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Correspondence may occur. This could affect root growth and resource capture, but to date the
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puddled soil and below the puddled layer there was a sieved soil layer.
Root-zone physical properties were measured using a combination of high res-
olution X-ray CT imaging (pore structure), a miniaturised infiltrometer (hydro-
logical) and a small indenter (mechanical). Soil under AWD irrigation had
46% greater macroporosity and 20% more pore connectivity compared to con-
tinuous flooding (CF). Compared to the bulk soil, root-zone soil under AWD
or CF had greater macroporosity, water sorptivity and mechanical hardness. In
the root-zone, AWD compared to CF increased the rate of water absorption by
around 36%, but did not affect mechanical hardness. Our results suggest AWD
interacting with rice roots could promote more effective water transmission
through a more stable, larger and better-connected pore system. The results of
this study also suggest that soil physical changes by AWD could improve the
utilization of resources in a rice production system.
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1 | INTRODUCTION (Bouman, 2009). Different water saving technologies in

rice production are being explored to increase the water
More than 75% of rice is produced under irrigated use efficiency and decrease greenhouse gas emissions. By
lowland continuous flooded (CF) puddled conditions  far the most popular and promising is alternate wetting
(Lampayan et al., 2015), requiring 2-4 times more and drying (AWD) (Belder et al., 2004; Chidthaisong
water per yielded rice than upland rice production et al., 2018). In this system, rather than CF aided by
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irrigation water, the soil is allowed to dry out gradually
until the water table drops a shallow distance below the
soil surface (Belder et al., 2004). After this drying, the soil
is flooded again and the cycles repeated.

AWD can save 24%-38% of water over flooded produc-
tion, but retain (Yao et al., 2012) or even increase (12%-15%)
yields (Norton et al., 2017). A few studies have found a yield
penalty, due to reduced vegetative growth of shoots and
roots, but the amounts are small (1.8%-8.7%) compared to
water savings (Bouman & Tuong, 2001; Carrijo et al., 2016).
The drying stress from AWD can increase bulk density by
the consolidation of soil (Fang et al., 2018), which can inter-
act with the drier soil moisture to increase penetration resis-
tance in the field (Norton et al., 2017). On rewetting dried
paddy soil under AWD, soil strength increases may be irre-
versible (Yoshida & Hallett, 2008).

With cycles of wetting and drying of the soil under
AWD, soil structure develops in an initially puddled and
flooded soil due to shrinkage and cracking of the soil
(Fang et al.,, 2018). At smaller scale, at the interface
between the root and soil in the rhizosphere, drying stres-
ses will be exacerbated compared to bulk soil due to plant
water uptake. These drying stresses coupled with rhizo-
deposition and microbial processes are known to drive
rhizosphere formation. Under mild AWD, typical to prac-
tices in most fields, organic acid production by rice roots
can increase by up to 80% (Liang et al., 2020), providing
exudates that influence rhizosphere structure develop-
ment (Hallett et al., 2022). No studies have explored how
AWD affects rhizosphere soil physical properties in rice.
If AWD promotes improved transport properties and
mechanical stability in the rhizosphere of rice, this could
enhance resource capture and help explain yield benefits
that have been observed.

The soil physical properties of the rhizosphere are
most important among all other soil properties because
they determine water and nutrients uptake (Aravena
et al., 2011) by the plant roots and also can increase
microbial activity (Cui & Holden, 2015) by improving
aeration (Niu et al.,, 2012). This counters the effect of
compaction of soil by the growing root, particularly if the
soil wets and dries (Koebernick et al., 2017). From imag-
ing of soil structure with X-ray CT, Aravena et al. (2011)
found that the porosity of the rhizosphere reduced by
8%-12% compared to bulk soil for sweet pea and sun-
flower, having a negative impact on the hydraulic proper-
ties. Similarly, around 23% less porosity was recorded by
Bruand et al. (1996) for a maize rhizosphere soil com-
pared to bulk soil. On the other hand, Helliwell et al.
(2017) found that the porosity increased by 18% in sandy
loam and 30% in clay loam rhizosphere soil at a resolu-
tion compared to soil away from tomato roots. Several
other studies have visualised rhizosphere soil structure
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(Koebernick et al., 2017; Mooney et al., 2012; Pires
et al., 2019) and some have extended this to image based
modelling to demonstrate improved physical conditions
for plant growth (Cooper et al., 2018). In addition to com-
pacting soil, root growth can also generate macropores as
biopores from decomposed roots (Islam et al., 2023) and
elongated cracks from axial expansion (Bodner
et al., 2014). These elongated pores can affect bulk pore
structure in soils, providing pathways for eased root
growth of rice roots into the subsoil (Islam et al., 2021).
From this research, it would be expected that AWD could
enhance pore structure development in the rhizosphere,
with benefits to plants.

Assuming AWD alters the soil pore structure in the rhi-
zosphere, the soil hydrological properties may also change
but results from studies on other species are contradictory.
In wheat, the rhizosphere has been observed to be wetter
compared to bulk soil (Young, 1995). Other research has
found rhizosphere soil to be more water repellent than bulk
soil, thereby decreasing the water absorption rate, but these
effects are species dependent (Hallett et al., 2003). Further
research with neutron radiography revealed that the water
content in the rhizosphere was not constantly wetter or
drier compared to bulk soil, but it depends on wetting and
drying status of the soil (Carminati et al., 2010). With AWD
applied to rice, the research reviewed thus far suggests that
in the rhizosphere, increased water transport from pore
structure development could be mediated by water repel-
lency resulting from rhizodeposition.

