PAW oAk 0.15£0.0 0.19+£0.0 0.16+0.0 0.19£0.01 0.21£0.0 0.16+0.0
1 0 0 1 1

log K at *** - - - - - -

FC 5.78£0.4 3.73+£0.1 4.68+1.0 3.79+0.41 2.72+1.3 5.57+0.3
2 2 5 8 1

log K at *** - - - - - -

PWP 9.92+0.4 8.11£0.1 8.85+0.9 8.36+0.52 7.29+1.4 9.60+0.3
7 3 0 9 4

AUC oAk 7.70£1.4 2496+3. 21.15+6. 21.06+3.5 46.10£16 10.70+2.
5 78 87 3 .20 07

slope ok - - - - - -
2.50+0.0 2.64+0.0 2.51+0.1 2.76+0.13 2.76+0.2 2.43+0.0
4 2 0 0 3

Watkins 238 exhibited the highest field capacity (FC = 0.34 m®* m™>; p < 0.01 vs. baseline and
Bologna) and lowest permanent wilting point (PWP=0.12 m* m3; p <0.05 vs. baseline and Paragon),
resulting in the greatest plant-available water (PAW = 0.21 m?® m?), significantly exceeding baseline
(p <0.01), Paragon (p < 0.05), and Bologna (p < 0.01). Senatore Cappelli showed intermediate PAW
(0.19 m*> m™), also higher than baseline (p < 0.01). These genotypic differences in water retention
across the plant-available water range are illustrated in Fig. 1, which highlights a detail of the retention

curves between field capacity and wilting point thresholds.

Rhizosphere soils of Paragon and Watkins 238 exhibited significantly higher K than baseline (p <
0.001), bulk soil (p <0.001), and Senatore Cappelli (p < 0.001). Bologna also exceeded baseline (p

< 0.001), while Senatore Cappelli showed lower K; than Bologna (p <0.01).

Based on the van Genuchten-Mualem framework (Mualem, 1976; van Genuchten, 1980), hydraulic
conductivity was estimated across the full range of matric potentials (Fig. 2). Watkins 238 maintained
higher conductivity throughout the entire drying range compared to other genotypes and baseline soil,

with significantly higher conductivity at field capacity (Krc) than Bologna (p < 0.01), baseline (p <
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0.01), and Paragon (p < 0.05), and higher conductivity at permanent wilting point (Kwp) than baseline
(p <0.01) and Bologna (p < 0.05). The area under the conductivity curve (AUC), which integrates
hydraulic performance across the entire moisture range (Assouline, 2001), was significantly greater
for Watkins 238 (46.10) than all other treatments (p < 0.05 to p < 0.001), indicating superior water

transmission capacity throughout the drying cycle.
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Figure 1. Soil water retention curves for soils influenced by contrasting wheat genotypes and bulk
soil. Water content (m* m?) is shown as a function of soil water potential (J kg™) for soils associated
with the genotypes Watkins, Paragon, Cappelli, and Bologna, alongside a baseline soil and bulk soil
control. Curves illustrate genotype-specific differences in water retention across the full matric
potential range. The inset highlights the agronomically relevant range between field capacity (FC;
~10'-* J kg™") and wilting point (WP; ~10°-2 J kg™'), emphasising differences in plant-available water

among treatments.
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The slope of log(K) vs. log(y) was less negative for Watkins 238 and Senatore Cappelli than Bologna
(p < 0.01), indicating more gradual conductivity decline during soil drying—a favourable trait for

sustained water supply under water-limited conditions.

Watkins 238 displayed the smallest a1 value, significantly different from Bologna (p <0.001),
Paragon (p < 0.001) and baseline soil (p < 0.001), while Senatore Cappelli and bulk soil also
presented lower a1 than Bologna (both p <0.001) and Paragon (both p <0.01). Additionally, bulk soil
presented a lower a; than baseline soil (p < 0.01). The parameter a1 represents the inflection point of
the first mode (larger pores), while a> is the inflection point of the second mode (smallest pores).
From a physical perspective, the inflection point represents the pore size where water is substituted
by air. Accordingly, in some SWRC models it is called the air entry value. In the van Genuchten
formulation, a is the reciprocal of the air entry value. Therefore, a smaller value of a; corresponds to
a larger value of air entry, representing the presence of smaller pores close to saturation. The
significantly lower a value found for Watkins 238 indicates that the root traits of this genotype might
result in a decrease in pore size in the range close to saturation compared to bulk soil and the other

genotypes.

Watkins 238 presented significantly higher n; than Bologna (p <0.01), Paragon (p <0.01) and
baseline soil (p < 0.01). No significant differences were found among Cappelli, Paragon, and Watkins
238 for the parameters az, n2, and wi, suggesting similar behaviour in the secondary pore domain.
However, it was not possible to perform comparisons with Bologna, baseline and bulk soil, as their

water retention curves did not exhibit bimodality, and thus these parameters could not be estimated.

Watkins 238 presented a higher FC compared to baseline and Bologna (both p <0.01). Also,
Senatore Cappelli and Paragon showed a higher FC than baseline (both p < 0.01). Watkins 238
showed a lower PWP compared to baseline and Paragon (both p < 0.05). Watkins 238 had the highest

PAW, significantly more than baseline (p < 0.01), Paragon (p < 0.05) and Bologna (p < 0.01). These
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results indicate that the RSA has a statistically significant effect on the pore size distribution by

selectively changing the PAW.

Rhizospheric soil of Paragon and Watkins 238 exhibited significantly higher K than baseline
soil (p < 0.001), bulk soil (p < 0.001), Senatore Cappelli (p < 0.001). Bologna also showed
greater K than baseline soil (p < 0.001), while bulk soil was higher than baseline (p < 0.05). In

contrast, Senatore Cappelli displayed a lower K than Bologna (p < 0.01).

Based on the established relationships between SWRCs and K described by Mualem (1976)
and van Genuchten (1980), we estimated the K at FC (33 J kg!) and PWP (1500 J kg!). The rate of
conductivity declines and the area under the conductivity curve (AUC) were also calculated to

comprehensively assess the soil's hydraulic performance across a wide range of matric potentials

(Assouline, 2001; Schaap and van Genuchten, 2006).

Watkins 238 exhibited significantly higher Krc than Bologna (p < 0.01), baseline soil (p <

0.01), and Paragon (p < 0.05), while Senatore Cappelli showed higher Krc compared to baseline soil

(p <0.05).

Watkins 238 also exhibited significantly higher Kwp than baseline soil (p <0.01) and Bologna

(p <0.05).

Watkins 238 had significantly greater AUC than baseline soil (p <0.001), Bologna (p <0.001),
Senatore Cappelli (p <0.01), Paragon (p < 0.01), and bulk soil (p < 0.05). Regarding the slope of the
log(K) versus log(w) relationship, Senatore Cappelli and Watkins 238 presented significantly less

negative slopes compared to Bologna (p <0.01).

