Imaging the germinatiobehaviourof
sugar beetBetavulgarig
seed enhancement technologies using

X-ray Computed Tomography

Sebastian Blunk

B.Sc. Bioinformatics and GenofResearch

M.Sc.GenomeBasedSystems Biology

Division of Agricultural and Environmental Sciences
School of Biosciences

University of Nottingham

Thesis submitted to the University of Nottingham

for the degree of Doctor of Philosophy

December 2018



Abstract

Sustaining a growing population is one of the great challergdsimanity

and a keypart of severabf the most recentsustainable development goals
(Transforming our World: the 2030 Agenda for Sustainable Development,
United Nations General Assembly 2015). With rising environmental
challengesjmproved applicationn agricultural engineerings growingmore

and more important. Seed enhancemetethniques such aghe application

of materiabk to alter their shapeto improve ease of planting and protect
against pests as well as pgermination under limited water availability has
been used for several decadé&s improve crop establishment ansupport

yields especiallyunder severe environmental conditions.

This studyaims to understand the effect of the application of seed
enhancement technologies on belowground interactions with the soil matrix
using Xray Computed Tomography-(&y CT) as a tool for nesestructive 4D
imaging The successful application of-ray CT pabled the in-situ
compaison of different seed treatmentsand therebyindicating negative
impacts of applying active ingredients directly on the fruit. However, this can
be overcome by using pelleting materiaich increasethe distance of the
active imgredients to the embryo. Prgermination treatments showed
advantages in the volume of soil exploration by the roots independent of
physical seed enhancements allowing nutrient mining in a larger volume. The
development of a method to image sesdil contat for the first time has

helped togainnew insights in how seeds initiate germination. A significant
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advantage of spherical shaped seeds (commercial product) compared to the
untreated irregular shaped seed in terms of contact area wagealed
however, a high variability in the field across multiple soil textures and
management techniques indicated low control by farmers over this factor.
This was partly attributed to limited accuracy in seed placement to the
intended depth in the seedbed. Ultimately, was shown that the fruit
orientation had significant effects on germination speed and also on the
swelling behaviour of the individual fruits. Furthermore, tkelection of
pelleting materialshas strong effects on germination speed under varying
water caditions which correlates with the water holding capacity and
conductivity of the material It was also found that water relations of
pelleting materials change during the pelleting process influencing ultimate
water potential. The understanding of morphagical features within the fruit
was advancedusing Xray CT and Magnetic Resonance Imaging (MRI)

revealing anovel fruit internal water distribution pathway.

This work helped to advance the understanding of seed enhancement
technologiesfor the seed indusy in multiple regardsThe selected active
ingredient within the seed coat should exhibit a low water solubility to not
penetrate the pellet material and thereby reducing germination speed. Pellet
materials were found to be beneficial when exhibiting lswelling but high
water dispersion capabilities. Finally, fruit rubbing for improved performance
during the pelleting process and reduction of germination inhibitors should

be limitedto not disturb water distribution channels within the pericarp.
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1 General introduction

This chapter reviews the current literature fegsing on relevant background
information of seed biology, seed germination and enhancement
technologies. It includes a short review on seedbed preparation and its
influence on seegoil contact as published in Seed Science Research as part
of a special sue for the Triennial Conference for the International Society of
Seed Science 2017. Furthermoreray Computed Tomography &y CT) as

an important imaging technology in soil and plant science will be highlighted.
A rationale for this work is providedsawell as an overviewf the thesis

structure.

1.1 Rationale

Anthropogenic seed enhancement has been conducted for centuries to
improve crop establishment and yield. This study was initiated to investigate
the belowground effect of physical and biological seedhancement
technologies on germination. -bpa&y CT allows the nedestructive
visualisation andime-dependentdevelopment of ann situseed in the soil
matrix. This new perspective enables the understanding and careful selection

of enhancement toolappropriate forimprovingyield.