Along with soil structural and hydrological properties,
the plant root can increase soil mechanical stability of the
rhizosphere (Moreno-Espindola et al., 2007). This arises
from particle bonding by root exudates and mucilage and
localised compaction (Aravena et al., 2011; Dexter, 1987).
Rhizosphere compaction can be beneficial for the plant
roots by improving hydraulic contact among soil aggregates
and by preserving soil connectivity, thereby improving
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aeration and infiltration (Berli et al., 2008; Carminati
et al., 2008). However, with wetting and drying stresses,
rhizosphere structure can de-compact through aggregation
of the soil particles (Koebernick et al., 2017). Under AWD,
this mechanical loosening would be expected.

Strong evidence therefore exists to suggest that AWD,
compared to the conventional approach of CF, could
improve the physical properties of the rhizosphere of rice.
Microscale tests are available to obtain direct hydrological
and mechanical tests at the root-soil interface (Naveed
et al., 2018). These approaches have demonstrated barley
root hairs to increase water transport and decrease mechan-
ical hardness. With these approaches, combined with X-ray
CT, we test the hypothesis that AWD enhances the physical
properties of the rice rhizosphere at the microscale. This
has implications to resource capture and plant stress, possi-
bly providing one explanation for improved plant perfor-
mance that is sometimes observed under AWD. Rice was
grown in split-rhizotrons consisting of rooted and non-
rooted compartments, separated by a mesh. After 4 weeks
growth under either simulated AWD or CF conditions, the
split-rhizotrons were separated to expose the root system.
This study focused on microscale hydrological and mechan-
ical tests, coupled with high resolution X-ray CT imaging
for structural development in the rhizosphere to test the fol-
lowing hypotheses: (i) macroporosity, pore size and pore
connectivity will be greater in the root-zone because of the
formation of cracks and aggregation due to root growth;
(ii) AWD will improve soil macroporosity, connectivity due
to shrinking and swelling of the soil; (iii) water sorptivity
will decrease in the root-zone due to water repellency
driven by the release hydrophobic exudates by the rice roots
and microbial decomposition of these compounds; (iv) the
soil hardness and elasticity will be greater in root-zone due
to exudates from rice roots bonding and aggregating the soil
and (v) the impacts of all rhizosphere changes will be
greater in coarser textured soil because of the lower surface
area and less bonding by clays.

2 | MATERIALS AND METHODS

2.1 | Soil and plant materials

The soil used in this experiment was collected from two
fields of different soil textures. Sandy loam (71% sand, 21%
silt and 8% clay) soil was sampled from a commercial
farm in Insch, Aberdeenshire, UK. This soil is a Dystric
Cambisol, with 0.34% N and 3.82% C. An alluvial silty clay
loam soil (18% sand, 44% silt and 38% clay) was collected
from a commercial farm in Inchture, Scotland, UK. The
soil is a Eutric Stagnosol, with 0.28% N and 3.18% C. At
both locations the sampling depth was 0-20 cm. Then
soils from both locations were air dried to 0.15gg "
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moisture content to facilitate sieving using a roller sieve
(2 mm). Soil nitrogen and carbon content were measured
with a CNS elemental analyser (CE Instruments, Wigan,
UK). The texture of the soils was determined by the
hydrometer method (Gee & Bauder, 1986). The Insch soil
was used in previous study for understanding the root-soil
interaction for rice (Shrestha et al., 2014). The deep rooting
Black Gora (an aus type from the Rice Diversity Panel 1
[Zhao et al., 2011]) rice genotype was used in this study.

2.2 | Experimental design
and growth conditions

To enable exposure of the root-soil interface with mini-
mal damage to the soil, the rice was grown in split rhizo-
trunks. This provided one side that contained the plant
and roots, separated with 40 pm mesh from another side
to constrain the roots but not the root exudates and muci-
lage. Figure 1 shows the rhizotrunk design. It was 4.3 cm
wide, 5 cm deep and 30 cm high (volume was 645 cm®).
Soil was put into the rhizotrunk from the top, with the
mesh barrier already secured. This was to compact
the soil against the mesh during packing so that there

Bulk side

40 pm nylon mesh

L Root-zone

—> Wrapping tape

> 20 cm puddled layer

—> 10 cm sieved soil

<
‘4

FIGURE 1 Schematic diagram of the split-rhizotrunk set-up.
The rooted and bulk soil sides of the rhizotrunk were separated by
placing a sheet of 40 pm nylon mesh vertically. The rhizotrunk
halves were sealed together securely using a wrapping tape and rice

seedling was planted in one half.
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was contact between both sides of the rhizotrunk. The
bottom 10 cm was packed with sieved soil at 20% mois-
ture and a bulk density of 1.12 g cm . Above the bottom,
the top 20 cm was filled with puddled soil. Puddling
involved mixing soil with water at 0.75gg ' moisture
content and mechanically disrupted using a Kenwood
mixer for 4 minutes with an agitator shaft attachment.
The packed rhizotrunks were kept in boxes with water
up to the height of rhizotrunks for 3 days for settlement
of the puddled soil. After this settlement, the soil was
2-3 cm below the top of the rhizotrunk.

For each soil type, two extra rhizotrunks were packed
to measure the water potential and moisture content of
the AWD treatment during the growing period. Two ten-
siometers were installed at 8 cm depth permanently in
each extra rhizotrunk, one in each side (root zone and
bulk soil) to monitor the water potential of the AWD
treatment. The readings of tensiometers were recorded
every hour. In addition, a TDR probe was inserted every
day at a depth of 5 cm in both the root-zone and bulk soil
of these extra rhizotrunks to monitor soil moisture con-
tent during the growing period that is described next.

