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Abstract

Background: Seed-soil contact is important to ensure successful germination, however, there is a paucity of
reported studies that have quantified the microstructure at and around this critical interface, mainly due to the opac-

ity of soil.

Results: Here we describe a novel methodology to non-destructively calculate the seed—soil contact area using X-ray
Computed Tomography. Under controlled conditions, we observed that seed-soil contact was strongly influenced

by the size and type of seed, with a seed—soil contact of ca. 15% for naked sugar beet seeds compared to ca. 32% for
pelleted and coated seeds. Similar results were obtained for seeds sampled from the field albeit with a higher spatial

variability.

Conclusions: By application of this new quantification method it is hoped seed enhancement technologies can be
optimised and ultimately seedbed preparation improved to ensure better germination.
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Introduction

Seeds require specific soil environmental conditions
(such as moisture, temperature, pH) to successfully initi-
ate germination and establish into a mature plant. Water
absorption (imbibition) is the fundamental first step in
this process. During imbibition, the dry seed hydrates
and swells resulting in an increase in volume. Due to the
absorption process of water from the soil, high levels
of seed—soil contact have been reported as a necessary
requirement [1, 2]. The choice of cultivation practice,
e.g. plough and press versus minimum tillage cultivation
practices, are reported to have strong influence on seed
germination rate [3, 4]. A positive impact of compaction
caused by rolling on different crops (e.g. barley, oats and
wheat) on their corresponding emergence rate and yield

*Correspondence: sebastian.blunk@nottingham.ac.uk

! Division of Agriculture and Environmental Science, School

of Biosciences, The University of Nottingham, Sutton Bonington,
Loughborough LE12 6HW, UK

Full list of author information is available at the end of the article

( ) BiolVled Central

has been reported previously [5]. As rolling increases
soil compaction, an increase in seed—soil contact can be
expected but it is important to determine to what degree
the soil compaction is beneficial and at what point the
seed germination rate decreases [6]. Seedbed prepara-
tion varies depending on the soil type as well as the crop.
Although globally, there is a move towards reduced till-
age practices in general, sugar beet seedbeds are pre-
pared differently according to the soil type. Farmers can
make use of frost action to loosen the soil via multiple
freeze and thaw cycles or also rely on conventional tillage
operations including power harrow and spring tine. The
crop is then drilled to a stand (precision sowing of each
individual seed).

Sugar beet is usually grown in rows 45-50 cm apart,
with seeds placed at a predetermined spacing to achieve
the desired plant population as sugar beet cannot com-
pensate for gaps of greater than 45 cm within the row [7].
Growers are advised to aim for a final plant population of
80-100,000 plants per hectare [8]. Hence, establishment
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of crops in 50 cm rows must exceed 70% to avoid yield
loss due to incomplete light interception which reinforces
the importance of predictable and uniform establish-
ment [7]. To ensure precision sowing, seed shape altering
enhancement technologies e.g. pelleting are frequently
utilised. Pelleting materials, consisting mainly of wood
fibre, are applied to alter the original seed shape into a
shape more suitable for the drilling machine. Besides the
application of a pellet, a coating is used to facilitate the
distribution of pesticides around the seed [9]. Therefore,
a better understanding of seed—soil-contact, and how
this relates to germination and establishment, is par-
ticularly important for the sugar beet crop since it deter-
mines rates of water and gas flow through to the seed and
hence the developing embryo.