Watkins 238 showed significantly higher Ks, Krc, and Kwp, as well as the highest AUC and a
less negative slope in the log(K)—log(y) domain, indicating efficient water transmission across a wide

range of matric potentials. Senatore Cappelli, though characterized by lower K, exhibited higher
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conductivity in the unsaturated range, with higher Krc and a flatter slope than Bologna. Both
genotypes also presented lower wilting points and greater plant-available water, suggesting enhanced

water retention and supply under drying conditions.

Overall, Watkins 238 showed statistically significant higher values of K over the entire range
of water potentials (Fig. 2), modifying the hydraulic behaviour of the original baseline soil and also

with respect to the other genotypes.
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Figure 2. Hydraulic conductivity (K) curves derived from bimodal van Genuchten—Mualem models
fitted to soil water retention and conductivity data. Each line represents the mean log-transformed
K(y) relationship for a given genotype or treatment, with shaded bands indicating the standard error

across replicates.
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3.3 Root architectural traits correlate with soil hydraulic properties

Linear mixed models revealed significant relationships between root morphology and hydraulic
behaviour (Fig. 3). Architectural traits strongly influenced water retention: crown network area
correlated positively with weighting factor wo (p < 0.05), FC (p < 0.05), and PAW (p < 0.01), while
FRMP (Table 1) showed negative correlation with o (p < 0.01) but positive correlations with 6 (p <

0.05), FC (p < 0.05), and PAW (p < 0.05).

Root angle distribution affected pore structure parameters: shallow-angle frequency correlated
negatively with au (p < 0.01) and nz (p < 0.05) but positively with wi (p < 0.05), while steep-angle

frequency showed opposite patterns (positive with o and wo; negative with wi; all p <0.01).

Regarding the results from branching and topology parameters, root tips, total length, and length in
both diameter classes (D1 < 0.45 mm; D2 > 0.45 mm) correlated negatively with a2 (p < 0.01), n: (p
< 0.05), and Ks (p < 0.001), while correlating positively with PWP (p < 0.05). Branching frequency
showed negative correlations with n: (p <0.001), w1 (p <0.05), PAW (p <0.05), Krc (p <0.01), Kwp,
and K (all p < 0.001), but positive correlations with 6, (p < 0.05), au (p < 0.05), wo (p < 0.05), PWP

(p <0.01), and slope (p < 0.01).

The average root diameter (representing primary roots) showed complex relationships—positively
correlated with 6 (p <0.05) and ou (p <0.01), indicating increased porosity but earlier pore drainage,
yet negatively correlated with ni (p < 0.001), w1 (p < 0.001), PAW (p < 0.05), Krc (p < 0.05), and
Kwr (p <0.01). Maximum root diameter correlated positively with n2 (p < 0.001), wo (p <0.01), and

slope (p = 0.05), but negatively with n: (p < 0.05), w: (p <0.01), and Ks (p <0.01).
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Figure 3. Associations between root architectural traits and soil hydraulic and structural variables.
Heatmap showing standardized effect sizes (estimates) from statistical models relating root traits
(rows) to soil physical and hydraulic variables (columns), including field capacity (FC), saturated
hydraulic conductivity (Ks), plant-available water (PAW), permanent wilting point (PWP), pore size
distribution metrics (kFC, kWP), pore connectivity indices (nl, n2), slope of the water retention
curve, and water contents at defined matric potentials (w0, wl), as well as bulk density—related
parameters (0s). Colours indicate the direction and magnitude of effects (blue = negative, red =
positive), with colour intensity proportional to effect size. Asterisks denote statistical significance (*

P <0.05; ** P<0.01; *** P<0.001). White cells indicate non-significant relationships.

3.4 Roots affect pore size distribution

Pore size distributions derived from retention curves using capillary theory (Eq. 3; Fig. 4) revealed

distinct patterns. Baseline and bulk soils exhibited unimodal distributions with peaks at 22.3 and 6.6
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um, respectively. Bologna, characterized by shorter, less branched roots, showed a unimodal
distribution (peak at 9.9 um) similar to bulk soil, with no significant effect on 6 (Table 2), indicating

limited influence on pore architecture.

In contrast, Paragon, Watkins 238, and Senatore Cappelli produced bimodal distributions. Paragon,
with longer, thicker roots, increased total porosity (higher 65 vs. bulk soil, p < 0.01) and created a

bimodal distribution with peaks at 17.3 um (macropores) and 0.162 pm (micropores).

Watkins 238 and Senatore Cappelli, characterized by finer, more elongated root systems, generated
distinct bimodal distributions with larger macropore peaks (55.6 and 61.6 um, respectively) and
secondary micropore peaks around 2 pm. These genotypes exhibited lower PWP (0.12 and 0.14 m?
m~?) and enhanced PAW (0.21 and 0.19 m*® m™3), consistent with a pore architecture that retains water

across a wider range of matric potentials.
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Figure 4. Pore size distribution curves derived from soil water retention data using a capillary-based
model. For each soil type (baseline, bulk, and rhizosphere of the four wheat genotypes), panels display
the differential water retention curve (black line) and the corresponding pore radius probability
density function (red line). Peaks in the probability density function indicate dominant pore domains,
with single peaks reflecting unimodal pore structures and multiple peaks identifying bimodal or more

heterogeneous pore size distributions characteristic of rhizosphere modification.

4. Discussion

This study provides new evidence that genotypic variation in wheat root system architecture can

modify soil hydraulic properties, including plant-available water (PAW), permanent wilting point
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(PWP), and hydraulic conductivity across saturation states. These findings align with growing
recognition that roots function as ecosystem engineers, physically and chemically modifying the soil
matrix and hydraulic environment (Lu et al., 2020; Xiao et al., 2024). The observed differences among
genotypes confirm that even within a single crop species, RSA traits shape the physical hydrology of

the rhizosphere.

4.1 Root architecture as a driver of pore-scale hydraulic differentiation

Genotypes with finer or more highly branched root systems were associated with increased water
retention at lower matric potentials and reduced a values, trends consistent with hydraulic behaviours
typical of finer-textured or more fragmented pore architectures (Bittelli et al., 2015). The absence of
bimodality in some samples, particularly Bologna and bulk soil, should not be interpreted as a
limitation of the fitting procedure but rather as evidence of a structurally simpler, less aggregated pore
network. As noted by Durner (1994), unimodal behaviour indicates the absence of distinct inter- and
intra-aggregate pore domains, a key feature with profound implications for water retention and

transport processes (Dexter, 2004; Jarvis, 2007).

Conversely, genotypes expressing bimodal pore size distributions reflected a more complex pore
system, likely generated by root-induced aggregation or post-decay biopore formation, mechanisms
supported by both experimental hydrology and X-ray computed tomography studies (Daly et al.,
2015; Dimattia et al., 2025; Scholl et al., 2014). The hydraulic behaviour of Watkins 238, which
sustained conductivity at lower matric potentials, resembles models of fine-textured soils where
continuous micropore networks maintain flow under drought (Jarvis and Messing, 1995; Marshall et
al., 1996). These results reinforce the hypothesis that RSA determines hydraulic properties by

influencing pore connectivity and tortuosity.