Rice seeds were placed on wet filter paper at 25°C for
48 h for germination. Two germinated seeds were planted
in one side of each split rhizotrunk at a depth of 4 mm
from the soil surface. After 7 days of planting, the seedlings
were reduced to one plant per rhizotrunk by removing the
weakest plant. Rhizotrunks were kept in large plastic boxes
(volume of each box was 84,000 cm®) at around a 15° angle
to encourage roots to grow along the mesh between the
two sides. All the plants were grown for 4 weeks. This was
during the Aberdeen, UK winter and the soil rhizotrunks
were kept in a tropical greenhouse with day/night tempera-
tures of 28/24°C, light intensity 464 pmol m ™ *s ' and 11 h
photoperiod. Plant height, number of leaves and tillers were
also recorded during growing period.

Over the growing period, half of the rhizotrunks
remained flooded and the other half had simulated AWD
irrigation. AWD was applied from 10 days after trans-
planting. For the CF treatment, 2-3 cm standing water
(above the soil level) was maintained throughout the
growing cycle for 1 week before harvesting, at which point
adding water ceased so that the soils dried to enable
destructive harvest and X-ray CT scanning. The AWD irri-
gation treatment was imposed by re-watering the soil to
flooded once the soil water potential reached to —15 kPa.

2.3 | Dualex data collection

The nitrogen balance index (NBI), which is good indica-
tor of plant nitrogen status, chlorophyll, anthocyanin and
flavonoid content was measured 1week Dbefore

harvesting on the fully grown second leaf from the top
using a ForceA Dualex (optical leaf clip) meter (Paris,
France).

2.4 | Harvesting and measurement
of root parameters

At harvest, shoots were cut at the soil surface. Shoot fresh
weight was measured before drying in an oven at 70°C
for 72 h for shoot dry weight. The rooted and bulk side
of each rhizotrunk was separated and three small
(1 x 1 x 1 cm) samples from 3 cm (top), 17 cm (middle)
and 25 cm (bottom) depths below the surface of each side
were carefully cut out using a sharp blade. The locations
on the rooted side were picked carefully to include few
fine roots. On the non-rooted side of the rhizotrunk, sam-
ples were taken away from where roots were visible
across the mesh on the rooted side. These samples were
fixed to a petridish using a glue gun so that the soil could
be handled and measurements made. The petri dishes
were immediately sealed with Parafilm and stored at 4°C
until testing. There was less than 96 h between sampling
and measurements of the small subsamples.

Then on the remaining rooted side of the rhizotrunk,
all the roots were washed using tap water over a 2 mm
sieve. The cleaned root samples were placed in plastic
containers with 50% ethanol and then kept in a refrigera-
tor at 4°C until root traits was measured. The cleaned
roots were placed in a glass tray filled with water to about
4 mm depth. From each sample, all the roots were spread
out with tweezers to reduce overlapping and scanned
with an A3 size Expression 10000XL scanner (Epson,
Suwa, Japan) at 600 dots per inch (DPI). The root length,
average diameter, volume, branch number and tip num-
ber for roots were determined by the root analysis soft-
ware, WinRhizo Ver. 2013e (Regent Instruments, Quebec
City, Canada). The roots were then dried at 70°C to mea-
sure root dry weight.

2.5 | X-ray CT imaging

The subsampled soil fixed to the petri dish was scanned
using an industrial X-ray CT system (X-TEK XTH
225, Nikon Metrology, Tring, UK) with settings of
100 kV, 140 pA and 1000 ms exposure time, averaged
over 3 images. The isotropic voxel size was 13 pm. Image
reconstruction was performed using CT Pro 3D (Nikon
Metrology, version XT 4.3.1). All images were processed
using FIJT (version 2.9.0) (Schindelin et al., 2012) and VG
StudioMax 2.1. The original images were 16 bit. At first
images were imported to FIJI and converted to 8 bit
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grayscale, followed by cropping to a region of interest
(ROI) of 8 x 8 x 8 mm to avoid edge effects. Then 3D
Gaussian and Median filters (1 x 1 x 1 Kernel size) were
applied to reduce noise and thresholding quality in the
cropped images. As watering stopped a week before har-
vesting for AWD and CF rhizotrunks, the impact of water
content during segmentation was decreased. The filtered
images were used for segmenting pore space and solids
using the default thresholding algorithm provided in the
FIJI (version 2.9.0). This thresholding process produced
3D binary images. Subsequent image analysis was done
using 3D binary images. BoneJ plugin of ImageJ was used
for getting a thickness map of pore network of desired
image and the pore network was linked to a histogram to
obtain 3D information regarding pore size distribution
using voxel-counting approach. Although our intention
was to identify roots in the images as well, there was
insufficient contrast for reliable detection, so they are
treated as pores in our analysis. Some fine roots could be
visualised, but no large roots were present in the ROIs
examined, hence the difficulty in resolving roots.

2.6 | Topological properties of soil pores
Within the ROI, a range of soil pore topological properties
were analysed from the 3D X-ray CT images. The macro-
porosity was measured as the ratio of volume of thre-
sholded pores and total volume of the ROI. The thickness
algorithm within the Particle Analyser plugin in Image]
was used to measure the average pore diameter (Kutay
et al., 2007). The Bone]J particle analyser plugin in ImageJ
(Domander et al., 2021) was used to calculate the Euler's
number (y). This number is commonly used to measure
connectivity of pore networks from the total number of
isolated pores (V) minus the number of redundant con-
nections (C) plus the number of completely enclosed cavi-
ties (H) (Vogel, 1997). A negative Euler number indicates
percolating pores (Katuwal et al., 2015).

Three pore shape properties, circularity, roundness
and aspect ratio, were determined using the Analyse Par-
ticles plugin in ImagelJ. If these values are close to one it
means the pores are circular in shape. On the other hand,
when circularity and roundness are close to zero and
aspect ratio is higher than one, it indicates that pores are
elongated in shape (Norhidayah et al., 2014).

