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Soil structure is a crucial soil physical property that determines a soil’s ability to support the growth and
development of plants. Soil compaction modifies soil structure by reducing pore space between soil particles
thereby leading to a denser soil fabric. This often limits root growth by increasing soil strength and penetration
resistance requiring roots to increase the energy needed to elongate and explore deeper soil. Apart from soil
compaction, soil moisture also plays an important role in determining how resistant soil is to root penetration. An
understanding of how the synergy of both compaction and moisture content affect root growth is essential to
improving plant productivity. We used wheat (Triticum aestivum) seedlings to investigate the differences in root
architectural properties using X-ray Computed Tomography imaging under three different compaction levels
(1.3,1.5and 1.7 Mg m_3) maintained at two different water contents (100% and 70% of field capacity). This was
performed on soils of two different textures, a sandy loam and a sandy clay loam. Soil compaction to 1.7 g cm™>
significantly reduced root length, volume and surface area compared to lower compaction levels. Increased soil
compaction also resulted in increased root growth angle in the sandy clay loam. Compaction reduced gas
diffusivity in both soils (as determined by modelling). Soil moisture on the other hand had a significant impact on
average root diameter; plants grown at 100% of field capacity had a higher average root diameter than those at
70% field capacity. Compaction up to 1.7 Mg m~> adversely effected wheat root growth in both soil textures
regardless of moisture content.

1. Introduction compaction is detrimental to root growth and development which

directly affects nutrient uptake and consequently plant yields (Kuht and

Soil structure, the spatial arrangement of soil particles and aggre-
gates, is a key determinant in the growth and development of plants
(Bronick and Lal, 2005). The maintenance of an optimal soil structure is
key as it determines crop yield via the mediation of root access to soil
resources (Rabot et al., 2018). Soil compaction is a major form of soil
structural degradation that is often brought about by actions that force
soil components together at the expense of air, such as the frequent use
of heavy machinery, excessive tillage and animal trampling (Augustin
et al., 2020; Auler et al., 2016; Pillai and McGarry, 1999). A degree of
soil compaction in itself is often useful to ensure good root-soil contact,
especially during seedbed preparation, however, excessive soil

* Corresponding author.
E-mail address: sacha.mooney@nottingham.ac.uk (S.J. Mooney).

https://doi.org/10.1016/j.rhisph.2023.100838

Reintam, 2004; Lipiec and Stepniewski, 1995; Liu et al., 2021; Tracy
et al., 2012a,b).

The impact of soil compaction on root growth mainly emanates from
increased mechanical impedance that arises from the reduction of pore
space in a compacted soil which restricts root elongation (Czarnes et al.,
1999; Dexter and Hewitt, 1978; Whiteley et al., 1982). This increases
soil strength and makes it more difficult for roots to penetrate and access
soil resources in deeper soil layers. Recently, Pandey et al. (2021)
demonstrated root growth retardation in compacted soils is linked to
elevated ethylene concentrations in the soil pores around the root, as
ethylene movement is restricted by lack of diffusion away from the root
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through the soil rather than as a direct response to mechanical stress
imposed by the soil. Furthermore, the impact of compaction varies
within and between species due to differences in root penetration ca-
pacity (Burr-Hersey et al., 2017; Colombi and Walter, 2017; Helliwell
et al,, 2019; Orzech et al.,, 2021). Generally, compaction leads to
reduced root growth which subsequently limits the ability of roots to
acquire essential nutrients. The morphology of plant roots is also altered
as a response to increased soil strength (Tracy et al., 2012a,b). Axial
roots become thicker as they attempt to force themselves through harder
soil layers whilst lateral roots are severely reduced (Atwell 1990; Ben-
gough et al., 2006). Root growth rates are also severely reduced by soil
strength with a gradual decrease in root growth from 1 MPa to an almost
complete elimination of root growth occurring at soil strengths higher
than 5 MPa (Passioura, 2002).