1.2 Literature review

The following section reviews the current literature and gives relevant
background information for the experiments conducted in this thesis. First,

the importance of the sugar beet crop as a one of the globally largest
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sugar producing crops next to sugar cane is outlined (Chdpgf). Seed
biology (Chaptef..2.2 and the process of germination (Chapie2.3 will be
highlighted as well as the benefits in using seed enhancemeehinologies to
improve establishment and vyield (Chaptdr2.4). Furthermore, factors
influencing the seedbed, representing the surrounding soil matrix, will be
discussed (Chaptet.2.5. The influence of field management and cultivation
techniques on the seedbed as affected by ssed contact will be reviewed
(Chapterl.1). Finally, Xay CT as a quantification tool in soil science will be
discussed for its use in seed germination studies (Cha@«y. The aims and
objectives of this study will be highlighted in sectibi3. A broader view on
the implicationsof this research will be summarised in an impact statement
(Chapter1.4). Finally, the thesis structure will give an overview on the
conducted experimergt reported in the following experimental chapters

(Chapterl.5)

1.2.1 Importance of sugar beet as a global good

The first uses of sugar beet were reported at least 2p88rs agavith its use

as a garden croffFordLloyd and Williare, 1975; von Lippmann, 1925ince

the discovery that beet contains the same type of sugar as sugar cane by
Marggraf (published in Latin 1747; translated to French 1749),
industrialisation was sought, however, it was initially not successful

(Draycott, 2006h)

It is estimated about 97% of human calorie uptake is represented by plants.

While the demand is estimated to rise to 70% at 2050, yield increases only
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cover about 50% of the demand considering the most optimistic calculations
(FAO, 2009; Jaggard et al., 2018ugar has become one of the highly
important food trade goods as it appliedin various areas as an ingredient
for foodstuff. Whilst sugar cane has by far the largest production share (1.89
billion tonnes in 2014), the production of sugar beet (269.71 million tonnes)
is also of high importance. The area harvested for sugar ca2ieid million

hectares compared to 4.47 million hectares for sugar beet (FAO stat, 2017).

@ Oceania-1.7% @ Africa—5.1% @ Oceania-0% @ Africa—5.3%

@ Americas —11.4%
@ Americas — 53.5%
4 O Asia-12.2%

© Europe-71.1%

© Europe —0%

O Asia-39.7%

Production share of sugar cane by region Production share of sugar beet by region

Figure 1.1: Production share of sugar cane and sugar beet from 2016
separated by regionA) Showingugarcane B) Sbwing sugar beet (FAO stat,

2017).

Figurel.1 displays the production share of the two largest sugar producing

crops by growing area. Whilst sugar cane is grown predominantly in the
Americas and Asia (Production share of 93.2%) withgrawing area in

Europe Figure 1.1A), sugar beet has a production share of 70% in Europe
(Figure 1.1B). These statistics from 20liBustrate the necessity of growing
adzZaFNJ 6SS0G Fa 9dz2NRPLISQA YIFAYy adzal NJ LINE

sugar cane is reliant on imports.
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This imbalance of growing areas is due sugar cane requigly water
availability during the entire growth period of&months. Additionally, sugar
cane is intolerant to frost which is an unfavourable trait for European crops.
The high demands afugarcaneresulted into a shift towards growing sugar
beet. Simihr to sugar cane, sugar beet has a high demand of water and is

considered one afhe more difficult to grow cropgDraycott, 2006h)

1.2.2 Sugar beet seed biology

Thebasis of a high and constant yield is good seeding mat&eté vulgaris

is a biennial plant, developing the seeding material during the second year
after vernalisationif not harvested during the first year. The growth stages
have been separated hyleier et al. (1993)nto the BBCH scale (s&g&gure

1.2 for exemplary stages).