2.7 | Mechanical properties

Soil hardness and modulus of elasticity were measured
on the same samples used for the X-ray CT scanning.
Subsequently after X-ray CT scanning, samples were

oven dried at 40°C for 72 h. One indentation measure-
ment was performed on each soil sample using a 2 mm
diameter spherical indenter fitted to a Z05 mechanical
test frame (Zwick GmbH, Ulm, Germany). A 100 N load
cell accurate to 0.2% was used for this test. The surface of
soil was indented at a rate of 1 mm min " rate to 0.5 mm
depth and then unloaded at the same speed. The loading
and un-loading versus displacement curve was used to
calculate soil hardness and elasticity, as described in
Naveed et al. (2018).

2.8 | Hydrological properties

After the indentation test, soil hydrological properties
were measured in both the root-zone and bulk soil. To
obtain measurements at small-scale, a miniaturised infilt-
rometer device (0.36 mm radius) was used to obtain
water sorptivity, ethanol sorptivity and water repellency
(Hallett et al., 2003). Sorptivity is a measure of the ability
of a medium to absorb or desorb liquid. Many factors
such as the soil water content, structure, porosity and
hydrophobicity can affect water sorptivity. To determine
soil hydrophobicity, ethanol sorptivity was also measured
because its nonpolar nature is not affected by the hydro-
phobicity of the soil. Infiltration rates of both water and
ethanol were recorded from a 0.1 mg range balance at
every second for 180 s. A hydraulic head of —1 mm was
applied for all measurements. The constant rate of liquid
flow (Q) was generally found after 20 s. From the values
of water sorptivity (Sw) and ethanol sorptivity (Sg), a
water repellency index, R, was calculated as described in
Hallett et al. (2003). Values of R > 1 indicate that the soil
is water repellent.

2.9 | Statistical analyses

The experiment was a 2 x 2 (two water regimes and two
soil textures) factorial design with 4 treatment combina-
tions. Each treatment was replicated 4 times. All the sta-
tistical analyses were performed using R (version 4.2.2) in
the R Studio environment. The homogeneity of variances
and normality of residuals were checked by the Bartlett
and Shapiro-Wilk tests, respectively before any further
statistical tests. Two-way ANOVA was performed for
above ground parameters and root characteristics, with
water regimes and soil textures as the two factors. All the
mechanical, hydrological and pore topological properties
were assessed by three-way ANOVA with water regime
(AWD and CF), soil texture (sandy loam and silty clay
loam) and side (root-zone and bulk) as three factors and
their interactions were also assessed. A least significant
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difference (LSD) test was used for post hoc analysis
at p < 0.05.

3 | RESULTS

3.1 | Above ground plant properties

The shoot dry weights were significantly affected by
water regimes as well as soil textures, with AWD 22% less
than CF (Table 1) and 64% greater in silty clay loam than
sandy loam soils (Table 1). There was no significant inter-
action on shoot dry weight between water regimes and
soil textures.

Plant height also varied between water regimes and
soil textures. Plants were 10% taller under CF than AWD
irrigation treatment and 11% taller in silty clay loam
compared to sandy loam soil (Table 1). There was an

TABLE 1
Water Soil Plant Number
regime texture height (cm) of tiller
AWD Silty clay loam 80.66 (1.72)  1.67 (0.21)
Sandy loam 68.83(0.91)  1.00 (0.00)
CF Silty clay loam 83.75(2.39)  2.00 (0.00)
Sandy loam 80.50 (1.55)  1.00 (0.00)
Analysis of variance
Water regime (W) 19.71%%* NS
Texture (T) 26.63%%* 38.40%+*
W x T 6.67* NS

Note: Numbers in the brackets are standard error of the mean. For the analysis of variance, values reported are the f~values and different asterisk indicating the
level of significance at different probability. NS means non-significant at the p = 0.05 level.

*#*p < 0.001; **p < 0.01; *p < 0.05.

interaction between water regimes and soil textures. The
negative impact of AWD on plant height was only appar-
ent in the sandy loam.

The number of leaves did not differ between water
regimes, but it was significantly less in sandy loam than
in silty clay loam soils (Table 1). Similarly, tiller number
was also not impacted by the water regimes. However,
silty clay loam soil had 80% more tiller number compared
to sandy loam soil (Table 1).

The root-shoot ratio was 37% greater for the AWD
treatment than the CF treatment. Additionally, there was
about 22% greater root: shoot ratio in sandy loam soil in
contrast to silty clay loam soil (Table 2).

The plants treated with CF irrigation had 18% more
NBI and 10% greater chlorophyll content than plants
grown in AWD (Table 1). On the other hand, the plants
grown under silty clay loam soil had more NBI and chlo-
rophyll content (Table 1) in comparison with sandy loam

Different plant parameters and Dualex data of Black Gora grown under different water regime and soil texture treatments.

Number Shoot dry Chlorophyll Anthocyanin
of leaves weight (g) NBI (ng cm %) (ng cm?)
7.50 (0.67) 0.89(0.04) 24.75(1.33) 23.53(0.79)  0.372(0.002)
5.00 (0.00) 0.53(0.02) 15.56(0.64) 15.95(0.68)  0.379 (0.003)
8.00 (0.41) 1.13(0.11) 28.07 (1.92) 24.52(0.97)  0.340 (0.008)
5.00 (0.00) 0.69 (0.03) 19.5(1.92) 18.72(0.75)  0.361 (0.003)
NS 13.35%* 6.55* 5.33* 26.38%*+*
37.63%** 51.71%** 41.42%%* 73.82%** 11.47*%*