Historically, the measurement of seed—soil contact has
been somewhat subjective with the term “adequate con-
tact” defined by Brown et al. [10]. Although the impor-
tance of seed—soil contact is well known, previous work
has often been limited to measurement estimations, e.g.
Collis-George and Hector [11] showed that Medicago
tribuloides germination rate is increased with a seed-
soil-water ratio (seed—soil water contact defined as wet-
ted area in contact with the seed) above field capacity.
Furthermore, Collis-George and Melville [12] suggested
that seed—soil contact is sufficient as soon as the imbi-
bition rate can be reached by moisture transfer through
soil aggregates. Based on this research, several studies
focused on optimising seeding tools like seed openers,
drills or press wheels to enhance seed—soil contact [13,
14]. Previously the success of sowing approaches has
been based on measurements of soil characteristics (e.g.
bulk density, porosity, aggregate size and level of compac-
tion) [10]. Though Brown etal. [10] stated that due to the
highly heterogeneous nature of soil aggregates, it is not
possible to quantify the actual seed—soil contact. They
used modelling approaches to examine seed—soil contact
by defining the number of contacts and the contact area.
This model approach was further developed by Zhou
et al. [15] using a discrete element method (DEM). They
predicted that the number of active contacts between soil
aggregates and the seed varies between 0 and 33 contacts
with a contact area of 0—41 mm? depending on the size of
soil aggregates as well as the size of the seed. The calcula-
tions were conducted using varying seed diameters with
no specific model seed. The calibration was undertaken
on a range of different soil textures, the seed, and also the
sowing method such as application of press wheel and
tillage. This work is the only published case to date where
an actual number for seed—soil contact is stated besides
Brown etal. [10], however, both lack a method to validate
the efficacy of the model.
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In recent years, X-ray Computed Tomography (X-ray
CT) has been shown to be a rapid, non-destructive and
non-invasive method to quantify soil structure allowing
for 3D visualisation of seedling development [16]. CT
technology has advanced to now facilitate high resolution
and larger replicated studies due to reduced scan times
suited to determine physical soil properties like porosity
and pore size distribution and pore connectivity [17-21].
X-ray CT has also been used in plant studies involv-
ing root architecture and temporal root development
research which illustrate the benefits of non-invasive
imaging [22-26].

The advantages of X-ray CT for analysis of seeds has
previously been shown analysing the effect of seed prim-
ing, pore spaces within seeds and released dust particles
[27-30]. These studies however, have been conducted
ex situ, outside soil. Here we propose a new segmenta-
tion method using CT images of seeds growing in soil to
enable an in situ measurement of contact area based on
a similar method by Schmidt et al. [31] for calculating
plant root—soil contact. Here we develop this approach
to enable the calculation of the precise seed—soil contact
for the first time on an untreated naked sugar beet seed
as well as a commercial pelleted and coated seed. Finally,
the method was evaluated on soil samples taken directly
from a recently prepared seedbed in the field.

Materials and methods

Soil was collected from the top layer of an arable field at
the University of Nottingham farm site at Bunny, Not-
tinghamshire, UK (52.8586°-1.1280°). The soil type was a
sandy loam soil of the Newport series (FAO Eutric Cam-
bisol) (78.7% sand, 9.4% silt, 11.9% clay and 2.3% organic
matter) [32]. The soil was air-dried and sieved to <1 mm.
Sugar beet (Beta vulgaris) seeds were supplied by Syn-
genta Seeds AB, Sweden. Untreated (naked) seeds were
compared with pelleted and coated seeds, the latter being
the standard product form available on the market (coat-
ing and pelleting compositions are treated confidentially).
Untreated seeds were star-shaped with a size of approxi-
mately 4 mm x 3 mm x 3 mm whereas pelleted and
primed seeds were round with a diameter of 4 mm. All
seed treatments used in this study are available for order
from Syngenta Seeds AB, Sweden, by referring to this
study. Polypropylene cylinders were cut to 25 mm diam-
eter x 70 mm length. To allow cylinders to be opened
without disturbing the soil within, each cylinder was cut
in half longitudinally and the two halves taped together
on one side. A detachable mesh was attached using adhe-
sive tape onto a strip of plastic that was folded around the
base of the cylinder. The mesh enabled free drainage of
water from the base of the cylinder. The cylinders were
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filled with the sieved sandy loam soil (22.8 g) to a height
of 50 mm. A seed was placed centrally on top of the soil
and then covered with an additional quantity of soil
(6.8 g) resulting in a bulk density of 1.2 Mg m™ for a total
equivalent height of 65 mm. The soil was saturated from
the bottom of the column for 5 min and then drained to
20% gravimetric moisture content by placing the column
on tissue paper determined by weight. The soil columns
were placed in a growth room with a day temperature of
20 °C, a night temperature of 15 °C and 16 h of daylight
(1 h each for dusk and dawn) for 4 days. The moisture
content was monitored daily and maintained at 20% w/w.
Additionally, three undisturbed field cores (5 x 5 cm)
were extracted by sampling directly behind the tractor
mounted drilling machine and used for comparison to
the artificially created cores. The sowed seeds were pel-
leted and coated.

A Phoenix v|tome|x m 240 kV X-ray CT system (GE
Measurement & Control Solutions, Wunstorf, Germany)
was used to scan each column using a potential energy
of 130 kV, a current of 100 pA collecting 2878 projec-
tion images over a 360° rotation with a detector timing of
250 ms. Projection image averaging and skip were set to
1 and 0, respectively. The columns were scanned at 20 pm
resolution with an acquisition time of 12 min in a multi
scan mode for two scans (A scan of the bottom section
and a scan of the top section that are combined into one
volume to enable a higher spatial resolution than scan-
ning the whole column within a single scan with a larger
field of view).