4.2 Mechanisms underlying root-hydraulic interactions
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The correlations observed between root traits and hydraulic parameters support the view that
mechanical displacement, pore infilling, and organic deposition drive rhizospheric restructuring (Jin
etal., 2017; Lu et al., 2020; Song et al., 2017). Fine-root proliferation was associated with reduced K
at field capacity but a slower decline in conductivity at low water potentials, consistent with clogging
of medium-sized pores but sustained flow through micropores (Hohenbrink et al., 2023). The
observed increase in PWP without proportional gains in FC highlights a trade-off between total soil

storage and plant-usable water, emphasising that hydraulic benefits are trait- and context-dependent.

The role of rhizodeposits also warrants consideration, as root-derived mucilage can substantially
modify rhizosphere hydraulic properties. When hydrated, mucilage enhances soil water retention and
promotes aggregate stability by altering interparticle forces and pore-scale connectivity (Kroener et
al., 2018; Naveed et al., 2019). The spatial distribution of mucilage in the vicinity of roots further
contributes to heterogeneity in rhizosphere structure and water dynamics (Holz et al., 2018).
However, mucilage may undergo physicochemical changes during drying that reduce its
hydrophilicity and hydraulic effectiveness, potentially reversing its influence on water retention under
dry conditions (Hallett and Young, 1999; Carminati et al., 2010). Given the dry-end measurements in
this study, mechanical restructuring rather than mucilage dynamics likely dominated the hydraulic
responses observed. Future work should integrate structural imaging and physico-chemical assays to

discriminate between biochemical versus biomechanical drivers.

4.3 Implications for breeding and sustainable water use

These genotype-specific hydraulic responses have direct agronomic relevance. Root traits that
maintain functional porosity and conductivity as soils dry may contribute to improved water-use
efficiency, drought resilience, and reduced irrigation demand, particularly in coarse-textured systems

where PAW is inherently limited (Ober et al., 2021). Yet, the observed trade-offs—where increased
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retention delivered higher PWP and reduced PAW—reinforce that selection based solely on fine-root

proliferation could produce ambiguous outcomes.

These results support calls for integrating RSA traits into cropping system design and breeding
programs (Ober et al., 2021; Zhang et al., 2025), while also recognizing that genotype effects interact
with soil structure, management, and climate (Paez-Garcia et al., 2015; Uga, 2021). The conceptual
framework presented here links root system traits to soil pore architecture (Fig. 5), subsequent
hydraulic processes, and ultimately agronomic performance, providing a mechanistic basis for

selecting genotypes adapted to specific soil types and water regimes.

This study demonstrates clear associations between root architectural traits and soil hydraulic
behaviour, but the effects of specific traits depend on soil properties, moisture regimes, and
management context. Root traits influence agronomic performance indirectly through their
modification of pore architecture and hydraulic processes (Fig. 5), pathways that are strongly
mediated by soil texture, initial structure, and environmental conditions. Consequently, traits that
enhance water retention or conductivity in one soil—climate setting may confer different or diminished
benefits elsewhere, underscoring the need to target root ideotypes to specific soil and water regimes

rather than assuming universal trait advantages.
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Figure 5. Conceptual model of root—soil interactions. (A) Root expansion through the soil matrix,
where radial growth exerts mechanical pressure, compacting the rhizosphere. (B1-B2) Architectural
divergence in living root systems: (B1) thick roots occupying large pore spaces, and (B2) dense
networks of fine roots. (C1-C2) Post-senescence hydraulic impacts: (C1) senescent thick roots leave
large galleries facilitating preferential flow and drainage, whereas (C2) fine-root decay leaves narrow
biopores that enhance capillary water retention via high matric potential. Collectively, the model

illustrates how root traits dictate soil structural modification and subsequent water dynamics.

4.4 Limitations and future directions

While the correlations reported are statistically meaningful and mechanistically plausible, they should
be interpreted cautiously given the limited replication and model-derived pore size distributions.
Integrating high-resolution imaging (CT, MRI), mucilage quantification, and cross-soil validation
will be essential to substantiate these genotype-specific hydraulic signatures and define their stability

under realistic agronomic conditions.
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5. Conclusions

This study shows that variation in wheat root architecture can meaningfully modify soil hydraulic
properties, emphasising the pivotal role of roots in determining rhizosphere function. These insights
offer a promising avenue for breeding strategies focused on root traits that enhance soil-plant water

relations, particularly in water-limited systems.
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Abstract

Quantitative phenotyping of root system architecture (RSA) is critical for understanding genetic
variation and improving crop adaptation, but methodological limitations often constrain the
comparability of results across studies. The objective of this study was to develop and test a root
phenotyping protocol suitable for both monocot and dicot annual crops, enabling the evaluation of
complementary architectural and topological traits. We applied the protocol to eight genotypes
representing wheat, barley and chickpea. Roots were excavated in the field using shovelomics and
imaged, then washed and scanned in water to capture finer root segments. The same procedure was
applied to seedlings grown in glass-walled rhizotrons filled with soil, combining in situ imaging with
ex situ scans of cleaned roots. Images were analyzed with RhizoVision Explorer, while rhizotron
datasets required an additional segmentation step with a newly trained RootPainter model optimized
for fibrous roots. Within- species significant genotypic differences were detected for multiple traits
in both shovelomics and rhizotron datasets. However, cross-platform (i.e. shovelomics vs. rhizotron)
comparisons revealed that consistency was trait-dependent. Root angle traits were strongly correlated
between methods (R? = 0.5), and branching-related traits such as root tip number and branching
frequency also showed moderate to strong agreement (R* up to 0.9). In contrast, root length and
volume traits exhibited weak or inconsistent correlations, reflecting both technical constraints (e.g.,
root loss during washing, restricted rhizotron dimensions) and developmental dynamics of trait
expression. The protocol integrates complementary measurements of root crowns and washed root
systems, offering a standardized framework for assessing RSA across species. This approach
enhances the reliability of root trait characterization and provides a practical tool to support breeding

for resource-efficient crops.
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1. Introduction

The accelerating climate crisis and the growing global population urgently call for the optimization
of crop production systems (Nair 2019). Among the key traits influencing yield stability and resource
use efficiency, root system architecture (RSA) plays a pivotal role in the acquisition of water and
nutrients, especially under suboptimal conditions (J. Lynch 1995; Meister et al. 2014). Root traits are
not only instrumental in improving tolerance to abiotic stresses such as drought and nutrient
deficiency but also tend to remain more stable under increased reproductive allocation, including
higher grain load (D. J. Lynch et al. 2013). In this context, recent research has increasingly focused
on selecting genotypes with optimized RSA to enhance productivity and sustainability (Schmidt and

Gaudin 2017).