NS NS NS NS NS

TABLE 2 Different root parameters of Black Gora rice grown under different water regime and soil texture treatments.
Root Root
Root dry Root-shoot Root Root surface diameter volume Root
Water regime Soil texture  weight (g) ratio length (cm) area (cm?) (mm) (cm®) tips
AWD Silty clay loam 0.41 (0.03) 0.45(0.02)  4980.62 (243.45) 380.72 (19.29) 0.24 (0.003) 2.31(0.13) 42,485 (1732)
Sandy loam  0.28 (0.02) 0.52(0.01) 7067.16 (342.56) 470.26 (26.14) 0.21 (0.004) 2.49 (0.16) 77,350 (2774)
CF Silty clay loam 0.35 (0.06) 0.30 (0.02)  4355.48 (607.33) 362.44 (53.95) 0.26 (0.005) 2.40 (0.38) 30,197 (3874)
Sandy loam 0.29 (0.03) 0.41(0.03) 6754.11 (534.63) 492.39 (45.29) 0.23 (0.005) 2.86 (0.31) 79,392 (5923)
Analysis of variance
Water regime (W) NS 35.23%** NS NS 19.23%** NS NS
Texture (T) 7.96* 15.43%* 29.73%% 9.79** 50.23%** NS 142.96%**
W x T NS NS NS NS NS NS NS

Note: Numbers in the brackets are standard error of the mean. For analysis of variance, values reported are the f-values and different asterisks indicating the

level of significance at different probabilities. NS means non-significant at the p = 0.05 level.

*#*p < 0.001; **p < 0.01; *p < 0.05.
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soil. Similarly, anthocyanin content was higher for plants
grown in AWD than CF treatment. It was greater for plants
grown in sandy loam soil compared to silty clay loam soil
(Table 1). There were no influences of water regimes and
soil textures on flavonoid content (data not shown).

3.2 | Below ground plant parameters

The water regime had no influence on root dry weight,
root length, root surface area or number of root tips
(Table 2). There were impacts on these properties by soil
texture. Root dry weight was 35% greater for the plants
grown in silty clay loam soil than sandy loam soil. Root
length and tips were consistently greater in sandy loam
soil when compared with silty clay loam soil (Table 2).
An interaction effect between water regimes and soil tex-
tures on root length was not observed. Root surface area
increased by 28% for plants grown in sandy loam soil
compared to silty loam soil (Table 2).

Water regime did affect the root diameter, which was
thicker in CF in comparison with AWD. Sandy loam soil
resulted in a 13% smaller root diameter than silty clay
loam (Table 2).

3.3 | Soil pore structure

From X-ray CT images, compared to CF, AWD had
greater macroporosity and number of pores across the
rhizotrunk. Although average pore area was greater for
AWD in the top and middle, it was affected by water
regimes in the bottom of rhizotrunk. Macroporosity and
number of pores were significantly greater for silty clay

European‘JournaI oj S 70f 17
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loam soil compared to sandy loam soil in the top and mid-
dle of the rhizotrunk (Figure 2 and Table 3). However,
average pore size was less for silty clay loam soil in the top
and middle. Additionally, a decrease of 35% macroporosity
was found in silty clay loam soil compared to sandy loam
soil at the bottom (Figure 2). On the other hand, the num-
ber of pores and average pore area were not affected by
the soil textures in the bottom of the rhizotrunk. The pres-
ence of roots significantly increased the macroporosity,
number of pores and average pore area throughout the
soil profile of the rhizotrunk (Figure 2 and Table 3).

Pores were wider for soil under AWD compared
to CF in the top of the rhizotrunk. In contrast, water
regimes had no effect on pore diameter in the middle and
bottom soil. Additionally, a 36% thinner pore diameter
was observed in the silty clay loam compared to sandy
loam soil in the top (Figure 4). Pore diameter was similar
for both silty clay loam and sandy loam soil in middle
and bottom (Table S1). The presence of roots increased
pore diameter by 60%, 37% and 75% in the top, middle
and bottom soil, respectively (Figure 4).

There were no effects of water regimes on the Euler
number for both top and middle soil depths. On the con-
trary, pores were more connected in AWD than CF in the
bottom of the rhizotrunk (Table 3). There was no impact
of soil texture on Euler number in the top and middle of
the rhizotrunks (Table 3), but the Euler number sug-
gested that pores were highly connected in sandy loam
soil in the bottom depth (Tables S1 and 3). Euler number
did not differ between bulk soil and the root-zone in both
the top and middle of the rhizotrunk (Table S1). How-
ever, Euler number was negative for the root-zone in the
bottom of the rhizotrunk, which means the pores were
more connected (Table 3).

AWD CF
204
Ry
101 =
S ol == -
2
8 20+ Side
: N |
Q = Root-zone
g 107 % Bulk
u
m _—
g | == 1l [
©
FIGURE 2 Soil macroporosity in 2 20-
the root-zone and bulk soil under )
alternate wetting and drying (AWD) and 10 = p— g
continuous flooding (CF) treatments in -
different soil depths calculated from 0+ i

X-ray CT images. Error bars denote the
standard error of the mean (n = 3).

Silty clay loam  Sandy loam Silty clay loam  Sandy loam

Soil texture
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TABLE 3
depths.

Water

Euler number and different pore characteristics of the root-zone and bulk soil under AWD and CF treatments in different soil