The dry quiescent seed is coded as 00 whereas swelling of the seed is coded
as 01 ending with penetration of the soil surface by the early seedling (Stage
09). After the flowering (Stage 69), the seed development is initiated. The
pericarp is still greerthe perisperm milky and the seed coat beige (Stage 75).
Throughout the seed ripening process, the pericarp colour becomes green
brownish and the seed coat light brown (Stage 81) and hardens whilst
becoming darker until full maturity (Stages-88). Withinthe last stages of

the plants life cycle, leaves begin to discolour and enter senescence (Stages

91-97) (Meier et al., 1993)

The process of seed development (Stages 71 until 89) is described in more

detail byArtschwager (1927)Flower leaves become smaller after six weeks
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of growth until the apical portion begins to elongate resulting in the
development of a floral axis, which themows rapidly and small leaves form.

Further, shootsarise, and third order branches develop. This mature
inflorescence geed bush consists of paniculate spikes bearing the flowers

and later the seedsgurel.30.

Figure 1.2: Development stages of sugdreet basedon the BBCH scale
Single digit numbers indicateraacrostage(e.g.macrostageincludesmicro

stages61-69) (Meier et al., 1993).
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Figurel.3: Sugar beet flower anatomyA) single mature flower viewed from
above. B) Flower with stamens already dropped. C) Cluster of flowers
attached to branch of Infloresoee axis and subtended by a bract. D) Flower
after fertilisation. E) Flower with young embryo. F) Flower with mature

embryo.lmages are magnified t0 10.25 (Artschwager, 1927)

The flower has five stamens and are incorporated into the calyx lobes within

the five-parted calyx body which becomes hard over timiigure 1.3A).
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During the seed development, the stamens are eventually droppéglife
1.3B). The flower gets fertilised={gure 1.3D) and the embryo undergoes a

maturation processKigurel.3EandFigurel.3F) (Artschwager, 1927)

Cells around the sepals differentiate and after fertilisation, the ovule attains
the size of a mature seed before full development of the seed. The embryo
undergoes multiplecell division steps until its final form is reached. A seed is
a fertilised and mature ovule, including the female gametophyte as well as
the egg cell. The surrounding fruit tissue is formed from ripened ovaries and
is composed of diploid maternal tissu@ver time, the perisperm, consisting

of isodiametric cells, which are still low in starch content, will be packed with
starch grains. The mature seed has a size of about 3 mm longitudinally and
1.5 mm thickness. The embryo is positioned curled aroung#resperm and
surrounded by &inglelayeredendosperm as well as an inner and outer testa

derived from twointegumentsof the ovule Figurel.4) (Artschwager, 1927)

Commonly, sugar beet is bred usiagecklings(plant cutting for vegetative

LINB LI 3 0A2Yy0 LA FYGSR WAY e mae feitik Sy a dz)
L2t fAY 02N G2 GKS YMalasderztias ROL1Dllerr | G S Ny
dispersal is facilitated by wind (up to 500m) on fields spatially separated from

other natural or anthropogenic sugar beet occurrendé&rlander et al.,

2011) Seeds are then packed and distributiedprocessing companies and

are sold further on to the farmer after application of the enhancement.
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Perisperm
Tertidres endosperm
Embryo

Nucellus
Inner cuticle
Inner integument
Outer integument
Outer cuticle
Primédres endosperm

Chalaza
Funinculus

Figurel.4: Section through ovule with young embrydmages are magnified
to x 40. A) Mature seed in itmatural position in cavity of ovary. B) Seed cut

open to show the embryo(adapted fromArtschwager, 1927)

