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A B S T R A C T

Root-driven modification of soil hydraulic properties may influence crop water availability and resilience under 
climatic variability, yet genotype-specific effects on rhizosphere hydrology remain poorly understood.

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, characterised by two peaks in the pore 
radius probability density function, whereas Bologna, baseline, and bulk soil displayed unimodal behaviour with 
a single dominant pore domain. Watkins 238 achieved the most significant improvement in hydraulic properties, 
increasing plant-available water to 0.21 m3 m− 3 (vs. 0.15 m3 m− 3 in baseline), driven by a lower permanent 
wilting point (0.12 m3 m− 3) and higher field capacity (0.34 m3 m− 3). Watkins 238 also displayed higher un
saturated conductivity, with hydraulic conductivity at field capacity and wilting point significantly higher than 
baseline and Bologna, and an area under the K(ψ) 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 (p < 0.05 to p < 0.001), 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.

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 rela
tionship between water content, water potential, and hydraulic con
ductivity (Bittelli et al., 2015). These hydraulic properties determine 
how water is stored, transmitted, and made available to plants and are 
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therefore closely linked to crop performance and drought resilience. 
Because root growth can modify soil pore architecture and connectivity, 
changes in root system architecture may influence hydraulic behaviour 
and alter water availability in the rhizosphere (Lu et al., 2020). Un
derstanding these root-mediated hydraulic responses is therefore 
important for linking plant traits with soil physical functioning under 
field conditions.

Root systems play a central role in shaping soil structure and hy
draulic properties by influencing soil aggregation (Hallett et al., 2022), 
pore formation and connectivity (Bengough et al., 2011), and water flow 
through mechanical and biochemical interactions with the surrounding 
soil matrix (Gregory, 2006; Lynch, 1995). Through growth, 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 carbo
hydrate 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 conse
quences for soil structure is therefore critical for enhancing soil hy
draulic functionality and supporting long-term agricultural 
sustainability (Dexter, 2004).

The rhizosphere, defined here as the zone of soil directly influenced 
by root growth, exudation, and associated biological and physical pro
cesses, is a dynamic interface where root activity can modify soil 
structure and hydraulic behaviour (Wang et al., 2022). During growth, 
roots mechanically rearrange soil particles and modify pore architecture 
by creating new macropores through penetration, altering the size dis
tribution and connectivity of existing pores, and occasionally occluding 
pores depending on root diameter and branching patterns (Bengough 
et al., 2011; Jin et al., 2013; Bodner et al., 2014; Lu et al., 2020). Root 
activity also affects soil aggregation. Macroaggregates may fragment 
within the rhizosphere while microaggregates form through the binding 
effects of root exudates and associated microbial activity (Hallett et al., 
2022). These structural changes influence soil hydraulic properties, 
including infiltration, water retention, permeability, and aeration 
(Bronick and Lal, 2005). After root senescence, decomposing roots 
generate biopores that increase macroporosity and create preferential 
flow pathways, extending the influence of root systems on soil structure 
and hydrological processes beyond the growing season (Carminati and 
Vetterlein, 2013; Bodner et al., 2014).

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). Wheat landraces preserve root architectural diversity that was 
substantially reduced during modern cultivar selection (Wingen et al., 
2014). Including landraces and modern cultivars in this study allowed 
us to test whether landrace-derived root variation translates into 
measurable rhizosphere hydraulic benefits in a contemporary field 
setting.

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).

Building on our previous work demonstrating that wheat genotypes 
differ in root morphology and rhizosphere pore structure, as revealed by 
X-ray computed tomography (Dimattia et al., 2025), the objective of this 
study was to determine whether these previously observed structural 
differences translate into measurable differences in soil hydraulic 
properties.

We hypothesised that:
(i) previously identified genotype-dependent differences in root ar

chitecture and pore organisation would result in measurable differences 
in water retention, pore size distribution, and unsaturated hydraulic 
conductivity relative to bulk and baseline soils; and (ii) specific root 
morphological traits, including root diameter, branching frequency, and 
root system extent, would be significantly associated with key hydraulic 
parameters, indicating trait-mediated modification of rhizosphere hy
draulic function.

To address these hypotheses, we analysed root architecture of four 
wheat genotypes with contrasting root phenotypes and characterised the 
hydraulic properties of their rhizosphere soils to identify relationships 
between root traits and soil hydraulic behaviour.

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). The soil at the site is 
classified as a loam according to the USDA textural classification, based 
on particle size analysis. The field experiment was established as a 
randomised complete block design with three independent field repli
cates plots per genotype (n = 3). Each plot covered 6 m2 and represented 
the experimental unit for subsequent soil hydraulic analyses. In addition 
to genotype-specific rhizosphere samples, reference soils consisted of 
three baseline soil replicates collected prior to sowing (n = 3) and three 
bulk soil replicates collected during the growing season from inter-row 
areas minimally influenced by roots (n = 3). Seeds were sown on 26 
November 2022 at a density of 23 g of seeds per m2. The experimental 
field had not undergone tillage operations for the previous two years. 
During the growing season, nitrogen fertiliser was applied twice at a rate 
of 24 kg N ha− 1 per application: first at the tillering stage (13 February 
2023) and again at stem elongation (17 April 2023).