Pore Pore aspect Euler's

Average pore Pore

Depth regime Side Soil texture Pore number area (mm?”) circularity (%) roundness (%) ratio (%) number
Top AWD Bulk Silty clay loam 29.7(4.7)  0.054 (0.007) 0.81 (0.007) 0.61 (0.008) 2.00 (0.015) 1042 (667)
Sandyloam  15.0(1.1)  0.245(0.056) 0.85(0.011) 0.67 (0.011) 1.85(0.162) 3223 (1304)
Root-zone Silty clay loam 38.4 (0.5)  0.179 (0.108)  0.80 (0.011) 0.59 (0.016) 2.08 (0.098) 1796 (235)
Sandy loam  32.7(1.5)  0.690(0.125) 0.82(0.017) 0.62 (0.011) 2.05 (0.141) 2096 (157)
CF Bulk Silty clay loam 12.1(0.9)  0.041 (0.017) 0.84 (0.030) 0.63 (0.031) 1.92 (0.052) 239 (49)
Sandyloam  10.3(0.7)  0.013(0.005) 0.83 (0.016) 0.64 (0.020) 1.92 (0.003) 2980 (2546)
Root-zone Silty clay loam 22.7 (3.7)  0.157 (0.055) 0.79 (0.015) 0.59 (0.013) 2.17 (0.120) 1100 (183)
Sandyloam  23.3(0.9)  0.004(0.008) 0.77 (0.012) 0.59 (0.010) 2.04 (0.063) 1376 (461)
Middle AWD Bulk Silty clay loam 15.5(0.5)  0.069 (0.003) 0.84 (0.011) 0.64 (0.006) 1.81 (0.029) 1110 (164)
Sandyloam  10.6 (1.3)  0.236(0.068) 0.71 (0.011) 0.55 (0.015) 1.83 (0.114) 673 (88)
Root-zone Silty clay loam 46.0 (4.0)  0.229 (0.015) 0.76 (0.011) 0.59 (0.012) 2.04 (0.064) 1084 (502)
Sandyloam  28.3(24)  0.374(0.041) 0.77 (0.006) 0.59 (0.010) 2.13 (0.065) 845 (59)
CF Bulk Silty clay loam 9.0 (1.0)  0.058 (0.018) 0.85 (0.010) 0.64 (0.012) 2.00 (0.215) 700 (500)
Sandy loam 6.5(1.5)  0.188(0.037) 0.71 (0.021) 0.53 (0.017) 2.03 (0.248) 943 (126)
Root-zone Silty clay loam 19.5(1.5)  0.128 (0.007) 0.74 (0.012) 0.55 (0.001) 2.30 (0.120) 548 (66)
Sandyloam  15.0(3.0)  0.316 (0.151) 0.79 (0.007) 0.61 (0.004) 1.98 (0.033) 1149 (102)
Bottom AWD  Bulk Silty clay loam 159.6 (37.6)  0.068 (0.038)  0.81 (0.003) 0.63 (0.001) 1.80 (0.014) 5588 (2400)
Sandy loam  195.0(7.5)  0.022(0.001) 0.83 (0.011) 0.64 (0.015) 1.73 (0.071) 5524 (438)
Root-zone Silty clay loam 173.9 (36.0)  0.072 (0.012)  0.70 (0.024) 0.57 (0.027) 2.06 (0.090)  —1938 (1419)
Sandy loam  220.7(6.9)  0.070 (0.007) 0.74 (0.006) 0.61 (0.006) 1.83(0.010) —12,951 (3839)
CF Bulk Silty clay loam 1154 (5.4)  0.012(0.004) 0.88 (0.009) 0.67 (0.012) 1.69 (0.017) 9228 (958)
Sandy loam  77.5(2.5)  0.008 (0.004) 0.79 (0.010) 0.61 (0.010) 1.76 (0.027) 7732 (953)
Root-zone Silty clay loam 161.9 (31.9)  0.031 (0.012)  0.75 (0.009) 0.60 (0.009) 1.86 (0.032)  —1026 (911)
Sandy loam  184.0 (4.0)  0.096 (0.061) 0.72 (0.012) 0.59 (0.011) 2.07(0.162)  —3381 (1396)

Note: Numbers in the brackets are standard error of the mean.

Pore shape was not affected by the water regime or
soil texture. However, there were significant differences
of pore shape observed between the bulk soil and the
root-zone throughout the depth of soil. The root-zone
had less circular pores compared to bulk soil, especially
in the top and bottom of the rhizotrunk (Table 3).

3.4 | Mechanical properties

Soil hardness was not affected significantly by the
AWD and CF treatments at different depths (Figure 5).
Soil texture had erratic impacts on soil hardness
depending on the depth of measurement (Table S1).
The soil hardness increased by 20% in the top and 53%
in the middle in the root-zone compared to bulk soil,
but it was less in the root-zone at the bottom of the rhi-
zotrunk (Figure 5).

Similar to hardness, water regime had no impact on
the soil modulus of elasticity at any depths. Although
silty clay loam soil had 41% greater modulus of elasticity
in the bottom than sandy loam soil (Figure 6), at other
depths there were no differences (Figure 6). In the middle
of the rhizotrunk, texture and the root-zone interacted to
affect the modulus of elasticity (Figure 6 and Table S1).
Moreover, the root-zone soil had 31% greater elastic mod-
ulus at the top and 42% greater elastic modulus at the
middle compared to bulk soil, while there was no differ-
ence of modulus of elasticity for the root-zone and bulk
soil at the bottom (Figure 6).

3.5 | Hydrological properties

Water sorptivity was similar for AWD and CF treated soil
at the top, whereas there was an interaction between
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root-zone

Silty clay loam

bulk soil

water regime and the side of the rhizotrunk, being great-
est in the top for the root-zone under AWD (Figure 7).
Furthermore, AWD had 57% faster water sorptivity than
soil under CF in the middle depth, but there were no
influences of water regimes at the bottom depth. In con-
trast, water sorptivity was slower at all depths for silty
clay loam compared to sandy loam soils (Figure 7). On
the other hand, water sorptivity was 36% and 51% greater
in the root-zone compared to that in the bulk soil at the
top and bottom, respectively, but not in the middle
(Figure 7).

