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Non-invasive techniques are essential to deepen our understanding of rattesmetions in
situ. Neutron computed tomography (NCT) is an example of such techniquesvihdieles
successfully used to study these interactions in high resolution. Many of thessisthg
NCT however, have invariably focused on lupine plants and thus thematedlinformation
available on other more commercially important staple crop plants suaimeat and rice.
Also considering the high neutron sensitivity to hydrogen (e.g. water in roots or soilcorgani
matter), nearly all previous in-situ NCT studies have used avediathomogeneous porous
media such as sand, low in soil organic matter and free from soil aggregabbtain high-
guality images. However to expand the scope of the use of NCT to other more rocstiyn
important crops and in less homogenous soils, in this study we focused drraathegowth
in a soil that contaied a considerable amount of soil organic mat®®§) and different
sized aggregates. As such, the main aims of this research were (1)vie win@at (Triticum
aestivum cv. Fielder) root system architecture (RSA) when grown in an aggregatdy
loam soil (<4 mm) with 4% SOM content, (2) Map in 3D, soil watstritiution after a brief

drying period and (3) to understand how the root system interacts with soil moisture
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distribution brought about by soil structural heterogeneity. To achieve thiesat seedlings
were grown for 13-days in aluminium tubes (100 mm height and 18 mm diameter) packed
with soil and imaged for the first time at the IMAT neutron beamlinetie Rutherford
Appleton Laboratory, UK). To the best of our knowledge, this is also thesfirdy to use
NCT to study wheat root architectural development. Our study proved that NET ca
successfully be used to reveal wheat RSA neterogeneous aggregated soils with moderate
amounts of SOM. Lateral root growth within the soil column was ineckas regions with
increased finer soil separates. NCT was also able to successfpllwater distribution in a

3D and we show that large macro-aggregates preferentially retainédetgldigher soil
moisture in comparison to the smaller soil separates within our eanfplg. 1). This
highlights the importance large macro-aggregates in sustainable s@gemaent as they
may be able to provide plants water during periodic dry spells. More imegdstigations are
required to further understand the impact of different aggregate sizes on RSA a&and wat

uptake.

Figure 1. NCT image of a 13-day old wheat seedling root growing in an aggregated sandy
loam soil. The colour map indicates water distribution within the soil column.

Key Words: Wheat, Root architecturBleutron Computed tomography; Water dynamics
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1. Introduction

The seemingly insurmountable task of feeding a growing global population wig¢asiagly
limited natural resources is one of the greatest challenges facing huimahi¢ 22! century
(Borlaug and Dowswell, 2003; Lal, 2016). With the effects of climate chdmgaténing to
further disturb global production patterns across the world, it is imperative foesbarch
community to devise possible strategies to increase global crop progudtivithe

forthcoming decades (IPCC, 2007; Knox et al., 2012). This will require a deeper

understanding of factors affecting crop production systems using contemporary technologies.

One such area of research that has received increased attentienotHat of belowground
root-soil interactions. These interactions are a vital part of the crop produsgstem as
plants acquire the majority of the resources they use for production vieadsesgations and
thus increasing our understanding of these interactions may hold the ke\sémoad green
revolution’ required to feed rapidly growing population (Gewin, 2010; Lynch, 2007; Rich

and Watt, 2013).

Understandingroot-soil interactions especially amastgthe worlds’ major cereal crops
(maize, wheat, rice) is of paramount importance for the attainmenttafreise global food
security as these crops provide more than two thirds of all human dietary é@asgynan,
1999; FAOSTAT, 2019; Khoury et al., 2014). This understanding is crucial for wheat i
particdar as itis arguablythe worlds’ most important staple food crop. It accounts for more
than 15% (220 million ha) of global arable land use, (the highest for any cultpiztie)
and often yields in excess of 700 million metric tonnes of grain per annumlligloba
(FAOSTAT, 2019). In spite of its great importance however, yield gaps in whadction
still exist, often as a result of poor adaptation of its root systemryingeedaphic conditions
(Senapati and Semenov, 2019; Waines and Ehdaie, 2898Juch increased research into
rootsoil interactions in wheat to tailor its root system for differsoil environments is

3
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pivotal for improving wheat yields especially in marginal areas (Alahmiaal., 2019;

Figueroa-Bustos et al., 2018; Waines and Ehdaie, 2007).