Four wheat genotypes were selected to evaluate the influence of root 
systems on soil hydraulic properties: Watkins 238 (bread wheat land
race), 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). The 
selection was based on a preliminary screening of root morphology 
across 20 wheat genotypes (Dimattia et al., 2025), where principal 
component analysis identified these four genotypes to represent con
trasting root phenotypes (Supplementary Fig. 1). The two modern 
bread-wheat cultivars (Paragon, Bologna) provide a within-class 
contrast between a large, thicker-rooted (Paragon) and a compact, 
fine-rooted (Bologna) phenotype, complemented by a Watkins bread- 
wheat landrace at the high-extent end of PC1 (Watkins 238) and a 
heritage durum landrace at the extreme of large, thick-rooted pheno
types (Senatore Cappelli).
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2.2. Root characterization

One soil monolith (40 cm length × 30 cm depth) was excavated from 
each plot at the plants flowering stage, and the root systems were 
carefully washed to remove adhering soil. From each monolith, three 
healthy, representative plants were selected to represent the typical 
phenotype of the plot while excluding individuals with visible damage 
or disease. Individuals showing symptoms of biotic stress (e.g. pests or 
pathogens) or physical damage (e.g. lodging or mechanical injury) were 
excluded to minimise confounding factors unrelated to genotypic 
expression. This targeted selection follows common field sampling 
practices in root and rhizosphere studies, where destructive sampling 
limits the number of samples (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). This protocol includes frontal and rotated image acquisition 
for root crown architecture and high-resolution scanning of seminal and 
nodal roots in water-filled chambers for detailed morphometric analysis. 
Representative images and the RhizoVision Explorer workflow used to 
extract architectural traits are shown in Supplementary Fig. S2.

Root image analysis was performed using RhizoVision Explorer, an 
established platform for quantitative characterisation of root traits 
(Seethepalli et al., 2021). The acquired images were analysed to quan
tify root architectural traits describing overall spatial occupation and 
orientation, including root network area, convex area, morphological 
fragmentation patterns, and root 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, according to trait definitions commonly used 
in root phenotyping research (Freschet et al., 2021; Dimattia et al., 
2025). Extracted metrics included total 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 were 
previously generated and reported in Dimattia et al. (2025) using plants 
collected from the same field experiment and sampling campaign. These 
previously characterised root traits were incorporated here to enable 
integration with the newly generated soil hydraulic measurements. Soil 
hydraulic measurements presented in the current study were obtained 
from independently collected undisturbed soil cores and therefore 
represent a separate dataset from the previously reported root and X-ray 
CT analyses.

2.3. Soil sampling and measurement of hydraulic properties

Undisturbed soil cores (inner diameter 8 cm, height 5 cm) were 
collected using stainless-steel sampling cylinders for soil hydraulic 
measurements. At the end of the growing season, one undisturbed soil 
core was collected from each field replicate plot for each genotype, at 
10–15 cm depth from within the crop row to capture soil directly 
influenced by root growth and associated rhizosphere processes (here
after referred to as rhizosphere soil), resulting in three independent 
hydraulic replicates per genotype (n = 3). To distinguish root-mediated 
hydraulic modifications from seasonal changes in soil physical condi
tions, one additional bulk-soil core was collected per block from the 
inter-row area at an equivalent depth (n = 3 total), representing soil 
minimally influenced by roots. Baseline soil hydraulic properties were 
determined from three independent soil cores collected before sowing 
(n = 3).

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 in
verse solution of Richard’s equation to data obtained from the 

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

Saturated hydraulic conductivity was determined on undisturbed 
soil cores using the constant-head permeameter method following the 
principles described by Klute and Dirksen (2018). Measurements were 
performed using a KSAT system (METER Group AG, Munich, Germany) 
under a constant hydraulic head of 5 cm. Prior to measurement, soil 
cores were saturated for 72 h to ensure complete filling of the pore space 
with water. Hydraulic conductivity (Ks) was measured three times for 
each soil core. The resulting values were normalised to a reference 
temperature of 10 ◦C to correct for the effect of water viscosity on flow 
rate. After the Ks measurements, the soil cores were re-saturated for 
12–24 h to restore uniform hydration before soil water retention mea
surements using the evaporation method.

SWRCs and K from 0 to approximately 120 J kg− 1 were determined 
using the HYPROP2 evaporation method (METER Group Inc., Pullman, 
WA, USA), following established evaporation-method procedures 
(Peters and Durner 2008; Schindler et al. 2010). During these mea
surements, the mass of the soil cores and the matric potential values 
were recorded every 10 min using two tensiometers installed at fixed 
depths within each 5 cm soil core (1.25 and 3.75 cm below the soil 
surface), following the standard HYPROP2 configuration. The analysis 
was terminated upon reaching the air entry point of the ceramic plates in 
the tensiometers (approximately 120 J kg− 1), following the HYPROP2 
measurement protocol. At this stage, the entire sample, including the 
sampling cylinder, was weighed to determine its wet mass.

Upon completion of the HYPROP2 analysis, each soil core was 
vertically bisected and three subsamples were collected from the inner 
portion of the core exclusively to extend water retention measurements 
into the dry range using a dew point potentiometry (WP4C, METER 
Group Inc., USA) following Singh and Verdi (2024). These subsamples 
were collected as follows: one from the upper distal section (driest zone), 
one from the central section (intermediate moisture), and one from the 
lower distal section at the height of the smaller tensiometer (compara
tively wetter zone). These subsamples were treated as technical sub
samples for parameterisation rather than independent biological 
replicates.

This sampling strategy ensured that the three subsamples spanned a 
range of water potentials, providing distinct data points for curve fitting 
in the low-potential domain. Each subsample was sealed in the WP4C 
sample cup and allowed to equilibrate overnight before measurement; 
the instrument determines water potential by chilling a mirror to the 
dew point temperature of the headspace air in equilibrium with the 
sample, allowing determination of matric potential across a range of 
approximately − 0.1 to − 300 MPa. Gravimetric water content was 
subsequently determined by oven-drying all subsamples at 105.5 ◦C for 
24 h; the dried material was then reintegrated with the remaining core 
to determine the total dry weight of the soil sample (Campbell et al., 
2007).

2.4. Parameterisation of the unsaturated hydrological properties

Soil water retention curves were parameterised using the bimodal 
van Genuchten model (van Genuchten, 1980; Durner, 1994; Seki et al., 
2022; Šimůnek et al, 2024), an extension of the original van Genuchten 
formulation that allows representation of soils exhibiting multimodal 
water retention behaviour. 