CF

The soil under AWD had significantly less ethanol
sorptivity than soil under CF treatment at the top and
bottom of the rhizotrunk, but not the middle (Figure 8).
On the other hand, sandy loam soil had 89% greater etha-
nol sorptivity in the top and 75% higher ethanol sorptivity
in the middle compared to silty clay loam soil (Figure 8).
Conversely, there was no effect of soil texture on the eth-
anol sorptivity at the bottom (Table S1). Ethanol sorptiv-
ity was 34% greater in the top and 23% greater in the
middle for the root-zone soil compared to bulk soil, but
not different at the bottom (Figure 8).
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There were no significant effects of water regimes, soil
textures and presence of roots on the water repellency at
the top of the rhizotrunk (Table S1 and Figure 9). However,
there was an interaction effect between water regimes, rhi-
zotrunk side and soil textures in the soil at the top. The silty
clay loam root-zone under CF had greatest water repellency
compared to other treatment combinations. However, the
root-zone soil was more repellent than bulk soil in the mid-
dle (Figure 9). Additionally, soil under AWD was less water
repellent in the middle and bottom of the rhizotrunk. On
the other hand, there was a great impact of soil textures on
the water repellency of the bottom soil. Silty clay loam was

more repellent compared to sandy loam soil at the bottom
(Table S1 & Figure 9).

4 | DISCUSSION

Combined measurements of the pore structure, mechanical
and hydrological properties of soil have demonstrated large
impacts of both plant roots and AWD compared to CF irriga-
tion regimes on the root-zone soil. This combination of imag-
ing and direct hydromechanical measurements goes beyond
previous studies that found roots to induce soil structural and
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hydrological changes (Carminati et al., 2013; Gregory, 2006;
Hallett et al., 2009). It is also the first study using small-scale
measurements to explore the impacts of rice roots and AWD
on physical properties of the root-soil interface. Our setup
sampled along a zone of concentrated root growth, so the
impacts are likely indicative of rhizosphere properties.
Overall, the results suggest that AWD compared to CF
could promote soil structure development in the root zone
that transmits water more effectively through its larger and
better-connected pore system. Our findings also showed
that pores in the root-zone were less circular than bulk soil,
which is very important for rice root growth from the sur-
face to the subsoil (Islam et al., 2021). These changes were
expected and likely due to soil shrinkage under AWD that
would be exacerbated by root water uptake and exudation.

Sand)l/ loam Silty ch-'zy loam Sand)ll loam
Soil texture
4.1 | Impacts of AWD on the plant

vegetative growth

Water management played a significant role in the vege-
tative growth of the rice plants. The plants grown under
AWD were significantly shorter and had lower shoot dry
weight in relation to CF (Table 1), possibly due to slight
water stress in AWD. This agrees with Liao et al. (2020)
who conducted a pot experiment and found that plant
height reduces under AWD compared to CF. However,
there was no significant variation of the number of tillers
and leaves between the AWD and CF treatments. This is
consistent with the findings of Bwire et al. (2022) who
found in a greenhouse study that water regimes had no
effects on the number of tillers. Additionally, AWD is
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beneficial because it reduces the redundant vegetative
growth which leads to increased root activities, healthy
canopy structure and higher yield (Yang & Zhang, 2010).
There are conflicting data from field studies, such as a
12%-15% increase in shoot mass recorded in AWD com-
pared to CF during harvesting (Norton et al., 2017). In
that study the number of tillers was double in AWD com-
pared to CF. This contradictory finding might be due to
differences in growth stage because they measured plant
growth parameters at harvest (ripening), but our results
are only at 4 weeks of growth. Additionally, water
potential is very important for determining the impacts
of AWD on the growth and yield of rice (Carrijo
et al., 2016), which might be different from our study

because we maintained a specific water potential
(—15 kPa) for the AWD treatment.

4.2 | Influences of AWD and rice root
on soil pores characteristics

Many AWD studies have observed cracks that develop
during the drying phase (Bottinelli et al., 2016; Lu
et al., 2000; Maruyama, 1997) due to shrinking and swell-
ing of soil (Passioura, 1991). This larger-scale process will
affect subsequent irrigation water movement, but we also
found like Fang et al. (2018) that AWD increased macro-
pore formation in the root-zone, likely driving the

85U8017 SUOWWIOD BAIIESID 3(gedl|dde ay) Aq peussnob ae Ssppiie YO 8sN JO Sa|NJ 10} Akeiq i 8UlJUO AB]1M UO (SUONIPUOD-PUe-SWLBYW0D" A8 1M AReiq Ul |Uo//:Sdiy) SUOTIPUOD pue swLs | 8U18eS *[202/80/ST] Uo AkeldiTauljuo AB|IM ‘lun 8y L Usspiaqy JO AISIBAIUN Ag EESET'SSB/TTTT OT/I0p/L00 A8 im ArIgijpuljuo'S eUINOsSay/sdny Wwolj pepeojumod ‘v ‘720z ‘685259ET



ISLAM ET AL.

uropean Journal of = :
‘pil_'isc"nife WILEY-_L® of 17

improved hydraulic properties that were measured. As
found in our research at small-scale close to roots, some
field studies have reported that AWD enhances the for-
mation of soil macroporosity (Pires et al., 2007; Pires
et al., 2008). Our result also showed that the root-zone
had greater macroporosity (assessed using high resolu-
tion X-ray CT image analysis for small samples) com-
pared to bulk soil (Figures 2 and 3), agreeing with
Helliwell et al. (2017) who explored various types of soils.
Similarly, a field study with 12 crop species showed that
coarse root systems increased soil macroporosity by 30%
(Bodner et al., 2014).This increasing porosity in the root-
zone was likely due to the combined influence of root
exudates and increased microbial activities intensifying
soil aggregation (Helliwell et al., 2014). Another possible
reason for greater porosity in the root-zone might be the
rearrangement of soil particles or aggregates because of
the forces created by the root growth mechanism in the
soil (Mitchell & Soga, 2005). On the contrary, our results
contradict the findings of Aravena et al. (2011) who
showed using X-ray CT that there was a 8%-12% reduc-
tion of porosity in the sunflower root zone due to exerted
compression of soil from root expansion. However, their
study explored soil directly adjacent to one large root,
whereas our work on rice used a sample likely affect by
several fibrous roots that were interacting.