Traditionally these root-soil interactions have been investigated usimgy énference root
health from the development of above ground parts (shoots) or by the more tdabosive
invasive soil excavation methods (Pierret, et al. 2005). These obsas/atwever, although
useful, lacked critical root developmental detail required to ncakelusive inferences into
how best to improve plant productivity (Mooney et al., 2012). Even when elerotftie
root-soil interactions were deduced, high throughput measurements were often veujt diffic

to obtain which limited research into subterranean interactions.

The advent of nomavasive soil imaging in the late 70’s marked a significant step forward in

the study of plant-soil interactions with technologies such as X-Ray Cethppoimography
(X-Ray CT) (Crestana, et al, 1986; Keyes et al., 2013; Tracy et al., 2013; Ahmed et al., 2016;
Blunk et al., 2017; Burr-Hersey et al., 2017; Koebernick et al., 2017), MagResonance
Imagery (MRI) (Metzner et al., 2015; Pflugfelder et al., 2017; Stingaciu @04l3), Nuclear
Magnetic Resonance imaging (NMB}¢i¢ and Ratkovi¢, 1987, Brown et al., 1991;
Southon, et al, 1992) and Neutron imaging (NI) (Willatt, et al, 1978; Furukawaé, ¥399;
Menon et al., 2007; Totzke et al., 2017) being used to answer a multitgdestions about
root-soil interactions in great detail. Of these technologies NI has beemadst effective
non-invasive soil imaging technique used when studying water dynamics and rott grow
within the soil due to its high sensitivity to hydrogen which is abundant tervwRobinson,

et al. 2008). Willatt. et al, (1978), demonstrated the use of this methdkefdirst time,
successfully imaging roots of different plants (soya bean and maize) grawisgil.
Subsequently this technology was used by in many studies including tVeildt Struss
(1979, Couchat et al., (1980), Bois and Couchat, (1983), (Nakanishi, et al 1992) as well as
Furukawa, et al. (1999). Two papers by Menon et al (2007) and Moradi et al., (2@09) als

4



94 provided a comprehensive, accurate description of NI that subsequentty éeen more

95 insightful studies using NI.

96 Initial plant experiments with NI involved the use of 2 dimensional neutron radiography (NR)
97 to study the root architectural properties in situ (Bois and Couchat, 1983; Ceudiat

98  1980; Willatt and Struss, 1979) using thin slabs made of aluminium. Theextesisively

99 used plants in NI have been maize (Zea mays L.) pioneered in expsrioyeWillatt, et al.

100 (1978)and lupine (Lupinus albus L.) first used by Nakanishi, et al. (1992) gtim@jority

101  of papers being published on NI in plant-soil interaction mainly fogusn them. Research
102 in soil NI has since moved on to the study of more complex root-soil gseEesuch as
103  dynamics of water flux and the extent of rhizosphere which had previously beeultditiic
104  study using other techniques (Carminati et al., 2010; Oswald et al., 2088alisation of
105  water movement coupled with the ability to use tracers suchaay eater (RO) in NI has

106 led to a better understanding of water uptake and transport in specific wibts
107  Zarebanadkouki, et a{2013) showing that most of the water uptake in 3 week old lupine
108 plants is carried out by the lateral roots with the tap root maitipgaas a conduit for

109  upwards water movement.

110 Unlike NR, there have been fewer studies that have used neutron computsgtaphy
111 (NCT) to study soil-root water dynamics despite the fact that compoeagtaphy has the
112 potential to provide even more detailed 3D visualisation of plant-sodragsas compared to
113  NR. Its uptake may have been limited by the size of the specimenathde successfully
114 imaged in detail (usually no more than 20mm in diameter) as wetleasnme required for
115  such images to be taken, which is much longer than that for individual neutrogreguiis
116  (Warren et al., 2013). The initial work done by Tumlinson et al., (2008) and Hsaér e
117  (2010)with maize seedlings and lupine seedlings showed that visualisatiort ahcbwater
118  distribution dynamics in soils can be visualised successfully in 3D usingmitGTimproved

5



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

root-soil contrast as compared to other non-invasive imaging techniques. Matrad)]
(2011)went a step further in their study with lupine plants showing that watentysat
the microscale can be accurately observed in 3D and thus can be used excamdgrecise
modelling operations explaining rhizosphere water flux. Recent advancem&i@T by
Zarebanadkouki et al., (2015) who visualised 3D water dynamics of lupine plardal

time, provide great prospects of the use of NCT in further plant-soil interaction studies.