Results

Method development

Schmidt et al. [31] presented a method to determine the
contact area of soil touching the root of a lupin plant.
A fundamental difference between applying the algo-
rithm to a seed system instead of a root system is that
the seed, upon initiating germination, starts to develop
increased air space regions within the previously closed
environment. In contrast, a root is typically represented
as a solid shape in an X-ray scan showing no air spaces
within, unless aerenchyma form. The segmentation of the
seed surface was, therefore, extended across this air space
so that the resulting object has a closed surface area rel-
evant for determining soil contact (Fig. 1a). The exten-
sion was performed using the opening function in VG
StudioMax® v2.2 (Volume Graphics GmbH, Heidelberg,
Germany) and remaining air space filled manually. In this
dataset, the extension after 1 day of growth increased
the seed volume by 19.65% (£+6.84%) for the untreated
seed and 9.07% (£2.10%) for the pelleted and coated
seed. The seed surface was thereby decreased by 23.96%
(£1.43%) for the untreated seed and 54.92% (+2.10%) for
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the pelleted and coated seed. The high decrease in seed
surface area has no major influence in seed—soil contact
as the majority of the filled space is within the seed. The
filling of the seed becomes more important throughout
the development of the seed as more air space develops
over time. Using the surface determination tool in VG
StudioMax® v2.2, the soil was segmented by selecting
the air space as background and a selection of different
soil aggregates and particles as material. The resulting
region of interest (ROI) of the soil was dilated by +1
voxel so that an overlap with the non-dilated seed was
created (Fig. 1b). The ROI of the seed surface was then
extracted as a volume and both the segmented surface
and the dilated soil surface were copied into the new vol-
ume (Fig. 1c). By calculating the ratio of the closed sur-
face area of the seed and the surface area of the dilated
soil aggregates within the new volume being in contact
with the seed surface, a seed—soil contact percentage of
the total seed surface was calculated (Fig. 1d).

Real soil aggregates are not uniform in shape as Zhou
et al. [15] described in their modelling approach. There-
fore, it is likely that only a section of the soil aggregate
is in contact with the seed although the complete soil
aggregate has a far greater size. This means that the water
uptake of the seed through this aggregate as a whole is
higher than estimated by considering only the size of
the contact area (Fig. 2a). We refer to this as the iceberg
effect which would result in an underestimation of the
water uptake rate if only considering the seed—soil con-
tact percentage (Fig. 2b). To avoid this, we propose that
the seed—soil contact should be correlated with the air
space—soil space ratio of the surrounding volume as well
as a contact surface area—soil space surface area ratio.
The X-ray CT data was therefore used to generate an arti-
ficial ring surrounding the segmented seed surface to cal-
culate the soil volume and the air volume. Two rings were
created spanning 5 voxel (equal to 100 um) (referred to
as ‘short range’) and 15 voxel (equal to 300 um) (referred
to as ‘long range’) representing 10 and 30% diameter of
the maximum size of the sieved grains of <1 mm (Fig. 2c).
The resulting rings were used for surface determination
as described earlier for the segmentation of the soil. The
air space was used as a background and several locations
of the soil were combined for the surface determination
of the soil aggregates. A second ROI was created with a
threshold using the minimal and maximal greyscale val-
ues from which the soil ROI was subtracted to derive soil
and air volume. The volumes were then used to generate
the ratio between soil and air space to generate a volume
effect estimation of the iceberg effect. In addition, a ratio
of the contact surface area divided by the soil surface area
within each corresponding ring was calculated. This is
referred to as the surface effect of the iceberg effect. The
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Fig. 1 Schematic representation of the seed—soil contact calculation process. The original image shows contact areas in blue based on the overlap
of dilated soil aggregates. a During the process of germination, seeds open to enable radicle penetration which is indicated with the schematic
representation of the 2D slice. The standard process of segmentation was conducted with additional segmentation of the air space within the
opening seed. The segmented surface was dilated by +1 voxel. b Brown objects indicate a simplified version of soil aggregates around the seed.
Using surface determination, the soil aggregates were segmented and finally dilated by +1 voxel. € The dilated surface from step A was extracted
as a volume and the segmented surface (3rd step of A) copied into the volume as a ROI. The surface area of the seed is now listed in determine
properties as closed surface area. The dilated soil from step B is also copied into the new volume and the surface area determined via determine
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Fig. 2 The underlying “iceberg effect” a Schematic representation of the iceberg effect based on 2D slices showing in b. b Example 2D slice
showing contact are in blue and example underlying soil grain behind a single contact point (red). € Schematic representation of creating rings. d
Calculations for the volume and surface effect as well as the change in soil mass based on the short range and long range ring created in step C
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change in soil mass was calculated as the ratio between
the short range and the long range effect (Fig. 2d).