Se =
θ − θr

θs − θr
=

∑k

i=1
wi

[
1

[1 + (αi|ψ |)ni ]
mi

]

(1) 

where Se [-] is the effective degree of saturation, θ [m3 m− 3] is the water 
content, θs [m3 m− 3] is the saturated water content, θr [m3 m− 3] is the 
residual water content, ψ[J kg− 1] is the matric potential, αi is the inverse 
of the air-entry potential [kg J− 1], and ni [-] and mi [-] are dimensionless 
shape parameters controlling the steepness and curvature of the 
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retention function. Following the standard van Genuchten-Mualem 
formulation, mi was constrained as mi = 1–1/ni. The parameter wi [-] 
represents the weighting coefficient of each pore domain, and k [-] in
dicates the number of pore domains included in the model (Durner, 
1994).

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

FC = θ(ψ = 33Jkg− 1
)

PWP = θ(ψ = 1500Jkg− 1
)

Plant-available water (PAW) was then calculated as 

PAW = Fc − PWP 

Soil water potential is reported in absolute values in this study to 
facilitate curve-fitting procedures and graphical representation on log
arithmic scales. Further details on parameter interpretation can be 
found in Durner (1994) and van Genuchten et al. (1992).

Unsaturated hydraulic conductivity was estimated from the fitted 
soil water retention curves using the Mualem–van Genuchten formula
tion (Mualem, 1976; van Genuchten, 1980; Schaap and van Genuchten, 
2006) as implemented by Bittelli et al. (2015), adapted for bimodal 
parameterisation, where the same weighting factors w0 and w1 obtained 
from the retention model represent the relative contribution of each 
pore domain to hydraulic flow (Eq. (2). The bimodal water retention 
model and the corresponding bimodal Mualem–van Genuchten con
ductivity model are referred to collectively hereafter as the bimodal van 
Genuchten–Mualem model, and the parameters derived from this 
framework (θ_s, α1, α2, n1, n2, w0, w1, K_s, K_FC, K_WP, and the slope of 
the conductivity curve) as bimodal van Genuchten–Mualem hydraulic 
parameters. This analysis was used to describe water transport behav
iour across the measured range of matric potentials. 

K(ψ) = KsSe(ψ)r

[
∑k

i=1
wi

(
1 −

(
1 − Si(ψ)1/mi

)mi
)
]r

(2) 

where K(ψ) is the unsaturated hydraulic conductivity [kg s m− 3], Ks 
is the saturated conductivity [kg s m− 3], τ is the tortuosity parameter, 
and r is a parameter determined by the model used for integration of the 
pore size distribution. Empirical parameters l = 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 by applying the Mualem–van Genuchten model following the 
numerical procedure described in Bittelli et al. (2015). Further analyses 
of the SWRCs were carried out to evaluate model performance and hy
draulic behaviour.

Separately from hydraulic conductivity estimation, fitted soil water 
retention curves (SWRCs) were used to derive secondary descriptors of 
soil hydraulic behaviour, including equivalent pore-size distributions 
and conductivity-based metrics. Equivalent pore radii were estimated 
using the capillary equation (Eq. (3), and probability density functions 
were calculated from cumulative pore distributions. This analysis pro
vided a structural interpretation of hydraulic behaviour by relating 
matric potential to equivalent pore radii. Following parameterisation of 
the SWRC, matric potential values were converted to equivalent pore 
radii using the capillary equation (Eq. (3), which relates matric potential 
to pore size under capillary equilibrium (Tuller et al., 1999). 

rc =
2γcosβ
ρlψm

(3) 

In Eq. (3), rc is the equivalent pore radius (m), γ is the surface tension of 
water (0.072 N m− 1), ρl is the density of water (1000 kg m− 3), β is the 
contact angle (30◦), and ψm is the soil matric potential (J kg− 1). Constant 
values were selected following typical values for soils (Bittelli et al., 

2015).
The cumulative pore radius distribution obtained from Eq. (3) was 

numerically differentiated using a five-point Lagrange polynomial 
scheme to derive the pore-size probability density function (PDF) 
(Burden and Faires, 1997; Bittelli et al., 2015). For bimodal distribu
tions, two peaks were identified in the PDF.

The bimodal van Genuchten model was fitted independently for each 
soil core corresponding to an individual field replicate plot. The 
resulting hydraulic parameters were therefore estimated separately for 
each biological replicate and subsequently used for genotype compari
sons. The resulting parameter estimates were used as independent 
experimental units for genotype comparisons to avoid 
pseudoreplication.

Two additional metrics were calculated to characterise hydraulic 
conductivity across the plant-available water range. First, the slope of 
the log(K)–log(ψ) relationship between field capacity (FC) and perma
nent wilting point (PWP) was calculated to quantify the rate at which 
hydraulic conductivity declines during soil drying (Ahuja et al., 1985; 
Rawls et al., 1998). Second, the area under the predicted K(ψ) curve 
(AUC) was calculated using trapezoidal integration to provide an inte
grated measure of unsaturated hydraulic conductivity across the same 
range of matric potentials (Alexander and Skaggs, 1986). Hydraulic 
conductivity values were extracted at two agronomically relevant matric 
potentials: field capacity (KFC; K evaluated at field capacity) and per
manent wilting point (KWP; K evaluated at permanent wilting point). 
Together, AUC and slope summarise the overall behaviour of conduc
tivity during soil drying.

2.5. Statistical analysis

Data normality was evaluated using the Shapiro-Wilk test and QQ 
plots. Statistical analyses were conducted using biological field repli
cates as the experimental units (n = 3 plots per genotype), with each soil 
core representing one independent observation for soil hydraulic ana
lyses. Additional subsamples collected during WP4C measurements 
were used exclusively to extend the soil water retention curves into the 
dry range and were not treated as independent observations in statistical 
analyses.