1.2.3 Prerequisites of germination

To ensure a consistent and maximised vyield, farmers aim for a high
germination rate. The germination process is separated into three steps until
the embryo is emerged and the seedling estsiiis into a mature plant:
Water uptake (step 1); Embryo activation (step 2); Seed coat protrusion (step
3). During the first step, the stalled imbibition, which initiates the
germination process, the dry seed swells as it becomes hydratedh
results n increased volumgBewley et al, 2013) However, during the
germination stage, seeds are only able to take up water and oxygen, thus a
loss of dry weight might be recorded caused by oxidation and leakage of
exudates(Arteca, 1996) A weight increase is expected as soon as the root

has emerged and the seedling initiates nutrient and water uptékeeca,
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1996) A second stage of water uptake is caused by a drop in osmotic
potential (due to component hydrolysis) resulting in radicle emergence
(Arteca, 1996)In general, it could be sumarised that germination occurs

when the embryo growth overcomes the constraints of the seed coat

(Bewleyet al,, 2013; Smykadt al.,2014).

The embryo growth initiation can be divided into five stages. After the
imbibition by water uptake (step 2a), eymmes (e.g. lipases, proteinases,
phosphatases, hydrolases) are activated either upon hydration, or
reactivation of preexisting enzymes that are inactive as well asndeo
synthesis of present mMRNA (step ZB)yteca, 1996; Bewley and Black, 1985;
Mayer and PoljakofMayer, 1989) The activated enzymes help to degrade
stored proteins into amin@cids, starch into glucose and oil into fatty acids
(step 2c)(Arteca, 1996; Mayer and Poljakdéffayer, 1989) These subunits
are transferred (i.e. protein mobilisation) to the main growing point in the
embryo (step 2d) and used for new compoundsg( enzymes, structural
materials, plant growth substances) (step 2d&rteca, 1996; Bewley and
Black, 1994; Wang et al., 200After the swelling of the embryo, the seed
coat splits and the radicle emerges and therefore ends the procéss o
germination. Once the radicle has protruded the seed coat, the germination
process is irreversible. However, the initial water uptake and activation step
can be initialised and paused to allow a primed germination upon sowing the

seed. It has been repdtR G KIF G I WLI22NJ ONRLI SYSNH
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2012)

The germination process is highly dependent on favourable environmental
conditions. The subsequent chapters review the importance of water
availability (Chapterl.2.3.), an optimal temperature (Chaptet.2.3.9, a
sufficient oxygen supply (Chapt&r2.3.3, light (Chapterl.2.3.9, a suitable
seeding depth (Chaptef.2.3.5 and sowing rate (Chaptet.2.3.§. The
application of seed enhancement technologies can be used to mitigate
negative effects of unfavourable conditions on germination amihimize
yield variations (Chapter 1.2.4). A favourable seedbeds attempted by
farmers using varying tillage operatio(Shapterl.2.5. Water supply within

the seed is ensured by seagil contact which is reviewed in sectidri.

1.2.3.1 Water

The fundamental first step of germination is iibition and amongst others
highly dependent on a sufficient water supply to overcome the constraints of
the seed coat(Bewle/, 1997) The amount of water necessary for full
germination is variableand often based on embryo size, as well as the
presence of germination inhibitors and can therefore vary between species
(Podlaski and Chrobak, 1986h general, seeds are able to germinate with
varying moisture contents between field capacity and permanent wilting
point (Arteca, 1996) A decline in germination rate was noted halfway

between field capacity and permanent wilting point as a range of seeds need
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a higher water availability for leaching of germinationimtors thus from

the pericarp (e.g. beet, endive, lettuc@rteca, 1996)

Upon accessing a water source, water uptake is facilitated through the
micropyle resulting in swellingf the seed The micropylar end of the seed is
situated next to the radicléFigurel.5). The micropyle is a structure formed
by the insertion of the pollen tube durm fertilisation. The increased tension
on the seed coat due to the swelling results in a rupture enabling the

protrusion of the radicléFinchSavage and Leubnétetzger, 2006a)

Non-micropylar
endosperm Cotyledons

Micropylar
endosperm

Embryo o ¥ Radicle
. -

Endosperm .

