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ARTICLE INFO ABSTRACT

Handling Editor: Yvan Capowiez 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 and key processes such as gas exchange, thermal properties, soil organic

matter transformations, nutrient dynamics and root penetration (Horn

Soil structure, defined as the spatial arrangement of soil particles and
pores, is a fundamental parameter for soil quality (Dexter, 1988, Young
et al., 2001). Soil pores provide a habitat for microorganisms and play a
major role in infiltration, root growth and carbon turnover (Kravchenko
and Guber, 2017). Soil structure is also directly linked to soil hydraulic
properties (e.g. water retention and hydraulic conductivity) that deter-
mine the availability of water for plants and soil microbial communities
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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. The interactions
between plant roots and soil add additional levels of complexity. Plant
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roots can significantly affect soil physical structure through the forma-
tion and activity of biopores, modification of the density and distribu-
tion of soil pores, and by affecting the soil’s capacity to retain water.
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 et al., 2020). Considering that crop production claims nearly one
third of the world land (Ritchie and Roser, 2019), it is crucial to intro-
duce root traits in crop systems that can improve soil structure param-
eters 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 land-
races 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 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 pro-
moting 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 tomog-
raphy (CT) is now increasingly used to assess soil and root structure
(Bardgett etal., 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 char-
acterization of the pore space due to oversimplification of the soil ge-
ometry (Hunt et al., 2013). This critique becomes even more pertinent
when considering biopores, which possess distinct geometries and to-
pologies (Leue et al., 2019).
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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 ge-
netic 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 quan-
tified 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).

The results presented in this paper advance our understanding of the
relevance of root traits to support soil structure.

2. Materials and methods
2.1. Field trial

The field trial was conducted at the experimental farm of the Uni-
versity 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 architec-
ture while also considering species differences and their breeding his-
tory of each genetic diversity. We intentionally selected: (i) 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 en-
sures 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
etal., 2020) and hexaploidy wheat (Wingen et al., 2014). These cultivars
were sown in 6 x 1-m (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 10th, 2023.

2.2. Sample collection

Undisturbed soil cores were collected in October 2023 using an Eij-
kelkamp 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. Additionally, samples of bare soil were collected outside the
rhizosphere plots 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
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1 cm

Paragon

Fig. 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.

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 ag-
gregates were collected and used for scanning at a higher resolution for
the aggregate soil structure analysis. X-ray analysis was therefore per-
formed on the whole soil cylinder and on aggregates, as detailed below.

2.2.1. 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 sys-
tem 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
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Fig. 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).

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 water was replaced every 10 samples.

2.2.2. Root image analysis

Root image analysis was performed using RhizoVision Explorer
software for both the whole-root and broken-root methods (Seethepalli
etal., 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 eval-
uate entire root system images, and “broken-root analysis,” which ex-
amines root fragments obtained after sectioning.

For whole-root analysis, focusing specifically on crown images, an
image threshold value of 170 was employed to achieve precise seg-
mentation 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 pym 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 explo-
ration 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 topol-
ogy. Pixel-to-millimeter conversion followed the identical approach as
described for whole-root analysis, ensuring consistency between
methods.

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
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Fig. 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.

maximum root diameter. The total root length was computed by sum-
ming 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. How-
ever, traits such as root tips, branching frequency, and branching points
should be interpreted with caution, as they may be slightly over-
estimated due to background noise or limitations in feature detection
inherent to the analysis software (RhizoVision Explorer).

2.3. 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,
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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 pym.

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 pm,
resulting in an estimated image resolution of 27 pym. Fig. 3 illustrates the
X-ray imaging systems for the cylinder and the aggregates collected from
each measured cylinder.

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 the
rendering software VGStudio Max 2.0 by Volume Graphics.

2.4. Image processing

2.4.1. 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 trans-
mission 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.

2.4.2. 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,
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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 Senatore Watkins
Cappelli 238
Whole root analysis
Network area (mmz) xx 4435 + 5667 + 391° 4145 +
3617 454%
Convex area (mm2) 15002 + 16291 + 14714 +
1460° 2206" 1659"
Shallow angle frequency  ns 0.22 + 0.24 £0.01° 0.23 +
0.02% 0.01%
Steep angle frequency ns 0.51 + 0.46 + 0.01*  0.48 &+
0.02° 0.027
Fragmenter root 451 + 277 637 + 86" 636 + 75%
morphological pattern
Broken root analysis
Root tips i 894 + 506 + 60" 237 + 45%
127°
Total root length (mm) 6086 + 3200 + 416° 1353 +
828" 322°
Root length diameter o 1157 + 546 + 175% 283 + 42°
range 2 (mm) 100°
Root length diameter 4928 + 2654 + 743" 1170 +
range 1 (mm) 734° 249°
Branching points bl 3479 + 1447 £189° 635 + 165°
612%°
Branching frequency e 0.69 + 0.35+0.01° 0.29 +

(mm™Y) 0.08" 0.03%

Max root diameter (mm) 1.93 + 1.17 £ 0.13% 1.19 +
0.50° 0.56

Root diameter (mm) ok 0.93 + 0.56 £ 0.01°  0.60 +
0.09° 0.02°

2 ) p values of ANOVA genotypic effect, with *, ** or *** representing p < 0.1,
<0.05 or < 0.01, respectively.