Improving crop varieties to enhance performance under abiotic stress is essential for addressing
climate change and mitigating yield losses (Wasaya et al., 2018). However, the integration of root-
related traits into breeding programs remains complex (Sharma and Carena, 2016). Root phenotyping
is particularly challenging due to the opacity of soil and the structural complexity of root systems
(Rogers and Benfey, 2015). Methodological limitations are central: existing approaches vary in
throughput, resolution, and environmental realism, but none fully captures root development under
natural conditions. Field-based methods such as shovelomics provide high-throughput data but are
destructive and typically capture only a fraction of the root system (Trachsel et al., 2011). Controlled
systems, including hydroponics or gel-based assays, allow detailed and rapid imaging, yet they
inadequately represent soil-root interactions (Kuijken et al., 2015). Semi-controlled platforms such
as rhizotrons represent an intermediate compromise, permitting repeated observations, though they
are constrained by soil volume and environmental variability (Nagel et al., 2012). Importantly,
correlations between methods are often weak: traits measured under controlled conditions do not
consistently reflect field performance (Atkinson et al., 2019; Burridge et al., 2016). This underlines
the necessity of multi-environment validation and cautious interpretation when translating root traits
into breeding strategies.A wide range of 2D phenotyping systems has been developed to overcome
the opacity of soil and enable quantitative analysis of root system architecture. Controlled, soil-free
setups such as aeroponics, hydroponics, pouch-and-wick systems, and agar-based devices (e.g.,
RhizoTubes, Rhizoponics, Rhizoslides, RhizoChamber-Monitor, PlaRom, ChronoRoot) provide high
visual contrast between roots and background, facilitating automated image acquisition and enabling
high-throughput, precise characterization of root traits (Jeudy et al. 2016; Mathieu et al. 2015; Le
Marié et al. 2014; Wu et al. 2018; Yazdanbakhsh and Fisahn 2009; Gaggion et al. 2021). However,
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these approaches are typically restricted to early seedling stages and rely on artificial growth media,

which limits their physiological relevance under agronomic conditions (Li et al. 2022).

Soil-based 2D platforms, such as RhizoPot, GROWSCREEN-Rhizo, GLO-Roots, GLO-Bot,
PhenoRoots, and WinRoots, provide higher biological realism and allow long-term monitoring of
roots under semi-natural conditions (Xiao et al. 2020; Nagel et al. 2012; Rellan-Alvarez et al. 2015;
LaRue et al. 2021; Martins et al. 2020; Zhang et al. 2021). Nonetheless, soil heterogeneity introduces
substantial environmental noise, complicates segmentation, and typically reduces imaging resolution
and throughput compared to transparent, controlled media (Li et al. 2022). Field-adapted destructive
methods, most notably shovelomics, represent a pragmatic balance between throughput, resolution,

and realism, enabling rapid and cost-effective characterization of root crown traits in mature plants

(Trachsel et al. 2011; York et al. 2018).

Three-dimensional imaging platforms allow for the non-invasive visualization of entire root systems
within opaque substrates. Technologies such as X-ray computed tomography (CT) and magnetic
resonance imaging (MRI) have been widely adopted for controlled soil environments, offering
spatially and temporally resolved reconstruction of root architecture (Heeraman, Hopmans, and
Clausnitzer 1997; van Dusschoten et al. 2016). Ground-penetrating radar (GPR) and electrical
resistivity tomography (ERT) extend these capabilities to field conditions, allowing in situ root
detection at larger spatial scales (Shihab and Al-Nuaimy 2004; Rossi et al. 2011). While these 3D
approaches provide unparalleled insight into dynamic root development under realistic conditions,
they are constrained by high costs, low throughput, and resolution limitations, particularly in

resolving fine roots.

The effectiveness of any phenotyping method is strongly influenced by the availability of image
analysis tools capable of extracting meaningful traits from complex root systems. A range of 2D and
3D image analysis software has been developed for root phenotyping, significantly improving the

quantification of root traits (Paez-Garcia et al. 2015).

In this study, we optimized and compared a suit of root phenotyping protocols applicable to both
annual monocotyledonous and dicotyledonous species. We specifically compared root traits obtained
from plants grown in soil-filled rhizotrons with plants grown in field conditions. Root traits were
collected using high-resolution image analysis of both entire root crowns and dissected root
fragments, enabling a detailed RSA characterization. This study demonstrates the effectiveness of the

protocol in capturing RSA variation in wheat, barley and chickpea lines.
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2. Materials and methods
2.1 Study site

The field trial was conducted at the experimental farm of the University of Bologna in Cadriano
(44°32'55"N, 11°24'52"E, 26 m a.s.l.), Italy. This area is characterized by a subhumid climate with a
mean temperature of 12.8°C and an average annual precipitation of 924 mm. The soil is classified as

loam, consisting of 11.49% clay, 52.87% silt, and 35.64% sand.
2.2 Plant materials

We tested our protocol on plants belonging to four species: bread wheat (7riticum aestivum), durum

wheat (Triticum turgidum ssp. durum), barley (Hordeum vulgare), and chickpea (Cicer arietinum).

Durum wheat cultivar Senatore Cappelli, and bread wheat cultivars Watkins 238, Bologna, and
Paragon were sown on 27/11/2022 using a Vignoli TB19 plot seeder. A total of 125 g of seeds was

sown per 1 m x 6 m plot, with a seed density of approximately 400 seeds/m?.

Barley cv Morex and the mutant line TMXXXX carrying a mutation in £GT71, a gene controlling root
gravitropism (Fusi et al. 2022) from the TILLMore collection (Talame et al 2008) were manually
sown on 15/02/2024. Three rows, each 70 cm in length, were sown for both genotypes. After
germination, the seedlings were thinned to achieve a spacing of approximately 2—4 cm between

plants.

Chickpea lines 372 and 641 were sown in pots (5 x 5 x 15 cm) on 01/03/2024 and transplanted to the
field two weeks after germination. The plants were arranged in single rows with a spacing of 10 cm

between them
2.3.1 Soil filled rhizotrons

For all four species, the root system was analyzed using soil-filled rhizotrons. Prior to rhizotron setup,
seeds were sterilized and pre-germinated for 24 hours at 28°C. The 2D rhizotron boxes were
constructed using a black polycarbonate panel measuring 34 cm X 44 cm. The panel had an external
thickness of 1 cm and an internal cavity thickness of 0.5 cm (2 cm — 1.5 cm for chickpea). These

boxes were then filled with densely packed universal potting soil.

Within each rhizotron, one seed were placed for wheat and chickpea and two for barley, selected

based on uniform germination. Seeds were positioned 2 cm from the upper edge and equidistant from
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the lateral edges. To complete the assembly, a glass plate of the same dimensions as the panel was

placed on top and secured with four metal clip holders—two near the top and two near the bottom on
both sides.