Method application

The image processing method was then applied on naked
and pelleted and coated sugar beet seeds to visualise and
calculate the seed—soil contact (Fig. 3). Figure 4A dis-
plays the segmented surface area which showed a sig-
nificantly higher value for the pelleted and coated seeds
compared to the naked seed, 63.22 mm? (+2.00 mm?)
and 37.67 mm? (£1.63 mm?), respectively. The amount of
soil which is in direct contact with the seed was signifi-
cantly higher due to the higher size of the seed (p < 0.001)
(Fig. 4B). Using both the surface area and the contact
area, a contact percentage was calculated showing pel-
leted and coated seeds had double the contact with the

Fig. 3 3D visualisation of seed—soil contact. The images show an
extract of the soil core holding a seedling (naked seed) one day after
sowing. a Extracted soil core of the column containing the sugar beet
seed. Brown = Soil, Yellow = Air, Blue = Seed. b Extracted region in
contact with the seed. Pink = Air in contact with seed, Purple = Soil in
contact with seed
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soil than naked seeds (p = 0.003) (Fig. 4C). While naked
seeds had a contact area of about 15.19% (+3.84%), the
pelleted and coated treatment had 31.85% (£2.39%), with
both the surface area and the contact area significantly
higher (p < 0.001) (Fig. 4).

Iceberg effect calculations

The ‘iceberg effect’ was calculated for both treatments.
The short range effect was calculated by creating the ratio
of area of contact, and seed to soil volume ratio in the
smaller ring showed a significantly higher percentage for
pelleted and coated seeds than for naked seeds, regard-
ing the volume effect (p < 0.001) (Fig. 5A). The equivalent
long range effect, calculated using the larger ring-shaped
region of interest, resulted in a similar significant per-
centage difference (p < 0.001) (Fig. 5B). A similar behav-
iour was observed for the surface effect for both the short
range and the long range effect (p < 0.001 in both cases).
The change in soil mass between both rings showed a
significantly larger percentage for pelleted and coated
seeds as well in both effect calculations (p < 0.001 in both
cases) (Fig. 5C).

Correlation to radicle growth

Figure 6 shows a comparison between the previously
calculated seed—soil contact ratio and radicle growth
(determined using the polyline tool in VG StudioMax®
v2.2) daily up to 4 days after sowing which demonstrates
that even with higher seed—soil contact in pelleted and
coated treatments, the radicle length had a slower ini-
tial growth. In comparison, the naked treatment with
the lower percentage displayed a faster growth rate but
resulted in similar final lengths of 41.03 mm (£0.89 mm)
and 41.80 mm (£1.20 mm), respectively.

Comparison to field cores

In comparison to the soil columns with sieved (<1 mm)
soil, field cores were collected directly from the field
immediately after planting and processed using the
method described above. As the coring was performed
without knowledge of the precise location of the seed
in the soil, the positioning of the seed in the core could
not be controlled to the same level of precision as with
the laboratory prepared cores. Figure 7a, ¢ and e show
example 2D slices of the field cores. The seed displayed
in Fig. 7c was positioned very close to the edge of the col-
umn which could have resulted in soil movement around
the seed and therefore alteration of the original seed—soil
contact percentage. The seed—soil method was applied to
the field cores to calculate a seed—soil contact percentage
of 4.79% (Fig. 7a), 31.96% (Fig. 7c) and 17.89% (Fig. 7e).
This resulted in an average of 18.21% (£7.84%) (Fig. 8a).
The contact within the column is visualised in Fig. 7b,
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(See figure on previous page.)