To satisfy normality assumptions and stabilise variance, hydraulic 
parameters derived from soil water retention and conductivity analysis 
were log10-transformed prior to analysis. Specifically, transformations 
were applied to saturated water content (θs), van Genuchten shape pa
rameters (α1, α2, n1, n2), saturated hydraulic conductivity (Ks), hydraulic 
conductivity at field capacity (KFC), hydraulic conductivity at perma
nent wilting point (KWP), the slope of the conductivity function, and the 
area under the conductivity curve (AUC). For simplicity, these variables 
are referred to without the log prefix throughout the text. In contrast, 
volumetric water content parameters (FC, PWP, PAW) and weighting 
coefficients (w0, w1) were analysed on their original scale because they 
vary within a narrow numerical range and satisfied parametric as
sumptions (Liu and Lennartz, 2019).

Differences among genotypes in soil hydraulic parameters and root 
phenotypic traits were assessed using one-way ANOVA, using field plots 
as the experimental units (n = 3 independent plots per genotype). One 
hydraulic soil core collected from each plot represented a single inde
pendent observation. Tukey’s post-hoc test was applied only when the 
overall ANOVA indicated significant treatment effects. This statistical 
approach accommodates unequal group sizes, and bulk soil samples 
were included as a reference treatment rather than as a balanced 
factorial comparison with genotype-specific rhizosphere soils. Statistical 
significance levels were interpreted as p < 0.01 (highly significant), p <
0.05 (significant), and p < 0.1 (marginally significant), depending on 
the dataset and variability of the measured parameters.

Associations between root traits and soil hydraulic properties were 
examined using linear mixed models (LMMs), with the soil hydraulic 
parameter as the response, the root trait as a fixed-effect predictor, and 
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field plot as a random intercept.

3. Results

3.1. Wheat genotypes differed in root morphological and topological traits

Root traits of Paragon, Senatore Cappelli, and Watkins 238 were 
previously characterised under the same experimental conditions and 
described in detail by Dimattia et al. (2025). In the present study, we 
extend that dataset by including the Bologna genotype and integrating 
root architectural data with measurements of soil hydraulic properties to 
examine genotype-driven effects on rhizosphere hydrology. Significant 
variation among genotypes was observed across several root morpho
logical and topological traits (Table 1). The following section provides a 
concise overview of the contrasting root phenotypes represented in this 
study as context for interpreting their associated hydraulic responses.

Overall, the four genotypes exhibited contrasting root architectures. 
Paragon developed the longest and most branched root system, with the 
coarsest root diameters. Senatore Cappelli had the largest whole-root 
area and fine, FRMP-rich roots. Watkins 238 also had fine roots and a 
high FRMP, but the lowest total root length, tip count, and branching of 
the panel. Bologna had the most compact whole-root architecture and 
intermediate-to-low broken-root values. Bologna also exhibited the 
smallest network area among the four genotypes (p < 0.05), the smallest 
convex area, and the lowest FRMP value (marginal at p < 0.10). At the 
individual-root scale, Watkins 238 displayed fewer branching points 
than Senatore Cappelli and Paragon (p < 0.01), lower branching 

frequency than Paragon (p < 0.01), and the shortest total root length (p 
< 0.01), together with the smallest root tip count (p < 0.01) and the 
shortest root length in both diameter classes (D1 < 0.45 mm: 1,170 mm 
vs 4,928 mm in Paragon, p < 0.01; D2 > 0.45 mm: 283 mm vs 1,157 mm 
in Paragon, p < 0.01). Bologna also differed significantly from Senatore 
Cappelli in the number of branching points (p < 0.01). Paragon devel
oped the most extensive root system across nearly all topological 
metrics.

3.2. Rhizospheric hydraulic properties differ among the wheat genotypes

Significant differences were identified among soil samples for mul
tiple parameters derived from the retention curves (Fig. 1a, Table 2). For 
visualisation purposes, retention curves were fitted using the pooled 
data from all replicates (Fig. 1b).

The bimodal van Genuchten equation accurately fitted the data 
(mean RMSE = 0.025 ± 0.015 J kg− 1), 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 (Fig. 1a).

Watkins 238 displayed the highest saturated water content (θs), 
significantly above bulk soil (Tukey HSD, p < 0.05). The other rhizo
sphere soils were numerically higher than bulk soil but not statistically 
distinguishable from it. This pattern is consistent with increased effec
tive water storage capacity and altered pore organisation in the Watkins 
238 rhizosphere.

Watkins 238 displayed the smallest α1 value, significantly lower than 
those of Bologna, Paragon, and baseline soil (Tukey HSD, p < 0.05 in all 
three contrasts). Senatore Cappelli and bulk soil also presented signifi
cantly lower α1 values than Bologna and Paragon (Tukey HSD, p <
0.05). Bulk soil and baseline soil were not statistically distinguishable 
for this parameter. In the van Genuchten formulation, α represents the 
reciprocal of the air-entry value; therefore, lower α1 values correspond 
to higher air-entry potentials and indicate the presence of smaller pores 
near saturation.

Watkins 238 also showed significantly higher n1 values than Bologna 
(p < 0.01), Paragon (p < 0.01), and baseline soil (p < 0.01). No signif
icant differences were observed among Senatore Cappelli, Paragon, and 
Watkins 238 for the secondary pore parameters α2, n2, and w1, sug
gesting similar behaviour in the second pore domain. Comparisons with 
Bologna, baseline, and bulk soil were not possible for these parameters 
because their water retention curves did not exhibit bimodality.

Field capacity, permanent wilting point, and plant-available water 
differed significantly among treatments (Fig. 1, Table 2). Watkins 238 
exhibited the highest FC (0.34 m3 m− 3), significantly above baseline soil 
(0.27 m3 m− 3; Tukey HSD, p < 0.05); the other rhizosphere soils 
(Paragon and Senatore Cappelli, both 0.32 m3 m− 3; Bologna, 0.30 m3 

m− 3) were numerically higher than baseline but did not differ signifi
cantly from it. Watkins 238 also showed the lowest PWP (0.12 m3 m− 3 vs 
0.16 m3 m− 3, approximately − 25 %; Tukey HSD, p < 0.05), resulting in 
the highest PAW among all groups (0.21 m3 m− 3), significantly 
exceeding baseline soil (0.15 m3 m− 3), Paragon (0.16 m3 m− 3), and 
Bologna (0.16 m3 m− 3) by 40 %, 31 % and 31 %, respectively (Tukey 
HSD, p < 0.05 in all three contrasts). Senatore Cappelli showed inter
mediate PAW (0.19 m3 m− 3), numerically higher than baseline but not 
statistically distinguishable from it. These genotypic differences in water 
retention across the plant-available water range are illustrated in Fig. 1.