The impact of soil compaction on root growth is also dependent on
other soil physical properties such as soil moisture and texture (Gilker
et al., 2002; Liu et al., 2021). The bulk density at which root activity is
affected varies between different soil textures, mainly due to differences
in pore size. For example bulk density in clay soils are often much lower
than they are for sandy soils (Brady and Weil, 2017). Recently Mondal
and Chakraborty (2023) showed that while compaction could reduce
wheat root length and volume by up to 50% this effect was significantly
reduced in a clay soil over a sandy soil, especially when water was
limited. Similarly, as increased soil moisture reduces soil strength, soils
at contrasting bulk densities may support root growth in different ways
(Bengough et al., 2011). It is thus necessary to study soil compaction at
specific soil moisture conditions.

Previous experiments have studied the effects of soil bulk density or
soil water status on plant growth and yield (e.g. Houlbrooke et al., 2010;
Shaxson and Barber, 2003; Stirzaker et al., 1996), but few have com-
bined them together, especially to study early root growth. We aimed to
examine the combined impact of compaction and soil moisture on root
growth in wheat seedlings. We used three different levels of soil
compaction combined with two different soil moisture regimes across
two different soil textures. We obtained root growth metrics from X-ray
Computed Tomography (CT) scanning. We hypothesised soil compac-
tion would be a major limiting factor to root growth with soil moisture
moderating its impact.

2. Materials and methods
2.1. Soils properties and preparation

Soils from two different textures, a sandy loam soil and a sandy clay
loam soil were sampled from two field sites experimental farm at Bunny,
University of Nottingham, (Nottinghamshire, UK, 52.52°N, 1.07°W).
The soils were air-dried and passed through a 2 mm sieve to remove
clods and large aggregates. Each soil was uniformly packed into poly-
vinyl chloride (PVC) columns (100 mm height x 51 mm diameter, with a
nylon mesh base of ca. 40 pm) to three bulk densities namely of 1.3
(uncompacted treatment), 1.5 (moderate compaction) and (high
compaction) 1.7 Mg m 3. Each column was compacted c¢. 20 mm at a
time to a depth of 80 mm in 4 layers of soil. After each compaction layer,
the surface was lightly scarified to ensure homogeneous packing and
hydraulic continuity within the column. The columns were then satu-
rated from the base for 2 days and then allowed to freely drain for
another 2 days, gravitationally. The notional field capacity water con-
tent of each soil core was then calculated.

2.2. Seedling growth experiment

Bread wheat (Triticum aestivum L.) seeds, variety EDSAR, were
germinated in a dark chamber for 48 h. Uniform wheat seedlings were
selected (determined by radical length) and planted in the centre of each
soil column with one seed planted per pot. The plants were then grown
for 7 days in a controlled environment chamber (Conviron A1000,
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Canada) set to a temperature of 18 °C (day)/12 °C (night) with sup-
plemental lighting on a 12hr/12hr day/night cycle. The soil water
content was maintained by weighing and watering using a pipette every
day to ensure it remained close to 70% (~13% (w/w) for sandy loam soil
and 17% for the sandy clay loam soil) and 100% (~18% (w/w) for sandy
loam soil and 24% (w/w) for the sandy clay loam soil) of previously
determined notional field capacity throughout the experiment. Three
replicates for each treatment combination (soil texture x bulk density x
soil moisture) were prepared resulting in a total of 36 soil columns.

2.3. CT scanning, image analysis and data collection

The columns were scanned on the eighth day after transplanting
using an X-ray pCT scanner (v|tome|x M 240 kV, Waygate Technologies,
Wunstorf, Germany), using an X-ray tube electron acceleration energy of
140 kV and current of 185 pA. Scans were performed in ‘Fast mode’
where single radiograph images are collected as the sample rotates
continuously through 360°. Each scan acquired 1660 projection images,
with an exposure timing of 333 ms per image. Scan time for the entire
column was around 12 min. A spatial resolution of 32 pm was used in all
scans and image reconstruction was performed using Datos|REC soft-
ware (Waygate Technologies, Wunsdorf, Germany). Wheat seed germi-
nation, planting, culturing and X-ray uCT scanning were staggered using
a randomised block design for 6 days to ensure the plants were at the
same growth stage when scanning was performed. After scanning, the
roots were washed from the soil and analysed using WinRHIZO® 2005c
scanning equipment and software following the method of Tracy et al.,
(2011). The images obtained were compared with the output from the
X-ray pCT scanning.