The rhizotrons were installed in a tank equipped with supports, maintaining a 60° inclination with the
glass side facing downward. They were placed in the DISTAL greenhouse, where lighting was
provided by a combination of natural sunlight and supplemental 400-watt high-pressure sodium
lamps (Sylvania SHP-TS 400W Grolux). The greenhouse environment was maintained at a daytime

temperature of 22°C for 16 hours and a nighttime temperature of 18°C for 8 hours.
The plants were grown in the rhizotrons for ten days and were watered every three days.

Images were taken with the Epson Expression 12000XL scanner and processed using the Epson Scan

2 software (https://www.epson.it/it IT/fag/KA-01831/contents?loc=it-it) at 7 days post-germination.
2.3.2 Root Image Segmentation of rhizotrones pictures Using RootPainter

Root segmentation was performed using RootPainter (version 0.2.27) following the protocol
described in Smith etal. (2022) and available on the GitHub repository (Smith, 2024;

https://github.com/Abe404/root_painter). The model was trained de novo to distinguish root tissue

from background in rhizotron images acquired via flatbed scanner. A training dataset was assembled
using the “Create training dataset” function, which generated cropped image tiles (750 x 750 px) from
a subset of representative images (n~ 100, consistent with values reported in Smith et al., 2022). The
first 6-8 images were manually annotated in full, labelling all visible roots as foreground and the
surrounding soil matrix as background, with background pixels exceeding root pixels by a factor of

5-10 to improve model discrimination.

Model training commenced after the annotation of the second image, following the “Corrective
Training Protocol” outlined in Smith etal. (2022). Subsequent annotation rounds focused on
correcting misclassified regions in the pre-segmented images produced by the evolving model. This
iterative process of segmentation—correction was repeated until the model achieved consistent

accuracy across images with varying root densities and soil textures.

The trained model was then applied to the entire rhizotron dataset to produce binary masks (white
roots on black background). These masks were converted into RhizoVision-compatible format using
the “Export segmentation” function and subsequently analysed in RhizoVision Explorer with the

same image analysis parameters described for scanned roots. This workflow ensured high-contrast
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segmentation, minimized background noise, and enabled extraction of architectural and

morphological root traits from rhizotron-grown plants.

2.4.1 Root sampling from field

Plant sampling was conducted at full flowering (61-65 BBCH) to ensure complete development of
the root crown (Trachsel et al., 2016). Initially, a uniform segment was selected from the center of
each experimental plot based on homogeneity in plant tillering. This segment measured
approximately 40 cm in length and 30 cm in depth. Plants within this designated area were carefully
excavated using a tuscany shovel featuring a 4.5 cm diameter handle and a blade measuring 30 cm
x 22 cm x 2 mm (Fig. 1A). Excavation cuts were strategically made between wheat rows to
minimize root damage and retain surrounding soil integrity. Each excavated sod contained at least
six plants of uniform height and similar culm numbers to ensure consistency across replicates.
Extracted samples were immediately labeled, placed into large containers, and transported to a

shaded area where they were submerged in water overnight to facilitate soil loosening (Fig. 1B).

After 24 hours, roots were gently washed using a low-pressure water hose to remove adhering soil
without damaging delicate structures (Fig. 1C). Post-washing, individual plants were separated and
positioned on a clean working surface for visual inspection. Plants were selected based on uniformity
in height, number of culms, root size, and integrity. Remaining debris, weeds, or leaves present on

the roots were meticulously removed.

Phenotyping of aerial plant parts was subsequently conducted by positioning three replicates
individually next to a meter stick to measure the height of the main culm, excluding awns, and to
record the number of culms. Following phenotyping, plants were placed in a basin containing clean

water in preparation for root imaging.
2.4.2 Imaging the intact (whole) root stock

Root imaging was performed with protocols specifically developed to capture comprehensive data on
root architecture. Entire root systems were initially imaged to evaluate the overall root crown structure
under field conditions. Plants were placed on a clean, non-reflective black velvet surface to maximize
image contrast and reduce background interference. Images were captured using a Nikon D5600
camera mounted on a U-DOLI tripod adjustable between 55 cm and 85 cm in height. The camera was
positioned at an 80 cm distance from the roots, aligned at the same height, to prevent image distortion
(Fig. 1D). A reference marker and a plant label, positioned without overlapping the sample, served as

references for scale calibration (Fig. 1E). Each plant was photographed from a frontal view and then
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rotated 90 degrees for a secondary capture, ensuring a comprehensive three-dimensional
representation. Consistent lighting and standardized imaging parameters were maintained throughout

to ensure data comparability.
2.4.3 Broken root imaging

Following initial root imaging from shovelomics and rhizotron-grown plants, a second phase of

broken root imaging was conducted to acquire high-resolution scans of dissected root systems.

For shovelomics samples, the main culm roots were separated from the remaining roots, detached
from the shoots, and preserved in 50 ml Falcon tubes filled with 50% ethanol, stored at 4 °C from
May to September 2023. For rhizotron-grown plants, roots were carefully extracted from soil and

gently washed with a low-pressure hose to remove debris.

Prior to scanning, roots were dissected using scissors to preserve their entire length, cleaned for 5 min
in a basin with an Alconox soapy solution, and rinsed thoroughly with water. Clean and dissected
roots were then arranged in a plexiglass tank (29.7 x 42.0 x 4 cm) with 0.3 cm matte black edges,
placed on an Epson Expression 12000XL Pro flatbed scanner (Fig. 1F). The tank was filled with 1.5
L of water, and roots were carefully positioned with tweezers to minimize overlap. A reference marker
was included within the scanning frame, and the tank was covered with a matte black lid (35 x 45 x
1 cm) to reduce reflections and external light interference. Images were acquired at a minimum
resolution of 600 DPI, with water replaced every ten samples to maintain image clarity. After
scanning, roots were systematically transferred into labeled paper envelopes for drying (Dimattia et

al. 2025).
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Figure 1. A) Rootstock escavation. B) Basin filled with the excavated sod and water, containing
labeled plants ready for further processing. C) Samples being washed by spraying the roots with low-

pressure water from a hose to remove any adhering soil particles. D) Setup station for the whole root
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imaging. E) Crown root with reference marker and image code. F) Roots in the phenotyping tank

positioned over the scanner, carefully arranged to prevent overlapping.
2.5 Data extraction

The collected images were processed using RhizoVision Explorer (Perez et al. 2022; Seethepalli et
al. 2021). Prior to analysis, the images underwent preprocessing aimed at optimizing their quality and
suitability for accurate phenotypic characterization. This preprocessing involved cropping to
eliminate labels and reference markers, renaming the images with a relevant plot and replicate
identifier (Plot Rep), and enhancing contrast through adjustments to the image threshold level to
ensure precise root edge detection. The conversion from pixels to physical units (mm) was performed
using pixel estimations obtained through ImageJ by measuring the pixel length of a known reference
marker. This procedure resulted in 7.5 pixels per mm for shovelomics-based root imaging and 17.5
pixels per mm for scanned images. Noise from background debris was minimized using the "Filter
Nonroot Objects" function, while the "Edge Smoothing" and "Root Pruning" parameters were

carefully calibrated to minimize artifacts and prevent loss of finer roots (Tab.1).