Fig. 5 Example iceberg effect calculations of naked and pelleted and coated sugar beet seeds based on contact area, a ring of 100 um and a

ring of 300 um width. The seeds have grown for 1 day to ensure that the surrounding environment had sufficient time to settle. A Contact area
divided by soil volume percentage of the 100 um ring displayed as the volume effect percentage and contact area divided by soil surface within
the 100 um ring displayed as the surface effect percentage. B Contact area divided by soil volume percentage of the 300 um ring displayed as the
volume effect percentage and contact area divided by soil surface within the 300 um ring displayed as the surface effect percentage. € Soil volume
percentage of the 100 um ring divided by soil volume percentage of the 300 um ring as well as surface area of the 100 um ring divided by the soil

surface area of the 300 um ring. Error bars calculated for standard error deviation. N = 4
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Fig.6 Comparison of the seed-soil contact percentage of day 1 to the radicle length for following days. The radicle length is represented as a line
graph on the primary axis. The contact percentage is represented as a bar chart on the secondary axis. Error bars calculated for standard error devia-

d and f showing that the alteration in soil structure
around the seed in Fig. 7d resulted in comparably large
areas of contact, hence increasing the seed—soil contact.
Calculations of the short range iceberg effect percent-
ages showed slightly lower levels (volume effect: 62.82%
(4:9.44%); surface effect: 11.15% (£3.38%)) compared to
the pelleted and coated seeds in soil columns prepared in
the lab (volume effect: 70.75% (42.36%); surface effect:
13.72% (£0.20%)) as well as for the long range effect
(volume effect: 40.59% (£13.64%); surface effect: 3.83%
(£1.73%) and volume effect: 56.94% (46.25%); surface
effect: 5.35% (£0.18%), respectively) shown in Fig. 8.

Discussion

This work suggests that the actual seed—soil contact
is very low, challenging previous subjective classifica-
tions like “good” and “adequate” seed—soil contact which
suggests a higher rate of contact. Brown et al. [10] and
Zhou et al. [15] modelling efforts assume that each soil
grain has a uniform size and shape. However, as soil is
highly heterogeneous most models fail to account for its

complexity [33, 34]. X-ray CT can overcome this to an
extent and allows the quantification of the actual 3D soil
structural geometry. Zhou et al. [15] assumed a contact
area of 0—41 mm? which is supported by our measure-
ments of 5.93 mm? (£1.72 mm?) for naked seeds and
20.24 mm? (£2.01 mm?) for pelleted and coated seeds.

A comparison with field collected cores showed that,
although precision sowing and uniform seedbed prepara-
tion was executed, a high variability in seed—soil contact
for pelleted and coated seeds under field conditions can
be observed (acknowledging the low replication number
of three here). The variability ranged from 4.79% which is
a third of the seed—soil contact in naked seeds to 31.96%
which was measured as the average value for pelleted and
coated seeds under optimal laboratory conditions. How-
ever differences between laboratory conditions using
<1 mm sieved soil in comparison to field conditions with
formations of macro aggregates with a larger size than
the seed are to be expected.

In the literature, seed—soil contact has been previously
described as highly influential for successful germination.
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(red)

Fig. 7 2D and 3D representation of pelleted and coated commercial sugar beet seeds in field cores sampled directly after sowing by drilling.
Sampling was executed blindly which resulted in non-uniform positioning of the seeds in the column. a, € and e represent 2D slices of X-ray scans
showing different levels of contact. b, d and f display 3D representations indicating soil (greyscale), air space (yellow), soil in contact with the seed

The low seed—soil contact percentage measured here,
however, indicates that that seed—soil contact percent-
ages alone are not sufficient to judge the influence of
soil on germination. Therefore, virtual ring calculations

were executed showing a correlation between the con-
tact and connected soil aggregates which would enable
water transfer towards the seed. The size of the sample
ring was determined based on the maximum size of the
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largest soil aggregate in the column. This however, can-
not be guaranteed for field cores as the size of soil aggre-
gates are unable to serve as a reference here due to their
large size. In our study 5 and 15 voxels were reasonable
distances to identify greyscale value changes where the
resolution does not exceed approximately 50 um. The
amount of soil around the seed was higher in the pel-
leted and coated treatment compared to the naked treat-
ment which we attribute to the larger compressive force
exerted on the surrounding soil during the opening of the
seed. The iceberg effect calculations suggest that pelleted