We also found that the root-zone soil had a greater
number and bigger pores than bulk soil. Sources of these
pores could be growing roots generating cracks (Fang
et al., 2018) and the creation secondary lateral pore chan-
nels by the reorientation of soil particles during shrinking
and swelling cycles (Horn & Dexter, 1989).

Interestingly, our results also showed that the shape of
pores in the root-zone was less circular and rounded com-
pared to bulk soil. This also suggests the creation of elon-
gated cracks from roots growing through the soil (Nong
et al., 2023). At the same time, extraction of water by the
plant roots would cause shrinkage of the soil (Materechera
et al., 1992), leading to cracking (Yoshida & Hallett, 2008).
The better pore connectivity in the root-zone and in AWD
that we found could be attributed directly to the greater
macroporosity, especially cracking discussed previously. In
addition, pore connectivity is a function of pore size
(Vogel, 1997), which was also larger in the AWD root-zone.
Using higher resolution imaging of root-zone soil with syn-
chrotron imaging, Koebernick et al. (2017) found greater
pore connectivity in the root-zone than that in the bulk soil
for barley. Cracking would be expected to be greater in silty
loam textured soils due the amount of fine particles
(Yoshida & Hallett, 2008), creating more connected pores
that are found for this soil in the root-zone and under
AWD (Table 2) where hydraulic stresses shrinking and
swelling the soil would be greatest (Marin et al., 2022).

4.3 | Influences of AWD and rice root
on soil mechanical characteristics

Although the root-zone had greater hardness and elastic-
ity than bulk soil, AWD had no impact compared to CF
irrigation. Our findings are supported by the results of a
controlled environment study conducted by Naveed et al.
(2018) who found that barley and maize root significantly
increased soil hardness and elasticity in sandy loam and
clay loam soil. However, this study had much different soil
structure (sieved soil) compared to our soil (puddled). For
rice under paddy conditions, plant roots have been found
to increase the soil strength and shear resistance measured
at larger scale (Willatt & Sulistyaningsih, 1990). At the
scale of the root-soil interface, soil compression by plant
roots, exudation and soil aggregation under drying stresses
likely drive the mechanical changes we observed. Even
though the root-soil interface had greater macroporosity,
it was still harder and had a larger elastic modulus than
that of the bulk soil. There could be potential to select rice
for root surface traits such as root hairs for beneficial
impacts to rhizosphere mechanical properties. In barley,
Marin et al. (2022) found a hairy root genotype reduced
soil hardness (by 50%) and elasticity (by 36%) compared to
a hairless mutant in silty loam soil. Potential exists to
explore this more for rice, given our genetic understanding
of root hair traits for this species (Hanlon et al., 2023).

Our results also showed that the presence of rice roots
decreased soil hardness in the sieved soil layer (bottom)
in contrast to the puddled layer. Therefore, initial soil
structure is important to predict the root-induced
mechanical changes alongside others factors such as
soil texture, drying cycles and plant species (Helliwell
et al., 2019).

44 | Influences of AWD and rice root
on soil hydrological characteristics

The rate that the root-zone absorbs water was greater
under AWD compared to the CF root-zone for the top and
bottom soil in the rhizotrunk (Figure 7). This improved
water sorptivity aligns with the greater macroporosity and
pore connectivity found in the root-zone (Figures 2, 3 and
Table 3). Countering increased water sorptivity in the
root-zone could be an increase in water repellency, as has
been observed in several studies (Benard et al.,, 2019;
Hallett et al., 2009; Naveed et al., 2018). We also found
that soil in the root-zone had greater water repellency
than bulk soil, but that levels were quite low and not
enough to cause a large decrease to water sorptivity.
Irrigation with AWD resulted in less water repellent soil
in the middle and bottom of the rhizotrunk compared to
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CF treatment, but topsoil was not affected by the water
regimes. This was surprising as the top is the hydrologi-
cally dynamic zone, whereas the middle and bottom soil
remains saturated in AWD (Belder et al., 2004). There are
interacting impacts from rhizodeposition and pore struc-
ture modification by the plant roots depends on soil condi-
tions (Lucas et al., 2019; Phalempin et al., 2021) that affect
water repellency, so disentangling the trends we observed
is difficult.

This was a controlled greenhouse experiment limited
to young plants. As soils in the field have more complex
pore structures and hydroclimatic conditions between
AWD and CF could vary more than in our controlled
approach, future research should be conducted with tem-
poral sampling to harvest in the field. Such research
could also extend to exploring contrasting root architec-
tural and root-surface traits (Hallett et al., 2022) of rice.
Furthermore, to obtain high resolution images where
roots and the root-soil interface could be resolved, we
used very small samples for imaging to calculate different
topological properties. The experiment could be con-
ducted across a number of scales to learn more about
whole root-zone processes.

5 | CONCLUSIONS

Our research showed that AWD has great impact on
the modifications of soil structure by rice roots. There-
fore, irrigation practices could be a good option for
improving the resource capture from the soil at small
scale for sustainable rice production. To the best of our
knowledge this is the first study at small scale that
quantified hydromechanical processes directly in paddy
soil. Rhizosphere scale soil stabilization by plant roots
is well observed for the major crops wheat, maize and
barley. Our results also showed that rice roots modify
soil mechanical and hydrological properties, which can
have direct impact on the growth and development of
plants. The effects of soil structural modification can be
greater in paddy soil as it starts as structureless puddled
soil. With AWD, improved rhizosphere physical condi-
tions could be one driving factor that has a potential to
improve production sustainability.
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