Testa (seed coat)

Figurel.5: Mature Capsicum annunseed (Colour image by Katrin Hermann
based on a EM image by Watkins and Cantliffe, Plant Physiol 72t5046

1983. Colour drawing published in FinSfavage and Leubndfetzger (2006)
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Sugar beet as a crop needs a high amount of water due to the presence of
germination inhibitors and is therefore sown in a season more likely to have
regularly occurring rain eveni@odlaski and Chrobak, 198&jowever, the
sowing day is usually set to two to three days after the last rainHerfield

to be in a trafficable state and to prevent sowing the seed wagerlogged

environment.

1.2.3.2 Temperature

Gummerson (1986¥tated that sugar beet seed germination was mostly
influenced by water availability and soil temperature assuming constant
aeration He described a sigmoid curve for germinationdemn different
constant temperatures. Germination of seeds is commonly described with
thermal time which represents the accumulated degrees above a basal
temperature (varies between species, 3°C for sugar beet) until germination
(Hakansson et al.,, 2011; Milford et al., 198%For sugar beet, the
hydrothermal time is applied and is described as the product of days until
germination, the temperature laove the base temperature as well as the

water potential above a base water potent{@&inaldi et al., 2005)

1.2.3.3 Oxygen

A sufficient oxygen supply has to be maintained to ensure successful
germination although it has been reported that oxygen has the least
influence on germination in varying seedbed conditiohgikansson et al.
(2012)found oxygen deficiency can be caused by structural collapse of the

seedbed structure due to repeated rainfall events with slow drainage
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accompanied by rapid oxygen consumption (tested with decosapte
organic matter). They concluded that the effects of surface layer hardening
(dry period after irrigation) or waterlogging (wet period after irrigation) had
stronger effects than oxygen deficiendgresson and Moran (2004pund
repeated irrigation occurrences may lead to the structural collapse of the
entire seedbed and not only treurface laye(high likelihood in silty soils). As

a consequence of the po@eration the oxygen entent decreases while the
carbon dioxide content increases by decomposition of organic materials. It
has to be noted however, that germination can still occur under high carbon
dioxide levels (Grable and Danielson, 1965MHakansson et al. (2012)
concluded that only exceptional field conditions would cause oxygen
deficiency so that precauins have to be taken only to avoid negative effects
of slumping (shallow sowing) or negative effects of extended drought periods
(sowing on the wet and firnsub layern and not to avoid poomeration
Heydecker (1977and Atwater (1980)however, found in some spiss (e.g.
spinach) that excess of water releases substances inhibiting the oxygen

supply and thereby reducing the germination rate.

1.2.3.4 Light

Crocker (1930Jound that light has a strong influence on controlling seed
germination. Two forms ofphytochromesexist that can either activate
germination Phytochrone 660 ¢ activated with red ligt (660 nm¢ 760 nm))

or inhibit germination Phytochrone 730 ¢ activated withfar-red light (760

nm ¢ 800 nm)(Bewley and Black, 1985; Taylerson and Hendricks, 1977)
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Borthwick and Hendricks (195dhowed that while changing rapidly between
states, the last appliedvavelength determines the final séwpe of the
phytochrone. The endosperm has been reported to act as a light sensor
which makes surface proximity of specific seeds importghrteca 1996;

Miller, 1956)

1.2.3.5 Seedingdepth

The preferred seeding depthfor different crops varies. For sugar beet, a
sowing depth of 20 to 30 mm has been shown to result in high yield, placing
the seed directly on top of a firm and diled sub layerensuring a sufficient
water supply(Hakansson et al., 20134ammerton (1961¥ound a sowilg
depth of % inch (equates @ 1.9 cm) resulted in a faster and higher ultimate
emergence compared to 1 ¥ inch (equatesiB8.8 cm). This was attributed

to reduced mechanical impedance as well as to a shorter time of the seedling

being susceptible togthogens before emergence.