Image visualisation and root segmentation were conducted using VG
StudioMAX® Version 2.2 (Volume Graphics GmbH, Heidelberg, Ger-
many). The “Region Growing” tool in VG StudioMAX® was used to
interactively extract roots from the slices as has been described in Hel-
liwell et al. (2019). The total root volume and closed surface area were
obtained from VG Studio MAX®. Total root length, root diameter and
root angle were obtained using RooTH software tool as described in
Mairhofer et al. (2017). Pore thresholding was carried out in AVIZO®
9.0.1 software using the auto-threshold algorithm with the isodata cri-
tereon selected. After thresholding, the pore spaces were then identified
in the separate objects module using Chamfer (conservative) method
and a marker extent of 2 for delineation. The pore size distribution and
pore connectivity was then computed using the Label analysis module
using a 3D interpolation (Houston et al., 2017).

2.4. Penetrometer resistance

Penetrometer resistance measurements were carried out using an
Instron 5944 load frame fitted with a 100 N load cell, 15 cm diameter
lower support anvil and 3 jaw chuck running Instron Bluehill Universal
v4.03 software. The soil resistance was measured by forcing a needle
with a tip diameter of 2 mm and a 60° angle at a steady state through the
soil whilst measuring the force required to penetrate through a depth of
70 mm. The maximum penetrometer resistance measurable using this
equipment was 31.83 MPa which was lower than that required to
penetrate sandy clay loam soil at the highest compaction level (1.7 Mg
m’3).

2.5. Gas diffusivity

Gas diffusivity was calculated through pore-scale simulation of gas
flow through the pore space revealed in the 3D X-ray CT images. Gas
flow is diffusive and its movement in pore space was simulated using a
lattice Boltzmann model previously developed in Li et al. (2017). The
diffusivitiy of each soil sample was calculated based on the simulated
gas concentration and diffusive flux in each voxel (Zhang et al., 2016).
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2.6. Statistical analysis

The statistical analyses for these experiments were performed using
GraphPad Prism 8.0.1. The effects of the level of compaction, soil texture
and water regime had on wheat root growth parameters were evaluated
using a multi-factor analysis of variance. Tukey’s post hoc tests were
used to evaluate for significant differences between treatments (P <
0.05).

3. Results
3.1. Root length

Soil compaction at 1.7 Mg m ™~ resulted in a significant (P = 0.0001)
reduction in wheat seedling root length (average 138 mm per plant) for
both soil textures and moisture regimes as compared to compaction at
1.3and 1.5 Mg m ™2 as shown in Fig. 1A. Plant root lengths were reduced
on average by 60% and 54% as compared to 1.3 and 1.5 Mg m™>
treatments, respectively. There was r no significant difference between
the 1.3 and 1.5 Mg m > compaction levels with average root lengths of
328 and 301 mm per plant, respectively. There was also a significant
difference (P = 0.0063) in root length between the different soil mois-
ture contents with plants grown at 70% of field capacity having a root
length that was on average between 14% higher than those grown in soil
at 100% of field capacity (hereafter referred to as 70%FC and 100%FC
respectively). There was no statistically significant interactions for root
length measurements.