Regardless of the recent advancements in NCT in plant-soil interatiidiess there are
some important limitations for this technique. For example, all of the p®wdtudies
utilising NCT have used soils containing no less than 90% sand, which arg dessiid of
organic matter or macro-aggregates. Therefore, for a wider application of thizdnitewill
require testing further using a variety of soil textures and structAiss. conspicuous in
many NI studies to date is the absence wheat root architecturatigatiess using tts
technology despite the crop being major contributor to global food securitgudksit is
important to test the feasibility of the use of NI on wheat plants, the aim of enhancing

knowledge on wheat roots and their interactions with soil moisture.

In this paper, we thus aimed at determining the 3D root architecture of wheat segrdivings
in an aggregated sandy loam soil with 4% organic matter content u€iiig ®ur specific
objectives were to use NCT to: a) Map 3D wahmeoot architectural distribution within an
aggregated sandy loam soil b) Visualise in 3D, soil water distributien afbrief drying
period and (c) to understand how the root system architecture intesitictsoil moisture

distribution as brought about by soil structural heterogeneity within an aggregated saoil.
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2. Materialsand methods
2.1 Sample preparation and plant growth

The soil used in this experiment was a sandy loam soil (70% Sand, 17% ClagarRilt)
obtained from Cove farm (53°30'03.7"N 0°53'57.2"W) and had an organic carbon content of
5.59%. This soil was air dried and mechanically sieved through a 4mm sielieninate

large clods and aggregates. The sieving prodacky aggregate size distribution of 24% for
particles <250um, 36% for 250-500um, 13% for 500-1000 pm, 13% for 1000-2000um and
14% for 2000-4000um with 4% SOM. This was then packed into specially desaiosed
bottom, cylindrical aluminium tubes (18mm internal diameter x 100mm heiglEnsure a

bulk density of 1.2g crwithin the tubes. A single wheat (Triticum Aestivum. L c\el8er)

seed was sown about 1cm underneath the surface of the soil and thedrbhestered to a
volumetric moisture contenb) of 16.Gt3.0% which was experimentally determined (using
gravimetric methods) to be the field capacity of our growth tubes. Tdlisrwontent was
maintained during the course of this experiment by daily surface irrigation eto th
predetermined weight corresponding to the above mentiérfed each tube. The wheat
seedlings were grown for 13 days (starting from date of planting) in a gréwainber
maintained at a temperature of 22°C (day)/18°C (night) and a relative humidity off®%

light intensity averaging 400pumol%s? with an 8-hour day length. Watering was stopped 4
days before neutron imaging was carried out to enhance the contrast bdteveeot tand

soil.
2.2 Neutron computed tomography set up

Neutron CT imaging was carried out at the IMAT neutron imaging beamlitkeeofSIS
Neutron and Muon Source at the Rutherford Appleton Laboratory, UK. A more detailed

description of the IMAT imaging station can be found in (Burca et al., 2013); Koake et
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al., 2013 and Burca et al., 2018). For these experiments the neutron bedmapeaktse the
field of view of 112.7 mm x 112.7 mm accompanied by a multiaxial tomography stage
allowing for 2 simultaneous scans. The neutron radiographies were acquirexhwiptical
camera box equipped with Andor Zyla 4.2 PLUS sCMOS with 2048x2048 pixels, an 85mm
lens and 100 um 6LiF/ZnS: Ag scintillator. The images produced had aapiteloxel size
of 55um with 30s being the exposure time for each projection and an L(10000mm) /D
(40mm)= 250 The time taken for a single scan of the plants was almost 6 Wwithr§54
radiographs being recorded using a rotation step of 0.55°. This was the bestcéeewgbée

on IMAT, suitable for our experiment (Mawodza et al., 2018).

2.3 Image reconstruction, root segmentation and analysis

The images were reconstructed using the commercial availali@pu3c 8.9 software
(Octopus, 2019), and images were corrected for neutron beam variation and casera noi
using the flat images and dark images taken before and after imagatiacg(serick et al.,
2004; Vlassenbroeck et al., 2006). We did not use an scattering correction nvbessing

our images. The final reconstructed stack of images were imported into &0.1 for

root segmentation and analysis (FEI, 2015).