1.2.3.6 Sowing rate

Jaggard (201leviewed the optimal sowing density for sugar beet. Despite
concerns of water and nutrient shortage, exceeding the recommended
density of 75,000 to 90,000 plants per hectare does not significantly reduce
yield. It is recommended to drill sugar beet to a stand with a row spacing of
45 to 50 cm as overstepping theseargins would reduce yield (1/3 of UK
fields grown with 45 cm spacing). A seed spacing of 14 to 20 cm is suggested

(Hull and Jaggard, 1971)
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1.2.4 Seed enhancement technologies

Sugar beet seeds are commonly sold and distributed by seed companies.
These compaes produce seeds from plants and enhance them after
harvesting and conditioning (cleaning and size grading) before selling them to
farmers marketing them as high quality seeds with genetic and physical
purity and high vigour(Halmer, 2003, 2008)The application of physical
(magnetic, radiation and plasma)biological (organism based) and
physiological treatments (priming, pelleting, coatirge believedo increase

the uniformity of stand, a higher yield and enhanced crop development while
protecting the developing plant from pes{&fzal et al., 2016; Belal, 2013;

Bradford, 1986; Halmer, 2000; Hanci et al., 2014; Taylor et al., .1998)

However, the enhancement technology compositions and their application
are typically kept confidentiaBayerCropSciencand Syngentdold a 75%
share of the $5.4 billion chemical seed industry value in 2@f5al et al.,
2016) Physiological seed enhancement technologies include seed priming,
seed pelleting and seed coating whereasioas different methodologies for
each exist as described in the following section (Overview on used machinery

in Figurel.6).
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Fluidised bed Rotary coater Rotating pan

Binder: liquid Filler: powder I_?ﬂ{\der: liquid
=

%)

*’9/ Filler: powder

Atomiser Spray nozzle
Air flow Binder:liquid or slurry Powder feeder

Enhancement equipment

Enhancement type

Film coating Pelleting and coating

Figure 1.6: Application procedure of seed coating and pelleting and its
efficiency displayed by the weight of the arrowfadapted fromPedrini et al.,

2017)

1.2.4.1 Seed coating

The first coatings were developed in the 1930s for cereal seeds by Germain
0 Y A Yy 8nQUK) gné had further rise on a commercial scale in the 1960s
(Kaufman, 1991)The main purpose of seed coating is the delivaractive
ingredients, dusbff prevention as well as the modification of physical
properties (e.g. weight and size standardisation) by applying exogenous
materials(Avelar et al., 2012; Halmer, 200&ey components are binders (an

adhesive liquid for structural integrity and stabilisation of the active
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ingredients), fillers (inert powdeotincrease shape and size) as well as active
ingredients (selected based on the ned®edrini et al., 2017)The filling
substance could for example be polyvinyl alcohol, gypsum or(afagl et al.,
2016) Pedrini et al. (2017Jescribe that a coating can be applied in layers to
avoid conact of the active ingredient with the seed surface by incorporating
a buffer layer. The intermediate layer may consist of clay, polyvinyl acetate
and vermiculite(Afzal et al., 2016 However, the coatingrocedure demands

a uniform distribution of the inert material throughout the entire surface of
the seed(Afzal et al., 2016)it has to be noted that active ingredients might
be taken up during imbibition(dissolving of the active ingredient) or
establishment (direct contact during radicle growif9alanenka and Taylor,
2008, 2011) Active ingredients can furthermore be distinguished
protectants (e.g. fungicides, pesticides, insecticides or herbicides), nutrients
(e.g. potassium or phosphorus), symbionts (e.g. rhizobia), soil adjuvants (e.g.
hydro absorbers) and phytoactive promoters (e.g. salicylic g&idjirini et

al., 2017) Improved traceability is facilitated with incorporation of dyes or
magnetic powdes (Guan et al., 2013)Protectants in particular rarely exhibit

a growth promoting effect but rather an adverféang et al., 24). The main
target plants are crops with an economic share of $53.76 billion (2014),
whereas the application on wild plants for natural restoration purposes is

estimated with a share of $18 billion per ygMenz et al., 2013)

A common way to protect a crop field against pests isuse pesticides.