and coated seeds had access to 70.75% (£2.36%) of the
available water and nutrients in the soil whereas the
naked seeds only 37.34% (£6.79%) calculated in a short
range of 5 voxel regarding the volume effect. The change
in soil mass in both treatments is almost similar resulting
therefore in a similar access in a longer range of 15 voxel.
It was slightly higher for pelleted and coated seeds which
was likely to be related to seed opening and therefore the
resulting compaction. Hence, the connectivity of the soil
aggregates that were in contact with those in immedi-
ate distance is higher and therefore the accessibility to
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a water source was greater in pelleted and coated seeds
regarding the absorption through aggregates. Water films
are another option for water uptake which cannot at pre-
sent be taken into account using the iceberg effect calcu-
lations as the X-ray CT method is unable to accurately
segment water trapped in the small pores within the soil
mineral and organic matrix at the resolution employed in
this study due to their similar X-ray attenuation charac-
teristics. The water availability here is attributed to the
soil volume or soil surface around the seed as soil aggre-
gates hold water by absorbing it. The higher amount of
soil volume can be attributed to the large difference in
seed—soil contact and therefore the water availability.
The short range iceberg effect (5 voxel, 100 pm) in the
field cores was 62.82% (49.44%) which is similar to the
artificial pelleted and coated columns. However, due to
the lower initial seed—soil contact percentage of 18.21%
(£7.84%) in comparison to 31.85% (£2.39%) for the labo-
ratory condition, the seed in the field is likely to have had
less access to water. A similar effect could be observed
for the surface effect in all calculations. The iceberg effect
calculations however, refer also to those soil grains and
aggregates that are in close proximity to the seed but
not in direct contact so that the iceberg effect is overes-
timated. These calculations are limited to an extent by
the achievable contrast and resolution where pores of
a smaller size than the resolution, that maybe holding
water, are not considered. Nevertheless, a higher amount
of soil due to compaction could be interpreted as a nega-
tive trait as air space is also needed to ensure a vapour
movement towards the seeds which has previously been
proposed as the main source of water in unsaturated soils
[35].

A comparison of seed—soil contact on day one after
sowing with the radicle length over time showed a slower
initial growth speed for the pelleted and coated treatment
due to the physical barrier of the pelleting and coating
which is applied to enhance the ease of planting as well as
the coating for delivery of crop protection chemicals [9,
36]. However, the radicle length of both seedlings of pel-
leted and coated and naked seeds reached a similar size,
which might be due to enhanced water accessibility for
the seed. Radicle length observations in this study were
limited to 4 days growth and thus are not representative
for later growth stages.

The vyield of sugar beet is directly related to radiation
interception by the canopy [37]. Therefore, the rapid
development of a canopy capable of intercepting the
majority of incident radiation is essential to maximise
yield. Unlike crops such as wheat and oilseed rape, sugar
beet does not produce tillers or branches, and hence its
ability to compensate for gaps due to poor seedling estab-
lishment is limited. Therefore, establishing the optimum
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plant population of 80-100,000 plants per hectare [8],
uniformly across a field, is a fundamental step towards
achieving the yield potential of a given crop. Here we
have shown our method for quantifying seed—soil con-
tact is applicable to the seedbeds in farmers’ fields. By
developing the seed—soil contact method and the under-
standing of surrounding influences, seedbed preparation
methods and farmland management techniques could
be adjusted especially regarding the impact of rolling,
causing an increase in soil strength. With increased soil
strength and increased bulk density, seed—soil contact
is meant to increase. However, increased bulk density
decreases the oxygen and water supply to the seed there-
fore increased seed—soil contact could have negative
influences. Examining the influence radius for the iceberg
effect and the difference of seed—soil contact under dif-
ferent soil conditions would benefit seedbed preparation.
Understanding how the properties of a seedbed impact
on the seed—soil contact will enable the development of
appropriate soil management techniques to create bet-
ter seedbeds in the future, hopefully facilitating rapid and
uniform germination.

Conclusions

We present a new approach to quantify the in situ seed—
soil contact using X-ray CT imagery. We have demon-
strated this on sugar beet seeds with different shapes
due to seed enhancement technologies however the
approach is applicable across a range of plant species.
The shape of seeds have an important influence on the
actual seed—soil contact, where a round shaped pelleted
and coated seed had a higher seed—soil contact area (i.e.
area of soil touching the seed) and also a higher contact
percentage (percentage of soil touching the seed in rela-
tion to the whole surface) than naked star-shaped seeds.
This method was also confirmed on field structured soil
which exhibited a high variability despite of careful and
even seedbed preparation. We introduce the concept of
the iceberg effect in the context of seed—soil contact for
the first time. The iceberg effect showed a higher soil vol-
ume around a pelleted and coated seed than an untreated
naked seed which might indicate an increased access to
water. Future application of using this technique should
be used to support determination of the optimum seed—
soil contact for enhanced germination, ultimately ena-
bling farmers to enhance the preparation of the seedbed
supporting yield improvement.
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