We attempted to use automated root segmentation algorithms RooTraickofltaet al.,
2012) and Rootl (Flavel et al., 2017) but due to the great heterogeneity in watet bottt
the soil and within roots, these proved unreliable for our samples. To geésheesults,
roots were manually segmented using the limited range paintbrushiedhersegmentation
module in Avizo software. The segmented roots obtained from this process aretesdu to
calculate root lengths, thickness, surface area and volume for easbanoSegmentation of
the larger seminal roots was primarily done using automated threshdkthgiques

available in Avizo as there was a clear attenuation contrastbetthe soil and these roots.
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This was however not done univetgathroughout the whole root system as most of the
smaller lateral roots as well as some sections of the largenaleraots had attenuation

values that poorly contrasted or were even lower than that of moisarsbibggregates

surrounding them as shown|in Figure 2. Time consuming manual segmentagonadmaa

combination of localised differences in attenuation and the connectivitycofarly shaped
pixel groups (as roots are usually circular in shape) enabled the segmemtatibe
outstanding lateral roots and seminal root sections throughout the soilnsol@alibration
for water content was done using the same soil used in our experiment&naitim
volumetric water contents similar to what was done in Moradil.ef{2011). We then used
this calibration to relate the relative neutron attenuation to thstun® content for all the

images we acquired.

Lateral root

o

Lateral root

Figure 2: Grayscale images used to segment out roots showing how the differeyga®ot t
contrasted with the soil.

2.4 WinRhizo® root analysis

As segmentation was a subjective process, we compared the root properties obtained from
our analysis with those obtained from flatbed scanning results analysed using WinRhizo ®
(Regents Instruments, Inc.). Therefore, after CT scanning, the soils columns were

destructively sampled and the soil was washed off from the roots over a 250um sieve. The

washed roots were then placed in a specially designed water tray and scanned using an Epson
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Expression 10000XL Pro at 600dpi resolution. This scan obtained 2D images of the plant
roots which were then analysed using WinRHIZO® 2016a software to determine the root
properties (Wang and Zhang, 2009). These roots alongside their shoots were then dried at

65°C for 48 hours to obtaitheir dry biomass.
2.5 Statistical analysis

All graphs and statistical analysis for these experiments was performed using GraphPad
Prism 8.0.1 (https://www.graphpad.cQmith a two tailed paired T tests used to separate

means.
3. Results
3.1 3D wheat root architecture from NCT

Three-dimensional root architectural properties of the 13-day old wheat seedlingsdendere
from neutron scanning were successfully mapped with images in Fig 3. illustrating the

different root systems of the six plants that were grown.
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Figure 3 Images revealing the root architecture of the 6 different plants grown
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The root architecture of the plants was broadly similar with an aveoégerdot length of
89.775 cm +4.418 (SEM). The plants had 3-5 seminal roots at the timaghgrwith least

one of the roots (mainly the primary root) having grown to reach to the base of the growth
tube they were growinm. Lateral roots of the different plants extended throughout the soil
column with visible differences in lateral root growth especially inoregwhere the seminal
roots were in close proximity to larger aggregdfiedmm) that had large pores in-between
them. Lateral roots growing in these regions tended to be fewer and lehistr those

growing in finer soil particles were more numerous but visibly shorter. G&amsbe seen in

Figure 4 where due to the random segregation of particles when packing, largertaggrega

settled on one side of the column. Roots in some of the columns (plant 1, hdfidwe 3

also coalesced together and grew side by side in their downwards trgjectyy

disentangling lower down the soil column.

Region with increased
large soil aggregates

Region with increased
finer soil particles

Reduced,
elongated lateral
root growth

Reduced

w g
q large
Increase aggregates
large
aggregates .

Figure 4 (Left)Greyscale image of a growth tube showing a segregation of larggaigg
towards the left side of growth tube. (Right) increased shorter lateral awahgn regions
with finer soil particles whilst lateral roots growing in regions with iasesd larger
aggregates are reduced and longer. The red line demarcates an arbitrary Hoetmesery
regions dominated by large aggregates or finer particles. Longer lateral rost®arein

purple whilst short lateral roots are shown in red.
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3.2 Comparison between 3D and 2D root properties

Root properties calculated using WinRhizo ® from the flatbed scanning and 3D NCT enabled
the correlation of the two methods thus ensuring the validity of thtothenve used to

segment out the roots. Visual comparison between images obtained uging thethods as

shown in Figure r showed great similarities between them.