Saturated hydraulic conductivity (Ks) differed significantly among 
treatments (Table 2). Rhizosphere soils associated with Paragon and 
Watkins 238 showed the highest Ks values (log Ks = 3.53 and 3.49, 
respectively), compared with baseline soil (2.66), bulk soil (3.01), and 
Senatore Cappelli (2.85). Bologna also exhibited higher Ks (3.26) than 
baseline soil. In contrast, Senatore Cappelli showed lower Ks than 
Bologna (Table 2).

Unsaturated hydraulic conductivity differed significantly among 
treatments (Table 2; Fig. 2). Watkins 238 maintained the highest 

Table 1 
Means ± standard error of root morphological and topological traits across four 
wheat genotypes. Data for Paragon, Senatore Cappelli, and Watkins 238 were 
previously reported in Dimattia et al. (2025). Different superscript letters within 
a row indicate significant pairwise differences among genotypes identified by 
Tukey’s HSD post-hoc test (p < 0.05). Grouping letters are shown only for 
variables with significant overall ANOVA effects.

Root Trait p- 
value

Paragon Senatore 
Cappelli

Watkins 
238

Bologna

​ Whole root analysis
Network area 

(mm2)
* 4435 ±

361ab
5667 ±
391a

4145 ±
454ab

2359 ±
381b

Convex area 
(mm2)

* 15002 ±
1460a

16291 ±
2206a

14714 ±
1659a

11315 ±
1724b

Shallow angle 
frequency

ns 0.22 ±
0.02

0.24 ± 0.01 0.23 ±
0.01

0.19 ±
0.02

Steep angle 
frequency

ns 0.51 ±
0.02

0.46 ± 0.01 0.48 ±
0.02

0.53 ±
0.02

1FRMP † 451 ± 27 637 ± 86 636 ± 75 295 ± 51
​ Broken root analysis
Root tips ** 894 ±

127a
506 ± 60a 237 ± 45b 434 ± 32a

Total root length 
(mm)

** 6086 ±
828ab

3200 ±
416a

1353 ±
322b

3479 ±
273a

Root length D2 
(> 0.45 mm)

** 1157 ±
100a

546 ± 175b 283 ± 42b 524 ± 43b

Root length D1 
(< 0.45 mm)

** 4928 ±
734a

2654 ±
743ab

1170 ±
249b

1954 ±
183b

Branching 
points

** 3479 ±
612a

1447 ±
189a

635 ±
165b

979.22 ±
98b

Branching 
frequency (1/ 
mm)

** 0.69 ±
0.08a

0.35 ±
0.01b

0.29 ±
0.03b

0.34 ±
0.02b

Max root 
diameter 
(mm)

* 1.93 ±
0.50a

1.17 ±
0.13b

1.19 ±
0.56b

1.22 ±
0.34b

Root diameter 
(mm)

* 0.93 ±
0.09ab

0.56 ±
0.01b

0.60 ±
0.02b

0.76 ±
0.08a

Significance based on one-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001, †
0.05 ≤ p < 0.10, ns ≥ 0.10.
1FRMP: fragmented root morphological pattern, a descriptor of root system 
fragmentation and spatial distribution quantified according to Le Marié et al. 
(2019).
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conductivity throughout the drying range, exhibiting the highest hy
draulic conductivity at field capacity (KFC) and wilting point (KWP) and 
AUC values. In contrast, baseline soil and Bologna consistently showed 
the lowest conductivity metrics.

Although the slope of the log(K)–log(ψ) relationship was steeper 
(more negative) for Watkins 238 and Senatore Cappelli than for 
Bologna, Watkins 238 and Senatore Cappelli maintained higher K values 
throughout the drying range (Fig. 2), reflecting their higher saturation- 

end conductivity (Ks) and larger AUC. The flatter slope of Bologna 
therefore reflects a uniformly lower conductivity rather than greater 
sustained transmission. Senatore Cappelli showed lower Ks than Bologna 
but maintained higher unsaturated conductivity across the drying range, 
with greater KFC and a slope closer to zero, suggesting that the two 
genotypes modify soil hydraulic behaviour through distinct 
mechanisms.

Overall, Watkins 238 showed statistically significant higher values of 

Fig. 1. Soil water retention curves for baseline soil, bulk soil, and rhizosphere soils associated with four wheat genotypes (Watkins 238, Paragon, Senatore Cappelli, 
and Bologna). Water potential is plotted as absolute values. (A) Soil water retention curves for each soil type showing measured volumetric water content (points) 
and fitted curves based on a modified bimodal van Genuchten model (lines). Grey lines represent individual replicate fits. (B) Comparison of the fitted retention 
curves for all treatments. The inset highlights the agronomically relevant range between field capacity (FC) and permanent wilting point (PWP).

Table 2 
Values are means ± standard error of hydraulic properties of baseline, bulk, and genotype-specific rhizosphere soils derived from retention curves. Different super
script letters indicate significant differences among groups (Tukey HSD, p < 0.05). Dashes (—) indicate parameters not estimated due to unimodal retention behaviour. 
Grouping letters are shown only for parameters with a significant overall ANOVA effect.