Table 1. Summary of RhizoVision parameters selected for this experiment. The Image Pre-processing

and Feature Extraction parameters were chosen to optimally differentiate seminal roots from lateral

roots.
Crown root . .
Window RhizoVision parameters images Dissected root images
Whole root Mode 1 Mode 2
i Il?lage.‘.. Convert pixel to physical units 8.6 pixel/mm . 19 . 19
preprocessing pixel/mm  pixel/mm
Image thresholding level 170 170 200
Keep largest component - - -
Filter nonroot objects 2 1 10
Fill holes in root objects - -
Edge smoothing 2 4 4
Feature extraction Root pruning 2 200 4
Range 1 0-1.6 0-05 0-05
Range 2 >1.6 =0.5 >0.5

Two distinct analytical methods were employed based on the type of root images collected (Fig. 2).
For crown root images obtained via shovelomics, the "whole-root analysis" was applied. Traits

selected from this method were those well-established in the literature for characterizing general root
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architecture, specifically root network area, convex hull area, fragmented root morphological
patterns, and shallow and steep angles (Le Marié et al. 2019; Trachsel et al., 2011; Maccaferri et al.,
2016; Ober et al., 2021).

* Convex hull area (mm2)
* Network area (mm2)

+ Shallow angle frequency
« Steep angle frequency

+ Fragmentet root morphological pattern

« Total root lenght (mm)

* Root tips

* Root diameter (mm)

* Max root diameter (mm)
* Breanching points

* Branching frequency

* Root length diameter 1 (mm)

* Root length diameter 2 (mm)

Figure 2. Whole root image (A) before and dissected root image (B) after the RhizoVision Explorer

analysis with the trait selected for this experiment.

For scanned root images, the "broken-root analysis" was utilized, employing two complementary
methodologies to achieve enhanced accuracy (Fig. 2 and 3). The first approach targeted axial roots
(Fig. 4B), significantly reducing previous overestimations of larger diameter classes, while the second
approach (Fig. 4C) was optimized for retaining finer lateral roots, root tips, branching frequency, and
branching points (Fig. 5). Total root length was calculated by summing the lengths obtained from
both methodologies. Additional traits extracted from the broken-root analysis included scanned root
length, length of roots with diameters below and above 0.45 mm, average and maximum root
diameter, number of root tips, branching points, and branching frequency (Freschet et al. 2021; Lu et
al., 2020; Jin et al., 2017). Further details on the specific parametrization settings for both approaches
are provided in Table 1. Overall, the integration of these methods provided a comprehensive analysis
of root architecture, combining the broad structural insights from whole-root analysis with the

detailed morphological resolution of broken-root analysis.
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Figure 3. Broken root image (A), displayed image after the method 1 (B) and 2 (C) analysis on

Rhizovision Explorer.
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Figure 4. Single root detail before (A) and after the analysis with RhizovisionExplorer with to
enhance the axial root length (B) and lateral root length (C).
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Root length
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Figure 5. Example of a single root image processed with Method 2, showing key traits extracted using
the broken-root analysis in RhizoVision Explorer. Root length in diameter class 2 and root diameter
were estimated using Method 1, while root length in diameter class 1, number of root tips, branching

frequency, and branching points were extracted using Method 2.
2.6 Statistical analysis

An analysis of variance (ANOVA) was conducted among the four wheat genotypes for all root traits
extracted using RhizoVision Explorer, considering both shovelomics and rhizotron data. Fixed effects
included flowering stage and replication. For barley and chickpea genotypes, a t-test was performed.

A post-hoc analysis was carried out to identify specific significant differences.

Correlations between phenotyping methods were computed on the wheat and barley datasets.
Agreement between shovelomics and rhizotron measurements was evaluated for all traits using
correlation analysis (Pearson’s correlation coefficient, or Spearman’s rank correlation when normality

assumptions were not met) and simple linear regression on standardized (z-scored) values.
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3. Results
3.1 Root Phenotyping Data Collection Across Protocols

Phenotypic root traits were collected using a multi-scale approach combining complementary
imaging protocols. Specifically, data were obtained from (i) whole-root imaging through
shovelomics, (ii) broken-root analysis post-shovelomics, (iii) rhizotron-based phenotyping, and (iv)
broken roots after rhizotron extraction. Each protocol captured a specific subset of architectural or

anatomical traits, contributing to a comprehensive assessment of root system morphology and

topology.

A flow diagram (Fig. 6) summarizes the data sources for each trait, linking the protocol with the

derived root variables.
(1) Shovelomics
The following traits were extracted from whole-root crown images collected via shovelomics:

® Root count and architecture:
Median number of roots, Maximum_number of roots, Number of root tips,

Total root length (mm), Depth (mm), Maximum_Width (mm), Width_to depth_ratio.

® Root system morphology:

Network Area (mm?), Convex_ Area (mm?), Solidity, Lower root area (mm?).

® Root thickness and size distribution:
Average diameter (mm), Median diameter (mm), Maximum_ diameter (mm), Perimeter

(mm), Volume (mm?), Surface area (mm?).

e Porosity-related traits:

Holes (count), Average hole size (mm?).

® Root orientation and angle distribution:
Average root_orientation (degrees), Shallow_angle frequency (%),

Medium_angle frequency (%), Steep_angle frequency (%).

® Diameter class traits:
Root length diameter rangel/2  (mm),  Projected area diameter rangel/2  (mm?),

Surface area diameter rangel/2 (mm?), Volume diameter rangel/2 (mm?).
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® Processing-related.:

Computation_time (s).

(2) Broken Roots After Shovelomics

Root fragments from the same plants were scanned individually to capture finer traits. The following

variables were derived:

e Topology and branching:

Number of root tips, Branch points, Branching frequency (no. mm™).

o Root architecture:

Total root length (mm), Network Area (mm?).

® Root thickness:
Average diameter (mm), Median_diameter (mm), Maximum_diameter (mm), Perimeter

(mm), Volume (mm?), Surface area (mm?).

® Diameter class traits:
Root length diameter rangel/2  (mm),  Projected area diameter rangel/2  (mm?),

Surface area diameter rangel/2 (mm?), Volume diameter rangel/2 (mm?).

® Processing-related.:

Computation_time (s)

(3) Rhizotrons
(4) Broken Roots After Rhizotrons

The same sets of traits as above were extracted from rhizotron-grown plants and their respective
broken roots. This ensured the consistency of measurements across soil-grown and rhizotron-grown

environments.

To ensure robust and biologically meaningful characterization of root system architecture, we
recommend selecting traits according to the strengths of each phenotyping method. For example,
when using shovelomics and broken root analysis in combination, general architectural traits such as
root angles, convex area, or hole abundance are best derived from whole-root images, which preserve
the spatial integrity of the crown structure. In contrast, topological and branching-related traits—such
as branching frequency, number of tips, and diameter class distribution—are better captured from

broken root scans, which enhance resolution for fine root segments and internal topology. This
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modular approach enables researchers to tailor trait selection according to their experimental goals

and the resolution required by specific hypotheses.