Plant 1
Flatbed scan

Y =0.3570*X + 62.20

110

o R% = 0.5441

S 1004

£

> 90

9

S 804

°

5 704

z

60 T T T T T 1
40 50 60 70 80 90 100

Flatbed scanner root length (cm)
Figure 5: Side by side comparison of the same plant imaged using NCT and flatiedgsca

There was also a moderately strong linear relationsip (B5441) between the root length

estimated by the two methods as given in Figyre 5. As shawn in Figurentates of root

length and surface area from neutron scans were significantly (P<0.05) higher tren thos
from flatbed scanning whilst root volume and thickness did not vary betweetwthe
methods. The thinnest roots we could detect weoeiral 11Qum (2 voxel9 in diameter

which corresponds to double our image pixel size according to Ny§betnon theorem.
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Figure 6: Comparison of root architectural properties as estimated by flathedrsrand
NCT. a) Root length (P= 0.0250), b) Root surface area, c) Root volume and d) Average root
diameter. The error bars indicate Standard Error of the mean and * indicatesasignif
differences (P< 0.05)

3.3 Soil moisture distribution

Similar to root architecture, the visualisation of soil moisture distribution waghf@oss 3D

NCT as illustrated iE Figure 7 with neutron attenuation being used as a préxysfog

calibrated estimates of water content. These were calibrated by a ssgaa®bf dry soill
samples similar (but not identical) to those used for plant growth. It is worth noting however
that our estimation of moisture content may encompass an add on effect with the high organi

matter which increases neutron attenuation.
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Plant shoot

Wheat seed

10 mm
Segmented roots
0 20 40

Volumetric moisture content 8

273

274  Figure 7 3D NCT rendering of water distribution in aggregated soil where wheat seedling is
275  growing
276

277  Water distribution within the columns was sporadic with regions of increased moisture
278 localisation and depletion throughout the different tubes. Water depletion was grettest i
279  top 20mm of the soil with soil moisture gradually increasing between 20366ym the top
280 of the column until it reached its greatest extent at the base of the tube w&stargely

281 localised in regions with nearly spherigashape regions within the soil as shore
282 Upon further analysis, it was discovered ttigd moisture accumulation was mainly

283  associated with the heterogendgudistributed soil aggregates within the soil. As compared

284  to finer particles, all or parts of aggregates have-20%.

Particles retaining 6
of more than 20%
segmented out

285

286 Figure 8: Showing segmenting out of particles retaining gréate0%
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3.4 Root interactions with soil moisture

Wheat roat did not preferentially grow in regions of increa®e@lue regions with 6 >20).

Many of the roots that were observed did not penetrate into water rich aggregates but rathe
grew around thenRoots that were in direct contact with aggregates with a higher 0 exhibited

an increase in their internal 0. In large pores in-between soil aggregates, roatsdaaced 0

which was especially true in smaller lateral roots as opposed to the much larger sgmhinal
network. Some seminal roots however also showeditlaigected internal 6 decrease when

growing through larger inter-aggregate pores. The rhizosphere around the roots as shown in

Figure 10did not show great differences in 6 as compared to the rest of the soil with

delineation of the extent of the rhizosphere being difficult decipher.

o w0 Coloured segmented roots

2eime Volumetric water content

Roots showing variable internal moisture content within roots
Figure 9: Variations in internal water content within roots growing through soil.ophe t

image shows segmented root indicated in yellow whilst in the bottom image, only root
moisture content can be visualised
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Distinct root moisture boundaries

Moisture retained in
aggregates

Seminal roots showing
increased 6

Figure 10: Close up view of the water-map in around seminal roots at a) 3cmand b) 5 cm
below the soil surface showing distinct boundaries around the roots