3.2. Root volume and surface area

Root volume and surface area exhibited a trend similar to that
observed with root length with roots growing in soils at a bulk density of
1.7 Mg m™~° having significantly reduced root volume and surface area
as compared to plants grown at 1.3 and 1.5 Mg m~> as shown in Fig. 1B
and E. Root volume of plants grown at 1.7 Mg m™~ were on average
10.55 mm?, which was 43% lower than that of plants grown in soil at 1.3
and 1.5 Mg m 3, which had an average volume of 18.62 and 18.39 mm?>
respectively. The average root surface area of plants grown at 1.7 Mg
m~3 was 380 mm? which was 52 and 45% lower than that of plants
grown at 1.3 and 1.5 Mg m™° respectively. Unlike root length, however,
root volume and root surface area were similar at both moisture levels
(P = 0.649). Root volume and surface area were not significantly
affected by soil texture (P = 0.889). There was also no interaction be-
tween the different factors for both measures.

3.3. Average root angle

Root angle was shallower in plants grown at 1.7 Mg m > (on average
67°) as compared to those grown at 1.3 and 1.5 Mg m > (on average 45.3
and 45.1° respectively) however, these were only statistically in the
sandy clay loam soil (Figs. 1D and 2). There was a significant interaction
between root angle and soil texture with the finer textured soil exhib-
iting shallower root angles with increased compaction. Soil moisture
regime had no significant impact on root angle and there were no sig-
nificant interactions for all three factors for root angle.

3.4. Average root diameter

The average root diameter was mainly affected by the soil moisture
regime with a significant (P = 0.001) increase in root diameter at 100%
FC as compared to soils maintained at 70%FC (Fig. 1E). Plants growing
at 100%FC had an average diameter of 552 pm as compared to 433 pm
in those grown at 70%FC. This represented a 22% increase in root
diameter when plants were grown at higher soil moisture. Surprisingly,
bulk density and texture did not play a significant role in determining
the average root diameter. There was also no interaction between the
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Fig. 1. The effects of soil bulk density and soil moisture regime on A. root
length, B. root volume, C. average root angle, D. average root diameter and E.
total surface area of 8-day wheat grown in either Sandy Loam or Sandy Clay
Loam soil.

different factors for average root diameter.
3.5. Pore size distribution

The pore size distribution of the soils varied significantly with bulk
density (Fig. 3) as soils at the lowest compaction level (1.3 Mg m~>) had

a greater proportion of larger pores (>3 mm) as compared to soil at
higher bulk densities. These pores contributed to more than 50% of the
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Fig. 2. Images of the root system architecture of wheat seedlings grown in Sandy Loam and Sandy Clay Loam soils at different bulk densities and moisture regimes.

total pore volume in soils at this compaction level in both soil textures.
At the 1.5 Mg m > and 1.7 Mg m ™2, pores were more evenly distributed
with the contribution of smaller pores to total pore volume being
increasingly more dominant as the compaction level increases. Sandy
loam soil had a higher proportion of larger pores at all the compaction

levels.

3.6. Penetrometer resistance

dependent on bulk density, texture and soil moisture content (Fig. 4).
The sandy clay loam soil had significantly higher (P = 0.027) pene-
trometer resistance as compared to the sandy loam at similar bulk
densities in soils at 70%FC, whilst there were no significant differences
at 100%FC. The penetrometer resistance in the sandy clay loam at the

bulk density of 1.7 Mg m™~> exceeded the maximum limit of the pene-
trometer. The soils at 100%FC had significantly (P < 0.001) lower
penetrometer resistance as compared to those at 70%FC with a differ-
ence of at least 50% between the different moisture contents in both

textures.

Penetrometer resistance ranged from 1.3 MPa to 29 MPa and was
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3.7. Gas diffusivity