Shovelomics Rhizotrons

| Rootstock Rhizotrons
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J; Root
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Integrated
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Figure 6. Workflow of the integrated root phenotyping protocol combining shovelomics and rhizotron
imaging. Both approaches provide complementary datasets, with whole-root images capturing
architectural traits and broken-root scans enabling detailed topological trait extraction, merged into a

unified trait matrix.
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3.2 Barley mutants presented differences in whole root traits

Clear differences between EGT1 and Morex (wt) were detected through shovelomics analysis (Fig. 7
and 8). EGT1 showed a higher average root orientation (p < 0.001), greater steep-angle frequency,
and deeper rooting depth (p = 0.034). On the other hand, Morex exhibited a higher shallow-angle
frequency (p = 0.004). No significant differences were found for the other traits, including those from

the broken root analysis. More details are available in the supplementary material.

Shallow angle frequency

Shovelomics Rhizotrons
0300
0275 ‘ . 016
0.250
L1
0225 ‘
0.200 048
0173 .. p =0.0032 —— p=5¢-05
EGT1 Morex EGT1 Morex

Figure 7. Boxplot showing the differences in shallow angle frequency between Morex and EGT1 both

in shovelomics and rhizotrons.
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Figure 8. Boxplot showing the differences in steep angle frequency between Morex and EGT1 both

in shovelomics and rhizotrons.
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Similar differences in root angle between EGT1 and Morex were also observed using rhizotron
phenotyping. EGT1 showed higher average root orientation (p <0.001), higher steep-angle frequency
(p < 0.001), and lower maximum width (p = 0.001) and shallow-angle frequency. Overall, EGT1
displayed higher values for many phenotypic traits. We hypothesize that the gravitropic roots tend to
grow close to the glass, potentially leading to an overestimation of most traits. More details are

available in the supplementary material.
3.3 Chickpea genotypes presented differences in whole root traits

Significant differences were found between the two genotypes using both shovelomics and rhizotron
phenotyping. Shovelomics data showed that 372 had a higher steep-angle frequency (p = 0.01),
greater root volume (p < 0.01), and larger maximum root diameter (p < 0.001) compared to 641.
Rhizotron analysis confirmed that 372 had a higher number of roots (p < 0.05) and steep-angle
frequency (p < 0.01). In contrast, 641 exhibited a significantly higher shallow-angle frequency (p <
0.001). Aggiungi grafico dell’angolo.

3.4.1 Wheat genotypes presented differences in whole root traits

ANOVA revealed significant differences in root morphology among wheat genotypes. Shovelomics
data showed that Bologna had a higher steep-angle frequency (p < 0.05) and a slightly less

pronounced difference in shallow-angle frequency (p < 0.05) compared to all other genotypes.

These results were confirmed by rhizotron data where Bologna exhibited a higher steep-angle
frequency and a lower shallow-angle frequency compared to Paragon (p < 0.001) and Watkins238 (p
<0.05).

Shovelomics data showed that Cappelli had a larger convex hull area and network area compared to
Bologna (p <0.05). However, these differences were not observed in the rhizotron data. Nevertheless,
in the rhizotrons, Cappelli still displayed the largest convex hull area, with a significant difference (p
< 0.05) when compared to Paragon. The fragmented root morphological pattern (FRMP) values were
also significantly lower in Bologna compared to Senatore Cappelli (p < 0.001), Paragon (p < 0.05),
and Watkins238 (p < 0.01). However, no significant differences related to this trait were detected in

the rhizotron analysis.
3.4.2 Wheat genotypes presented differences in root topological traits
Paragon and Senatore Cappelli presented significantly higher number of root tips and total root length

compared to Bologna (both p < 0.01; p < 0.05) and Watkins238 (both p < 0.001; p <0.01). Paragon
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showed also in rhizotrons a high number of root tips compared with Bologna (p <0.05) but no

differences were found among other genotypes.

Watkins238 exhibited a significantly smaller average diameter compared to Paragon (p < 0.05) and
marginally smaller than Senatore Cappelli (p = 0.05). Watkins238 also showed a significantly smaller
maximum root diameter compared to Paragon (p < 0.05) and Senatore Cappelli (p < 0.05).
Watkins238 showed lower root diameter in rhizotrons than Bologna, Senatore Cappelli and Paragon

(all p < 0.001).

Paragon and Senatore Cappelli showed longer seminal and lateral roots compared to Bologna (p <
0.01 and p < 0.05, respectively) and Watkins238 (p <0.001 and p <0.01, respectively). Paragon also
exhibited significantly more branching points and higher branching frequency compared to Bologna
and Watkins238 (both p < 0.001). Additionally, Senatore Cappelli had significantly more branching
points and frequency than Watkins238 (both p < 0.05). A marginal difference in branching points was
observed between Senatore Cappelli and Bologna (p = 0.08), with no significant differences in

branching frequency.

No significant differences were detected in rhizotrons for these traits. However, after root cleaning,
Cappelli and Watkins238 showed a higher number of root tips, branching points, and greater lateral
and seminal root length compared to Watkins238, Bologna, and Paragon (all p <0.001). Cappelli also
exhibited higher values for these traits compared to Watkins238 alone (p < 0.01).
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3.5 Root traits correlation between shovelomics and rhizotrons in barley and wheat

Correlations between shovelomics and rhizotron-derived traits were calculated for all wheat and
barley datasets in order to assess the degree of cross-platform consistency. Overall, the strength of

association was highly trait-dependent. Figure 9 presents a subset of representative examples.

Traits reflecting the root angle were significantly correlated across methods (both R? = 0.5). This
result implies that root angle frequency represents a robust architectural trait, consistently captured
across contrasting phenotyping methods and therefore suitable as a reliable proxy for cross-method

comparisons.

The number of root tips, surface area root diameter range 1 and root diameter range 1 displayed a
consistent positive correlation (R* = 0.9; R? = 0.32; R? = (.7), supporting the idea that branching
propensity can be captured with comparable resolution in both washed root crowns and rhizotron
imaging. By contrast, root volume and lengt seems to be no correlated between methods. This was
particularly evident for root length diameter range 1, root volume and surface area showed
inconsistent associations. These discrepancies are likely explained by methodological differences,
such as the loss of delicate laterals during crown washing and the inherent limitations of two-

dimensional imaging for capturing complex fine-root networks.