4. Discussion

4.1 3DNCT wheat root architecture

The results presented show that detailed 3D root architectural propénivbeat growing in
an aggregated soil with a moderately high organic matter content carssuligebe
visualised using NCT. To the best of our knowledge, this is the first studge NCT to
study root architectural development in wheat plants in detail.réeearch also represents a
significant step away from many of the previous NCT root architectural stsulidsas those
done by Nakanishi et al., (2005), Moradi et al., (2011), Warren et al., (2013)6tzick et
al., (2017) that have used predominantly sand soils (with >90% sand).rnichedsia used in
the previously mentioned studies are more or less homogeneous and ofteygtagation
This study thereby seeks to break with convention by using a heterogeaggriegated soil
with increased SOM. We recognise however, that the use of an aggregateasgailthis
study presents a potential challenge when attempting to segmentheat roots. This
difficulty is brought about by the heterogeneity in soil properties with teblaegions

retaining increased moisture and/or being high in organic matter (e.g. soil aggregate®) tha

16



320 highly neutron attenuating due to their increased hydrogen content (Robinsan2 @8I
321 As a consequence of such features, there is a reduction in thettégaration difference
322 between the soil and plant root matter that is charactenstand soils thus complicating
323 segmentation as simple thresholding would yield inaccurate resultsisistudy we were
324 able to overcome such difficulty by both localised thresholding using the sectea
325 attenuation and interconnectivity between roots as well agiwetunanual segmentation

326 techniques.

327 This study represents a move away from the use of the leguminous dicotyledadus pl
328 lupine (Lupinus albus. L) that has been popularly studied in many NCT and neutron
329 radiography experiments ever since the pioneering work of (Nakanishi, et al.al@B#t)en

330 Menon et al. (2007) who established thislant as a ‘model’ for non-invasive neutron
331 imaging studies in plant-soil systems (Zarebanadkouki et al., 2012; ghubliahr, et al.

332 2014; Ahmed et al., 2017). Our use of the monocotyledonous graminae familyvyheat

333 represents one of the first attempts at visualising the RSA of a &aplerop using NCT.
334 Many of the non-invasive imagery done on wheat plants has been carried lostvekc

335 using X-Ray CT (Flavel et al., 2014, 2012; Jenneson et al., 1999; Mooney26808t. Tracy

336 et al., 2012). This study thereby demonstrates the feasibility of using N§tTlidy the RSA
337 of not only wheat plants but also other staple monocotyledonous crops suck asdic

338 maize.

339 4.2 Comparison between 3D and 2D root properties

340 As the manual segmentation methods we used to reveal root architectur®@D scans
341 could be subjective, a comparison between the results obtained from NCTngcandi
342 flatbed scanner scanning was done. This is the fiims¢ results from NCT have been

343 compared to images flatbed scanning results. Similar correlationgphaxieusly been done
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in on X-Ray CT scan root measurements such as those by Tracy et al., (20EEvaheét
al., (2012). In this study, here was moderately good correléfor 0.54) between the two
methods with respect to key essential root characteristics, root lamgt volume with
estimates from flatbed scanning being significantly lower in root lenfiis could be
explained by the fact that some roots are inevitably lost during washthgliterature
estimating a loss of abb@0-40% of dry matter during storage and washing operatmns
wheat roots (van Noordwijk and Floris, 1979; Grzebisz. et al, 198#se losses though,
may be partially compensatéar by the inability of our NCT to measure and quantify roots
less than 110 pn@G5um pixel size x2) which is 2 times each voxel size that is lwide
regarded as the effective spatial resolution limit of CT imagesdi et al., 2011)Roots of
this thickness can be picked up by flatbed scanning provided they are notriost tthe

washing process.
4.3 Soil moisture distribution

Similar to root system architeure, visualisation of soil moisture distribution was possible in
3D with the greyscale intensity acting as a proxy for 6. The high soil moisture heterogeneity
within the scanned tubes was as expected since soil heterogeneityresitilts in variable
hydraulic conductivity throughout the soil which has a direct bearing of th@nsaturated
conditions. As plants were surface irrigat®@dwas lowest at the soil surface increasing
steadily towards the base of the growth tube. This accumulation of atatee base of the
tubes may have been brought about by the lack drainage as they wedeas¢iaéebase to

allow for accurate determination of the gravimetric water content.lisatian of water as

shown in Figure B8, which was presumed to be as a result to the prefestatiion of water

in aggregates. This preferential water retention was presumedséofieam the pore size
distribution within soil aggregates which is often comprised of multiproypores with the
ability to store water at higher suctions as opposed to the intergadggores referred to in
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369 literature as structural pore spaces that are characteristhigljpr and thus can freely
370 transmit water. This preferential water retention however was not ualivass some
371 aggregates were also relatively dry at the time of imaging withe soants of the moist
372 aggregates also being relatively drier as compared to the rest of tlegatggrThis may
373  suggest that that some aggregates may have pores large enough to draiat flewkyr

374  suction levels.