Throughout the last decades, the use of pesticides became more and more
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controversialdue to environmental damagand many farmersavereduced
their use of pesticides significant{Bartomeus et al., 2013; Biesmeijer et al.,
2006; Dupont et al., 2011; Rundlof et al., 20IH)e application of a seed
coat supports thisas it delivers pesticides localto the sowing area and
protects the seed fronsoitborne pests of the immediate vicinitgElbert et

Ff ®X HwnnyT adzy] @2t R FYR hQal N}X HAANHO

Seed coatings are commonly applied by seed producing companies and are
usually present as a thin film ondlseed that neither alter the shape of the
seed nor the weight significantly (2% at mo@unkur et al., 2008)The type

of coating is adjusted based on the crop and the sowing region as thberum
and variety ofsoitborne pestsvary. Additionally, a dye can be applied to

enhance the visibility of the seed in the fidledrini et al., 2017)

1.2.4.2 Seed pelleting

Centuries of development led from manual sowing practices to automatic
machinedriven precision sowing. To ensure highest precision during the
sowing proces, seed shape and weight variability must be kaptonsistent

as possibleHistorically, pelleting and encrusting was developed to influence
size, shape and surface properties of the seed facilitated by the application of
a variety of binding (starch, gar, gum Arabic, clay, cellulose, vinyl polymers)
and filling materials(Halmer, 1987, 2008; Hill, 1999Jhe filling material
should beselected carefully as clay, sand or diatomaceous gaetletscould
result in oxygen deficiency and therefore limit the stypfHill, 1999; Sooter

and Millier, 1978) The composition of the pelleting material is commonly

18| 1 Generalintroduction



kept confidential, however, a balance between binding and filling materials
has to be kept as an excess of the binding substance would delay germination
whereas a scarcity of binder material would result in pellet crackifid,
1999) While encrusting retains the shape of the seed, pelleting creates an
ovoid shape and increases its weight by ovédruadredfold (Halmer, 2008;

Hill, 1999) Typically, stashaped sugar beet seeds are pelletetbinound
shaped seeds to enhance the ease of plantiefgrred to asthe plantability.
Therefore, a powder (filler) is added progressively alongside the binding
substance and finally dried with heated air. Additionally, active ingredients
could be addedimilar to those described abov@Halmer, 2008; Ryu et al.,
2006) It has been reported that biological control organisms can be
incorporated inb the pellet layer surviving the industrial production process
and ultimately increasing protection against dampuff effects (Lutchmeah

and Cooke, 1985)

1.2.4.3 Seed priming

A successiu germination is highly dependent on favourable sowing
conditions. Commonly, sowing conditions can deviate from the optimal
conditions described in the literature and therefore, the germination rate and
efficiency are influenced. To counteract this redantin efficiency, seeds are
primed prior to sowing to ensure a high seed vigour and increased stress

tolerance(Jisha et al., 2013; Paparella et al., 2015; Rajjou et al., 2012)

Several different methods for seed priming exist but the general idea of the

process involves an imbibition step innaater-basedsolution of a reduced
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volume to reduce the risk of a full germination but ensuring initiation of the
pre-germination metabolisniPaparella et al., 20157 he seed will be brought
through the first step of germination and into the resource activation step
where the germination is halted. Due to thisopess, the amount of water
and time necessary for emergence and establishment is reduced and seedling
growth under water stress conditions is improved. Additionally, phatad
thermaldormancy as well as weed competition is greatly improg€iis and
Butcher, 1988; Hill et al., 2008ommonly, all sold seeds are primed (they
may not be pelleted or coated) as this treatment has many advantages over
the nonprimed seed and would result in a similar yield under optimal
conditions. However, the performance of primed seed reduces with a longer

storage period.