Isodata, Renyi Entropy, Maximum Entropy, Huang, Li and Yen (Prewitt
and Mendelsohn, 1966; Ridler and Calvard, 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.

2.4.3. 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.

2.5. 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 quer-
mass 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
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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 con-
nectivity 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, rep-
resenting 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 (MO),
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 of isolated pore-
clusters.

In the natural sciences, connectivity is also defined through the pa-
rameters obtained via the percolation theory paradigm (Liu and
Regenauer-Lieb, 2011; Renard and Allard, 2013). Originally, percola-
tion 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
("), 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 con-
nected (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 ROl 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., 2018; Schliiter et al., 2020).

The labels for the morphological parameters for the cylinder and
aggregate were chosen as follow: MO, M1, M2, M3, I" and PT for the
cylinder analysis and uMO, uM1, uM2, uM3, ul” and pPT for the aggregate
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sub samples.

The pore size distribution (PoSD) was also extracted from both rhi-
zospheric 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):

ﬂa
()

where « is the shape factor, which is defined as « = 2 + p?/62 and p is the
scale factor, f = u (o« — 1). Four parameters can be extracted from each
inverse Gamma distribution: shape, scale, mean and variance (o, f3, p and
62). 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

flea.p) = —(1/x) e

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

2.6. Statistical analysis

Firstly, we tested whether the parameters for normal distribution by
using the Shapiro-Wilk test. For those parameters that did not 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, 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.
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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 eval-
uate all the interactions of the soil and root variables. The statistical
analyses were performed using R software (RStudio Team, 2020). To
analyze the effect of each root trait on the soil morphological parame-
ters, 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 combi-
nations, where each root trait was analyzed in terms of its effect on the
morphological parameters of the bioporosity alone.

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 Wat-
kins238 (p < 0.05) (Table 1). 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).

3.2. Minkowski functionals and percolation properties

3.2.1. 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.

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 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 vol-
ume. 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 et al.,
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 rhizo-
spheric 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-Gémez
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 con-
nectivity. Our results are consistent with Lucas et al. (2019a), who
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Fig. 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.

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.

3.2.2. 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.

3.2.3. 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 dis-
tribution 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-
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Cappelli and Watkins238 (p < 0.01), Watkins238 and bare soil (p <
0.01), and Senatore-Cappelli and bare soil (p < 0.1).

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.

We found a significant difference in biopore size distributions be-
tween 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 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.

3.2.4. 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 was higher in the control sam-
ples 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
etal., 2019a) it also exhibits a more connected structure (Helliwell et al.,
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2019), with roots promoting enhanced structural connectivity across the
two scales assessed.

3.2.5. Aggregate scale, bioporosity

Bioporosity inside the aggregate is likely determined by the growth
of fine roots (Hendriks et al., 2022) (Fig. 10). 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. Interest-
ingly, 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 Jose
Martinez et al., 2015).

3.2.6. Aggregate scale, pore size distribution

For pore diameters ranging between 0.03 mm and 1.5 mm, the In-
verse Gamma model fitting was not performed on the control samples
(Fig. 9), since as indicated in Figs. 4 and 7 there was an order-of-
magnitude difference in porosity between the bare and the rhizo-
spheric 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,
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inverse gamma function to the experimental data (dots).

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., 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
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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 connec-
tivity 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.

3.3. 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,
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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 dif-
ferences, 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 prop-
erty. 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 nega-
tively affecting M2 (p < 0.05). Those correlations suggests decreased
bulk density in the rhizospheric zone, this being consistent with previous
research (Aravena et al., 2011; Lucas et al., 2019a; Helliwell et al. 2019,
Phalempin et al., 2021) that reported compaction around the growing
roots.

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 ytGAMMA (p = 0.05).

Root diameter presented a positive relationship with MO (p < 0.05),
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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).

3.4. Root traits impact on soil bioporosity

The effect of the different root traits on the bioporosity morphology
was assessed by combining the 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.

At the aggregate scale, branching frequency and root length were
positively associated with pMO (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 MO, 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
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Fig. 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.

angle frequency was positively correlated with M1 and M2. network structure. By combining non-destructive X-ray tomography
with 2D root phenotyping, we explored how different genotypes may

4. Conclusion contribute to modifying soil structure under controlled conditions.
While no significant differences were detected in total porosity, our

This study provides further insight into the potential influence of findings suggest that root development can enhance pore connectivity
wheat root traits on soil physical properties, particularly on the pore and reduce the percolation threshold, potentially improving water and
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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,
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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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