Gas diffusion was derived from soil pore network data obtained by X-
ray CT imaging. At 32 pm resolution most pores in the images for soils at
70%FC are likely to air-filled, while for soils at 100%FC some pores
might be filled by water. As it is not readily possible to distinguish be-
tween water and air filled pores at this resolution, we calculated the gas
diffusivity assuming all pores were air-filled (Fig. 5A). We then plotted
the change in diffusivity with porosity to elucidate how the diffusivity
would vary according to a change in soil water content (Fig. 5B). As we
observed no significant difference in the diffusion coefficient between
the 70% and 100%FC we pooled the results for the two water treatments
in Fig. 5. Diffusive flux in the pore space depends on molecular diffusion
which varies between gases. As ethylene is a crucial gas affecting root
growth and penetration, in the pore-scale simulation we used the mo-
lecular diffusion coefficient of ethylene at 25 °C and one atmospheric
pressure to simulate gas diffusion and calculate gas diffusivity. Gas
diffusivity deceased exponentially as porosity decreased (i.e. as bulk
density increased), thus the impact of bulk density on diffusivity of
ethylene is more profound than on soil porosity. Significant differences
in diffusivity of ethylene between the soil types were observed at the
lowest bulk density only (Fig. 5).

4. Discussion

A high level of compaction had a negative effect on early wheat root
growth which was observed as a reduction of root length, volume and
surface area at the highest compaction level (1.7 Mg m ™). This was
consistent for both soil moisture regimes and textures implying that at
this compaction level, plant roots struggle to penetrate the soil regard-
less of other soil conditions pertinent to root growth similar to Bengough
et al. (2006) and Bingham and Bengough (2003). Surprisingly, soil bulk
densities at 1.5 Mg m~ and 1.3 Mg m > did affect root diameter in the

different soils, suggesting these lie within the optimal range for root
growth for wheat, or at least one in which wheat plants can readily adapt
to (noting that only one variety was examined here). Interestingly, Tracy
et al. (2012a,b) found the highest root growth at a bulk density of 1.5 g
em 2 as compared to soil at 1.1 g cm ™ in wheat seedlings suggesting
low bulk densities are not favourable. In our experiments, however,
wheat root growth in soil with a bulk density of 1.3 Mg m~> was only
marginally higher than root grown at 1.5 Mg m ™~ which suggested that
within our optimal range, lower bulk densities were preferable. Atwell
(1990) found that wheat roots growing at a bulk density of 1.6 Mg m >
in the field were generally shorter, thicker and more contorted than
those growing under less compacted conditions, We found a consistent
increase in penetrometer resistance as bulk density increased in both
soils explained by the decrease in pores size with the reduction of larger
pores resulting in an increased force required for penetrometer pene-
tration (Bengough and Mullins, 1991; Menon et al., 2015). There was
also a consistent reduction in penetrometer resistance as moisture con-
tent increased, explained by decreased friction between soil particles
and the penetrometer probe thus reducing the soil’s resistance to
penetration. Soils with increased moisture content are also more prone
to aggregate deformity which can increase their penetrability (Ball et al.,
2005; Clark and Barraclough, 1999). Our penetrometer resistance values
were significantly higher than those reported to limit cereal root growth
(about 1.3 MPa), however, it is known that penetrometer resistance is
often several magnitudes greater than those imposed by growing roots
(Bengough and Mullins, 1990, 1991; Whiteley et al., 1981). Our results
were in line with those reported in young wheat seedlings by Masle and
Farquhar (1988) (range between 1.5 and 5.5 MPa) albeit in a silty loam
soil. In our experiment, the penetrometer resistance was highly depen-
dent on soil texture with roots growing at higher resistance levels in
sandy clay loam soil as compared to the sandy loam soil. This is most
likely due to the increased clay content in the former which can be
displaced more readily than coarser material (Bodner et al., 2014).
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Soil moisture regime played an important role in determining root
growth as it interacted with bulk density and hence pore size distribu-
tion to affect total root length. The lower soil moisture regime (70%FC)
resulted in consistently higher total root length across all soil types and
bulk densities. This is an interesting result as field capacity is often
considered an idealised soil water status for plant growth in terms of
both water and air availability, although field capacity in a soil column
is likely to be greater than in the field due to constrained drainage
(Khalil et al., 2020). This suggests the wheat seedlings preferred the
increased aeration in these soils at 70%FC which may also improve the
diffusion of ethylene gas that has been shown to accumulate in roots
grown in compact or waterlogged soils (Ali and Kim, 2018; Pandey et al.,
2021). Soil moisture regime was also a factor in determining average
root diameter, surprisingly more so than bulk density which has been
shown to be important by Tracy et el. (2012) with higher soil moisture
content increasing wheat seedling root diameter. As was postulated by
Khalil et al. (2020) in a study also using wheat, maintaining soil mois-
ture at 100%FC may reduce root growth without affecting photosyn-
thetic processes albeit in a pot study.