Soil Parameter p-value Baseline Bulk Soil Paragon Senatore Cappelli Watkins 238 Bologna

log θs *** − 0.73 ± 0.03ab − 0.81 ± 0.05b − 0.66 ± 0.03ab − 0.70 ± 0.01ab − 0.64 ± 0.04a − 0.75 ± 0.06ab

log α1 *** − 1.18 ± 0.04ab − 3.41 ± 0.31bc − 1.41 ± 0.66a − 3.57 ± 0.11bc − 4.75 ± 1.15c − 1.00 ± 0.19a

log α2 ns − − − 2.43 ± 2.79 − 1.02 ± 0.11 − 0.89 ± 0.42 −

log n1 *** 0.18 ± 0.01b 0.23 ± 0.01ab 0.19 ± 0.03b 0.27 ± 0.04ab 0.36 ± 0.13a 0.16 ± 0.01b

log n2 ns − − 0.88 ± 0.39 0.53 ± 0.25 0.53 ± 0.19 −

log Ks *** 2.66 ± 0.11d 3.01 ± 0.07bc 3.53 ± 0.05a 2.85 ± 0.15c 3.49 ± 0.16a 3.26 ± 0.07b

w0 ns 1 1 0.87 ± 0.06 0.73 ± 0.04 0.64 ± 0.01 1
w1 ns 0 0 0.13 ± 0.06 0.26 ± 0.03 0.36 ± 0.01 0
FC *** 0.27 ± 0.01b 0.31 ± 0.01ab 0.32 ± 0.00ab 0.32 ± 0.01ab 0.34 ± 0.00a 0.30 ± 0.01ab

PWP ** 0.12 ± 0.00a 0.13 ± 0.00ab 0.16 ± 0.00a 0.14 ± 0.01ab 0.12 ± 0.01b 0.14 ± 0.00ab

PAW *** 0.15 ± 0.01c 0.19 ± 0.00bc 0.16 ± 0.00b 0.19 ± 0.01bc 0.21 ± 0.01a 0.16 ± 0.01b

log KFC *** − 5.78 ± 0.42c − 3.73 ± 0.12b − 4.68 ± 1.05ab − 3.79 ± 0.41ab − 2.72 ± 1.38a − 5.57 ± 0.31c

log KWP *** − 9.92 ± 0.47b − 8.11 ± 0.13ab − 8.85 ± 0.90ab − 8.36 ± 0.52ab − 7.29 ± 1.49a − 9.60 ± 0.34b

AUC *** 7.70 ± 1.45b 24.96 ± 3.78b 21.15 ± 6.87b 21.06 ± 3.53b 46.10 ± 16.20a 10.70 ± 2.07b

slope *** − 2.50 ± 0.04b − 2.64 ± 0.02ab − 2.51 ± 0.10b − 2.76 ± 0.13a − 2.76 ± 0.20a − 2.43 ± 0.03b

Significance based on one-way ANOVA: *p < 0.1, **p < 0.05, ***p < 0.01; ns, not significant. θs, saturated volumetric water content; α1 and α2, air-entry parameters for 
the macropore and micropore domains, respectively (lower α corresponds to a higher air-entry potential, i.e., smaller effective pore sizes); n1 and n2, shape parameters 
of the bimodal van Genuchten retention curve, related to the width of the pore-size distribution in each domain; w0 and w1, weighting factors representing the relative 
contribution of the macropore and micropore domains, respectively, to the bimodal retention curve; Ks, saturated hydraulic conductivity; KFC and KWP, unsaturated 
hydraulic conductivity at field capacity and at permanent wilting point, respectively; FC, field capacity (water content at − 33 kPa); PWP, permanent wilting point 
(water content at − 1500 kPa); PAW, plant-available water (FC − PWP); AUC, area under the hydraulic conductivity curve; slope, gradient of the log–log unsaturated 
hydraulic conductivity curve (Δ log K / Δ log |ψ|); more negative values indicate a more rapid decline of conductivity with drying, while values closer to zero indicate 
sustained conductivity at low matric potentials.
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K over the entire range of water potentials (Fig. 2), modifying the hy
draulic behaviour of the original baseline soil and also with respect to 
the other genotypes.

3.3. Root architectural traits correlate with soil hydraulic properties

Linear mixed models revealed significant relationships between root 
morphology and hydraulic behaviour (Fig. 3). Root architectural traits 
primarily influenced water retention. Crown network area was posi
tively associated with the macropore weighting factor w0, field capacity, 
and plant available water, while FRMP was negatively related to α1 but 
positively associated with θs, FC, and PAW (p < 0.05). Root angle dis
tribution also affected pore-domain parameters, with shallow root an
gles associated with lower α1 and n2 and higher w1, whereas steep root 
angles showed the opposite trend.

Traits related to root extent and topology (total root length, length in 
both diameter classes, and root tip number) exhibited similar relation
ships with hydraulic properties, being negatively associated with α2, n1, 
and saturated hydraulic conductivity (Ks), and positively associated 
with permanent wilting point (PWP). Branching frequency and root 
diameter were also significant predictors of hydraulic behaviour. 
Greater branching frequency was associated with reduced PAW, Ks, 
KFC, and KWP, but increased θs, α1, PWP, and the conductivity-curve 
slope. Similarly, larger average root diameter was positively corre
lated with θs and α1 but negatively with n1, w1, PAW, KFC, and KWP. 
Maximum root diameter showed a comparable pattern, being positively 
associated with n2 and w0 and negatively associated with n1, w1, and Ks.

3.4. Roots affect pore size distribution

Baseline and bulk soils exhibited unimodal distributions (Fig. 4) with 
peaks at 22.3 and 6.6 µm, respectively. Bologna, characterised by 
shorter, less branched roots, showed a unimodal distribution (peak at 
9.9 µm) similar to bulk soil, with no significant effect on θs (Table 2), 
indicating limited influence on pore architecture.

In contrast, Paragon, Watkins 238, and Senatore Cappelli exhibited 
bimodal pore size distributions (Fig. 4). Paragon, which developed 
longer and thicker roots, produced a bimodal distribution with peaks at 
17.3 µm (macropores) and 0.162 µm (micropores). This genotype also 
showed higher saturated water content (θs) than bulk soil (p < 0.01), 

indicating greater total porosity. Together, these results suggest that 
Paragon roots modified both the amount of pore space and its distri
bution within the rhizosphere.