375 Inference of soil moisture status using NCT and neutron radiography is not newweital se
376  scholars having shown soil moisture distribution in sand soils. Tady uilds on their
377 findings adding further complexity by looking at an aggregated soil that has an @ucreas
378 organic matter content. This introduces inaccuracies with the astinadtwater content as
379  in such a soil, water is not the only highly neutron attenuating substance as organic matter has
380 increased hydrogen atom content as compared to soil (Robinson, et al. 2008sdmurat

381 al.,, 2008). This thus means the total attenuation of each voxel is depemdéhe water
382 content as well as the organic matter content for the particulameotd soil under review.
383 In this study we calibratedbor water content using the same soil at varying levels of 0,

384 however in doing this we assumed that the organic matter content throughsotl tvas

385 constant and variation in attenuatiams primarily due to increased soil moisture content.
386  This estimation would be inaccurate especially in regions withisazhelevated level of soil
387 organic matterAs such our interpretation of soil moisture distribution should be taken with

388 this in consideration.

389 4.4 Root interactions with soil moisture

390 As roots did not seem to grow preferentially in regions of relative Gi¢gtre not highly
391  hydrotropic), it is clear that many other factors such as gravity, poralisizédution and

392  nutrient status of the soil may have also contributed to root growth pattemn<t al. 1979;
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Niu et al., 2015; Sato et al., 2015). As roots grew around different aggregalbebly as a
consequence of trying to find the path of least resistance, many of thédaabtjood contact
with the surface of the moist aggregates. Roots in contact with aggsegate surfaces
seemed to be able to extract water from these aggregates asfteorthan not, thesmots
exhibited an increased irf. It was striking however that roots growing though large air
spaces within the soil in some case&sned to exhibit a reduction in 6 as they passed through
the pore space. This is thought to be as a result of increased evapoaitivéoss from the
roat surface within these large air spaces. Such large inter-aggregatermyréhus act as a
hindrance to internal root hydraulic conductivity and thus limiting the functignafliroots
growing through them. This finding could in part explain some of the observations seen by
(Passioura and Stirzaker, 1993) as well as Alexander and Ni¥£1) who noticed a
general reduction in plant growth when artificial holes are introduced or whets @re

grown soils with large aggregate sze

Another unexpected result from our study was the absencdigtinct region of increased 0

around the roots demarcating rhizosphere soil around the roots as shown in Higure 0. This i

contrary to what has been observed in many neutron studies such as those doradiye

al., 2011) who noticed this distinct feature in all the plants thediestuThis variation could

be as a result of our use of a different textured soil that may not produce such distinct features
as soil moisture was heterogeneously distributed within the soil. Difesénglant species
difference i.e. wheat used in this study as compared to maize or lupin/ msed in
previous studies could also be a contributory factor to our observed differAmmgker
plausible explanation for this could be in the difference of root segrnmniatotocols that

were used in the different studies. In this case where semi-atitorand manual
segmentation was employed based on the roots distinct increasedhtie properties, the

edges of the roots could be mistaken to lie within the rhizosphere. This is however unlikely as
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the root thickness as estimated NCT compare well to that found Hpedlatcanning.
Questions may also be asked about the demarcation of root boundaries in thesstemies
as many of these studies did not compare the thickness of the roots founid scahe to

those obtained by manual measneat.

5. Conclusion

NCT was found to be able to reveal root architecture of wheat plants gramaggregated
sandy loam soil with appreciable amounts of organic matter and inherenuigeetgity. This
marks a step forward from the use of predominantly sand soils in BiG&it with new
challenges of its own. Macro-aggregates increased water stortge thie soil with their
heterogeneous distribution determining the water distribution patterns doeossilt after a
period of drying which could help plants water acquisition in times ofduoivater supply.
Lateral root growth was found to be reduced in regions with increased macegatggrwith
roots growing through large inter-aggregate pores exhibiting loss of moisture thét cou
potentially limit root function. Our work highlights how soil heterogeneity magcafivater
distribution and plant-soil interactions thus encouraging the further use of NCGibliggy to
answer questions related soil water distribution in heterogeneous medidtd¢omiedelling

of soil water movement.
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