Average root diameter was consistently higher in soils maintained at
field capacity. This result was surprising as we hypothesised root
diameter would be lower under higher moisture contents as increased
soil moisture reduces soil strength thus minimising root radial expansion
(Logsdon, 2013; Logsdon et al., 1987). Although it is possible that this
was influenced by ethylene, which is produced more under wetter
conditions and may have retarded growth (Lang et al., 2023). Growing
under reduced moisture conditions can negatively impact on root
growth, particularly in terms of lateral root growth. Similarly, we also
expected the root diameter to have been thicker in the more compact
soils with higher soil strength (Bengough et al., 2011). However, sur-
prisingly soil bulk density did not seem to have an impact on root
thickness suggesting moisture content and aeration status played a more
important role in determining root thickness.

Root angle is an important root system architectural property that
determines the direction of root elongation into the soil with a steeper
root angle often resulting in deeper growing roots (Richard et al., 2015;
Uga et al., 2013). Bulk density significantly affected root angle as soils
with higher bulk densities produced steeper root angles. This translated
into roots growing more laterally in response to soil hardness. This may
have been due to the inability of root tips to grow vertically as the
strength of the soil below was more resistant to root penetration. Our
results are consistent with Tracy et al. (2012a,b) who also reported
higher root angles in response to increased soil strength. This may lead
to poor water and nutrient uptake as roots do not explore the entire
depth of the soil preferentially exploring shallow depths of soil.

By pore network modelling we showed an important, significant
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Fig. 5. (A) Variation in diffusivity of ethylene between different soil types and bulk densities (Mg m~>) as derived from lattice-Boltzmann modelling. (B) The
diffusivity of ethylene increases with porosity but differently between the two soil types.



C. Yu et al

increase in diffusivity of ethylene as bulk density decreases for both soils
because the gas diffusion coefficient increases with air-filled porosity
approximately exponentially (Fig. 5B). The observation that diffusion is
reduced with increased bulk density is consistent with the previous
finding that roots penetrate deep in soil with high diffusivity for
ethylene (Pandey et al., 2021), though reduced penetration resistance
also plays an important role. There appears to be a critical value for
ethylene diffusivity below which the ethylene starts to inhibit root
growth penetration. In this experiment, this critical diffusivity is
approximately 0.002 cm? s~. The impact of compaction was more
noticeable in the sandier soil due to the larger pores in the lower bulk
density treatments which are lost following moderate and major
compaction. As diffusivity increases with the proportion of air-filled
pores exponentially for both soil types (Fig. 5B), a small decrease in
air-filled porosity due to an increase in soil water content or soil
compaction could substantially reduce the diffusivity of ethylene and
root growth as a result.

5. Conclusions

The interactions between soil type, bulk density and soil water
content are complex and not always as hypothesised. Higher soil
compaction generally reduced root growth under both soil moisture
conditions. However, the wheat plants we examined performed simi-
larly at both low and moderate bulk densities, each of which could be
considered compact if under field conditions. This is important as
reducing tillage is gaining popularity as part of the regenerative agri-
culture movement and the harder soils that emerge under these condi-
tions have been considered potentially problematic for germination and
establishment. We identified roots grown under drier conditions can
grow deeper into the soil due to their steeper root angle. Under a
changing climate where soil moisture is likely to be limiting and irri-
gation available at a significant cost this could be important, especially
when calculating the soil moisture budget. We also observed that the
diffusion of ethylene is reduced with increased bulk density which was
more noticeable in sandy soils due to a higher proportion of large pores.
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