Watkins 238 and Senatore Cappelli, characterised by finer, more 
elongated root systems, generated distinct bimodal distributions with 
larger macropore peaks (55.6 and 61.6 µm, respectively) and secondary 
micropore peaks around 2 µm.

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 (PWP), and hy
draulic conductivity across saturation states. These findings support the 
idea that plant roots can actively modify soil structure and hydraulic 
properties through their growth and rhizosphere activity. Previous 
studies have shown that roots can change pore architecture and soil 
water dynamics by displacing soil particles and releasing organic com
pounds into the rhizosphere (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

In this study, genotypes with finer root diameters and architecturally 
complex root systems (high FRMP) were associated with greater water 
retention at lower matric potentials and lower α values, which in the 
bimodal van Genuchten parameterisation applied in this study corre
spond to smaller effective pore sizes and higher air-entry potentials 
(Bittelli et al., 2015). These results therefore suggest that root prolifer
ation modified the rhizosphere pore architecture by increasing the 
proportion of smaller pores. Bologna and bulk soil exhibited unimodal 
retention curves, indicating a simpler pore architecture with less dif
ferentiation between macro- and micropore domains. This pattern is 
characteristic of soils with limited aggregation or reduced structural 
heterogeneity (Dexter, 2004; Jarvis, 2007) and consistent with the 
weaker rhizosphere restructuring expected from Bologna's compact root 
system. Paragon, Watkins 238 and Senatore Cappelli, by contrast, pro
duced bimodal pore distributions consistent with the coexistence of 
inter-aggregate macropores and intra-aggregate micropores typical of 

Fig. 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(ψ) relationship for a given genotype or treatment, with shaded bands indicating the standard error across replicates.
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structured agricultural soils (Durner, 1994), potentially generated by 
root-induced aggregation or biopore formation after root decay. Our 
previous X-ray CT study on three of the same genotypes grown in this 
field showed that wheat cultivars differ markedly in their ability to 
restructure rhizosphere pore networks at both core and aggregate scales, 
generating persistent bioporosity that depends on root architecture, and 
that root traits correlated with pore network connectivity and biopore 
characteristics rather than with bulk pore volume alone (Dimattia et al., 
2025). Genotypes can therefore generate pore systems of comparable 
size but differing topology, consistent with earlier X-ray CT observations 
of genotype-specific rhizosphere pore modification in soil columns for 
cover crops (Scholl et al., 2014) and wheat (Daly et al., 2015). In our 
study, the genotype Watkins 238 maintained the highest hydraulic 
conductivity at low matric potentials, suggesting that water flow was 
sustained through smaller, well-connected pores as the soil dried. 
Similar hydraulic responses have been described in fine-textured agri
cultural soils, where continuous micropore networks allow water 

movement even at low water potentials (Jarvis and Messing, 1995) and 
have been discussed more broadly in relation to water transport across 
contrasting soil textures (Marshall et al., 1996). These studies support 
the interpretation that the pore structure associated with Watkins 238 
may promote hydraulic connectivity under drying conditions. These 
results reinforce the hypothesis that RSA determines hydraulic proper
ties by influencing pore connectivity and tortuosity.

4.2. Mechanisms underlying root–hydraulic interactions

The trait–hydraulic associations identified (Fig. 3) and the genotypic 
contrasts described in Section 4.1 can be interpreted considering three 
non-exclusive mechanisms occurring in the rhizosphere: (i) mechanical 
restructuring of pore geometry, (ii) partial pore-filling that modifies 
connectivity, and (iii) rhizodeposit-mediated aggregation. Their relative 
contributions vary with root architecture, water potential, and soil 
texture. Mechanically, roots displace soil particles and modify pore 

Fig. 3. Associations between root architectural traits and soil hydraulic and structural variables, estimated by linear mixed models with field plot as random 
intercept. Soil parameters are grouped by category along the horizontal axis as water content metrics: saturated water content (θs), field capacity (FC), permanent 
wilting point (PWP), and plant-available water (PAW); hydraulic conductivity metrics: saturated hydraulic conductivity (Ks), conductivity at field capacity (KFC), and 
conductivity at permanent wilting point (KWP); and parameters of the bimodal van Genuchten–Mualem model: air-entry parameters α1 and α2 for the macropore and 
micropore domains, pore-size distribution indices n1 and n2, weighting coefficients w0 and w1 that partition the dual-porosity contributions, and the slope of the 
unsaturated hydraulic conductivity curve. Root traits (vertical axis) are ordered by trait family: branching, crown architecture, root length, root diameter, and root 
angle distribution. Cell colour indicates the direction and magnitude of the standardised LMM effect estimate (blue, negative association; red, positive association), 
with colour intensity proportional to effect size as shown in the colour bar. Asterisks denote statistical significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001. White 
cells indicate non-significant relationships (p ≥ 0.05). FRMP, fragmented root morphological pattern; D1, fine-root diameter class (< 0.45 mm); D2, coarse-root 
diameter class (> 0.45 mm).
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geometry (Jin et al., 2017), and can partially fill existing pores, altering 
pore connectivity and hydraulic behaviour (Lu et al., 2020). In our loam 
soil, branching frequency and root tip number correlated negatively 
with Ks, KFC and KWP (Fig. 3), consistent with dense fine-root networks 
partially obstructing flow through medium-sized pores while main
taining connectivity in smaller pores. Fine-root proliferation may reduce 
water flow near saturation through partial pore clogging, while allowing 
sustained flow through micropores as soils dry (Hohenbrink et al., 
2023). Mean and maximum root diameter showed the opposite 
pattern, with positive correlations with n2, w0 and the slope of the 
conductivity curve, indicating that thicker, more spatially distributed 
roots are more strongly associated with the macropore-domain structure 
that sustains flow during drying. These opposing trait signatures suggest 
that rhizosphere restructuring trades macropore conductivity for 
micropore continuity at high branching density (Hohenbrink et al., 
2023), and that the observed increase in PWP without proportional 
gains in FC reflects a trade-off between total soil storage and plant- 
usable water that is itself trait-dependent. The Watkins 238 versus 
Senatore Cappelli contrast (comparable bimodal pore size distributions 
but markedly different Ks) further illustrates that this restructuring is 
ultimately governed by pore network topology rather than size 
composition alone (Dimattia et al., 2025; Jarvis, 2007). Bologna's 
compact root system, unimodal pore distribution, and uniformly lower 
hydraulic conductivity across the drying range (despite a flatter slope of 