Average root diameter also showed moderate agreement (R? = 0.32), suggesting that relative

differences in root thickness are partly preserved across those two phenotyping methods.
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Figure 9. Correlations between root traits assessed by shovelomics and rhizotron-based measurements
across wheat genotypes. Scatterplots show standardized values (z-scores) of traits derived from
shovelomics (x-axis) and rhizotrons (y-axis), including shallow and steep angle frequency, total root
length, number of root tips, average root diameter, branching frequency, root volume, root volume
and length within the fine root diameter range, and root surface area in the same diameter range. Blue

lines represent linear regression fits. Reported statistics indicate the Pearson correlation coefficient

The partial agreement observed between shovelomics and rhizotron measurements raises an

important question regarding the origin of these discrepancies. On the one hand, differences may be
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attributed to technical limitations and methodological biases intrinsic to each platform. For instance,
root excavation, culm selection and root washing in shovelomics can cause substantial loss of roots,
leading to underestimation of total root length while leaving the root angle largely unaffected. The
restricted dimensions of rhizotrons are likely to constrain total root volume, yet they do not

necessarily impair the detection of discrete features such as root tip number.

On the other hand, the divergence between methods may also reflect developmental dynamics of trait
expression. At seedling stage, when rhizotron imaging is typically performed, genotypic differences
in some traits may not yet be fully expressed, becoming more pronounced only later in the growth
cycle and thus better captured by shovelomics at maturity. Or for example, a genotype displaying
relatively large root diameters at the seedling stage may later reduce its investment in thickness,

resulting in comparatively smaller diameters at flowering.

Taken together, these considerations suggest that lack of correlation between methods cannot be
interpreted solely as measurement error but may also reveal temporal shifts in the expression of
genotypic differences. Distinguishing between these two sources of variation—technical versus

biological—remains a key challenge in the cross-validation of phenotyping platforms.
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Conclusions

We developed and evaluated a root phenotyping protocol suitable for annual monocot and dicot crops
by integrating shovelomics with rhizotron imaging and water-based scanning of washed roots within
a unified image-analysis pipeline. Applied to wheat, barley, and chickpea, this workflow enabled the
joint assessment of architectural descriptors (e.g., root angle, convex/area metrics) and topological

traits (e.g., diameter classes, total length, number of tips, branching frequency).

Genotypic differences were tested using ANOVA for wheat and t-tests for barley and chickpea. Across
methods, both shovelomics and rhizotrons detected significant differences for several traits,
indicating that each platform is sensitive to genetic variation in root system architecture (RSA). Cross-
method agreement, however, was clearly trait-dependent. Correlation analyses performed on six
genotypes (barley and wheat combined) showed that some traits converge across platforms, whereas

others diverge.

A consistent outcome across all three species and phenotyping methods was the robustness of root
angle. Angle-related traits discriminated genotypes and exhibited strong cross-method correlation
between shovelomics and rhizotron measurements. This convergence suggests that root angle can be
effectively screened under controlled rhizotron conditions and that relative genotypic rankings tend
to be conserved in the field. While encouraging for early-stage selection, this inference should be

validated with larger panels and across environments before routine deployment in breeding.

By contrast, traits such as total length and volume showed weak or inconsistent correspondence
between platforms. These discrepancies likely reflect both methodological constraints (e.g., loss of
delicate laterals during crown washing; two-dimensional projection and wall-growth biases in
rhizotrons) and developmental dynamics (e.g., stage-dependent shifts in thickness or branching).
Branching-related traits (tips, branching frequency) tended to show intermediate concordance, but

their reliability appears more sensitive to image segmentation settings and diameter-class thresholds.

Two caveats temper our conclusions. First, the numbers of genotypes and biological replicates were
limited, which reduces statistical power and increases the risk of both Type I and Type II errors,
particularly for traits with smaller effect sizes. Second, correlation analyses pooled six genotypes
across wheat and barley; although defensible for method comparison, this design may under- or over-
estimate cross-platform agreement for species-specific traits. So, our findings should be interpreted

with caution and viewed as hypothesis-generating rather than definitive.

What we provide with this protocol to the scientific community is a modular strategy: (i) use whole-
crown images to quantify architectural traits that depend on spatial integrity (e.g., angle, convex
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metrics), and (i) use washed-root scans to capture topological and diameter-resolved traits (e.g., tips,
branching points/frequency, fine-root length), with careful parameter standardization and quality
control. For breeding applications, root angle emerges as a promising early-screening candidate in

rhizotrons, with subsequent field verification via shovelomics.

Future work should expand genotype numbers and replication, incorporate multi-environment trials,
and include explicit agreement analyses (e.g., Bland—Altman or errors-in-variables regressions)
alongside correlation to quantify method bias and limits of agreement. Standardizing segmentation
workflows (including training data and thresholds) and reporting uncertainty will further improve

portability.

Taken together, our study indicates that no one of this single methods captures RSA complexity, but
a carefully integrated protocol can deliver reproducible, biologically meaningful trait information to

support selection for resource-efficient, stress-resilient crops.
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Conclusions

This thesis investigated whether differences in root system architecture (RSA) among wheat
genotypes can influence rhizosphere soil properties. Building on an improved shovelomics protocol
that integrates crown-level architectural traits with fine-scale measurements from washed-root scans,
20 bread and durum wheat genotypes were phenotyped. A subset of four contrasting genotypes was
selected for detailed analyses, including X-ray imaging and functional characterization of rhizosphere

soil cores.

The results of this pilot study suggest that genotypic variation in RSA may alter soil structure.
Landraces tended to increase porosity and bioporosity compared to elite varieties, with root diameter
and lateral root frequency emerging as promising traits associated with these differences. Hydraulic
measurements further indicated genotype-dependent variation: saturated hydraulic conductivity
(Ksat) and soil water retention curves (SWRCs) differed significantly among genotypes, with
landraces generally showing higher field capacity, lower wilting point, and up to 33% higher plant-
available water (PAW). These findings point to a potential physical, in addition to chemical,

contribution of roots to soil function.

We propose that RSA traits such as root diameter and lateral density may influence soil particle
packing, pore structure, and consequently water retention and flow. This could in turn affect nutrient
uptake and microbial recruitment. Such a mechanism would support the development of ideotypes
with “wide, dense, and lasting” root systems, promoting water and carbon storage in surface and

intermediate soil layers and reducing external inputs.

However, these conclusions must be regarded as preliminary. The study was limited by the number
of genotypes and replicates, and further work with larger and more diverse populations is needed to
validate or refute this hypothesis. Nevertheless, this thesis provides the first evidence of genotypic
effects on rhizosphere soil physical properties and introduces a refined shovelomics-based protocol

that can support future research in this area.
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Future work

The work presented in this thesis represents only a small portion of the activities carried out within
the broader WISH-ROOTS project. The data collected and described in Chapter 2 will be further
explored and integrated into future studies focusing on soil physics, in particular the role of root—soil
interactions in shaping soil aggregation. These analyses will be complemented by investigations of
soil microbiomes and chemical properties, with the aim of linking root system architecture not only
to physical but also to biological and chemical dimensions of soil health. The integration of these
approaches will allow a more comprehensive understanding of how genotypic variation in root traits

contributes to the multifunctionality of agricultural soils.
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