− 2.43) define the opposite extreme of limited rhizosphere modification.
The third mechanism, not directly quantified here, is mucilage- and 

rhizodeposit-mediated aggregation. Mucilage enhances aggregate sta
bility through its rheological properties (Naveed et al., 2019) and 
modifies pore-scale water retention (Holz et al., 2018) and connectivity 
(Kroener et al., 2018). Because mucilage is exuded primarily from root 
tips and elongation zones, the spatial extent of its stabilising influence 
scales with root tip density and total root surface area rather than with 
root volume. Paragon, with the highest branching frequency, root tip 
count, and total root length in the panel (Table 1) would therefore 
expose the largest soil volume to mucilage influence, consistent with its 
strongly developed bimodal pore structure and very fine micropore peak 
(0.162 µm). The thinner-rooted but lower-branching Watkins 238 and 
Senatore Cappelli would generate more spatially distributed but locally 
less abundant mucilage coverage, while Bologna's compact, low- 
branching system implies the smallest rhizosphere footprint. Because 
mucilage hydrophilicity declines on drying (Carminati et al., 2010; 
Hallett and Young, 1999) and our measurements extend to PWP, me
chanical restructuring and connectivity changes likely contributed more 
than mucilage dynamics to the dry-end responses observed; direct 
quantification of mucilage abundance and spatial distribution across 
genotypes will be needed to further test this hypothesis.

Bulk soil

Bologna

Baseline

Senatore Cappelli

Watkins 238Paragon

Fig. 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 indicating 
bimodal or more heterogeneous pore-size distributions characteristic of rhizosphere modification.
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4.3. Implications for breeding and sustainable water use

These genotype-specific hydraulic responses have direct agronomic 
relevance. Root traits that help maintain soil porosity and hydraulic 
conductivity during soil drying may improve water-use efficiency, 
enhance drought resilience, and reduce irrigation demand, particularly 
in coarse-textured soils where plant-available water (PAW) is naturally 
limited (Ober et al., 2021). However, our results also reveal potential 
trade-offs. In some cases, increased water retention was associated with 
a higher permanent wilting point (PWP), which reduced the amount of 
plant-available water. These findings suggest that selecting crops solely 
for greater fine-root proliferation may not always lead to improved 
water availability for plants.

These results support the integration of root system architecture 
(RSA) traits into crop breeding and cropping system design (Ober et al., 
2021; Zhang et al., 2025). However, the effects of genotype are strongly 
influenced by soil structure, management practices, and climatic con
ditions (Paez-Garcia et al., 2015; Uga, 2021).

The hydraulic improvements observed for the landrace Watkins 238 
are noteworthy in this context. Modern wheat breeding has historically 
prioritised above-ground traits and rarely selected directly for root ar
chitecture (Voss-Fels et al., 2017), and the resulting genetic narrowing 
may have reduced the architectural diversity available to modulate 
rhizosphere hydraulic function. The Watkins bread-wheat collection 
(Wingen et al., 2014) and the broader Mediterranean durum landrace 
pool (Maccaferri et al., 2019) both offer structured platforms for re- 
introgressing landrace-derived root variation into elite germplasm, 
and our results suggest soil hydraulic functionality is one trait class for 
which this approach may be worth pursuing across both bread and 
durum wheat backgrounds.

4.4. Limitations and future directions

Although the experimental design provided sufficient power to 
detect genotype-associated differences in hydraulic behaviour, the 
relatively limited number of biological replicates means these findings 
should be interpreted as indicative rather than definitive and require 
validation across additional environments and seasons.

Furthermore, the observed relationships between root traits and 
hydraulic properties were inferred partly from pore-size distributions 
derived through hydraulic model parameterisation rather than direct 
structural observations. Future work combining high-resolution imaging 
approaches (e.g., X-ray CT or MRI), quantitative assessment of rhizo
sphere mucilage, and validation across contrasting soil types will be 
important for confirming the structural mechanisms underlying these 
genotype-specific hydraulic signatures and evaluating their stability 
under realistic agronomic conditions. Although high-resolution imaging 
techniques provide direct structural information, soil hydraulic mea
surements offer a scalable and comparatively cost-effective approach for 
assessing the functional impact of root–soil interactions across larger 
numbers of genotypes, soils, and environmental conditions. This makes 
hydraulic phenotyping a useful complement to structural approaches 
when evaluating genotype-dependent effects on soil water dynamics.

5. Conclusions

This study examined whether genotypic variation in wheat root 
system architecture influences soil pore structure and hydraulic 
behaviour under field conditions. The results show that contrasting ge
notypes modify rhizosphere pore architecture, leading to measurable 
differences in soil hydraulic properties, including water retention, plant- 
available water, and hydraulic conductivity during soil drying. Geno
types characterised by finer root diameters and architecturally complex 
root systems tended to generate bimodal pore size distributions and 
improved hydraulic performance under unsaturated conditions.

These findings suggest that root architectural traits can influence 

rhizosphere hydrological functioning by reshaping pore connectivity 
and pore size distribution. Integrating such traits into breeding strate
gies may therefore offer opportunities to improve soil–plant water re
lations and enhance crop resilience in water-limited environments.
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