Historically, primingwas reported as early as 300 B.C. with Theophrastus
observing a faster germination rate of cucumber seeds whenspeked in
water (Theophrastus, Enqyirinto Plants, Book VII, 1.6; ca. 32&7 B.C.). A
detailed historical description of the priming procedure can be found in
Evenari (1984)Throughout history, multiple occurrences are reported of-pre
soaking applications to quicken the germination process (e.g. water and
honey by Plinius Secundus (A.D-723; manure water and shade drying
process by Oliver de Serres (153619); salty sea water by Charles Darwin
(18091882))(Darwin, 1855a, 1855b, 1855c, 1855d; Ells, 1963; Evenari, 1984;

Gdus, 1949; Paparella et al., 2015)

20| 1 Generalintroduction



Nowadays, there is a variety of different priming procedures using different
imbibition liquids such as water (i.e. hydroprimi(i@astanpoor et al., 2013;
ZuluetaRodriguez et al.,, 2015) osmott solutions (i.e. osmopriming
(Mouradi et al., 2016; Singh et al.024)), disinfectants(i.e. chemopriming
(Devaraju et al., 201} )or other techniques using organic or inorganic solid
material to adjust moisture content (i.e. solid matrix primif@zden et al.,
2018; Taylor et al., 198B) bioactive molecules or microorganisms (i.e.
biopriming (Junges et al., 2016; Reddy, 201@&) temperature gradients (i.e.
thermopriming (Sani and Jodaeian, 20)1%A general overview in: Paparella

et al., 2015)

1.2.5 Seedbed dynamics

The seedbed is defined as the first few cm of a field that is cultivated as a
preparation for a following sowing procedure. The seed will be incorporated
into the seedbed and usually placed at the bottom of the cultivated layer
above an untilledsub layerto ensure optimal conditiongHakansson et al.,
2002; Hakansson et al., 2013onsistent and high soil quality has to be
ensued as excessive loading or cultivation application at inappropriate times
could damage soil structure ultimately reducing crop yiéodwin and
Miller, 2003; Keller et al., 2007; Nevens and Reheul, 2003; Obour et al.,
2017) These conditions are described in the following section separated by

physi@l and environmental properties.
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1.2.5.1 Physical characteristics of &edbed

The soil physical characteristics influence how farmers manage sbiias
heavy field texturesieed to be cultivated thoroughly whereas lighter field
textures might not necessarityeed as much attention. A short introduction
into these characteristics is given below. Additionally, their impact on

germination and establishment is highlighted.

1.2.5.1.1 Soil texture

The soil texture is described by the percentage content of sand, silt and clay
that constitutes a soil The Norfolk Agricultural Station reported highest
yields in sandy soils compared to fertile loams and peat gmlggard, 2011c)
Heavy solil textures tend to dry out quickly within the seedbed layer resulting
in poor emergence throughout a dry perigidkansson et al., 2013n UK
soils, sugar beet is commonly sown in lighter soil textures ensuring a higher

A dzNIA Gt NI S 2emergeicdorce. S { aSSRfAy3IQa

1.2.5.1.2 Soil strength

The soil strength determinebe force needed for anlgect to move through

the soil.Nasr and Selles (1995)gested < 1.4 to 1.5 MPa for soil strength
and penetration resistancé8engough et al. (201E}ated that root growth is
impeded above 2 MPa and becomes a limiting factor in terms of root
development. Sugar beet has a relativaedwlemergence force of 0.15 N and
being highly affected by soil strength due to is seed size and low energy
reserves(De Boodt, 1990; Grable and Danielson, 1965; Lehrsch et al., 2005;

Souty and Rode, 1993)
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1.2.5.1.3 Bulk density

Romaneckas et al. (2010)vestpated the influece of bulk density (0.8 to
1.4Mg ) on sugar beet establishment andeld and found that 1.0 to
1.1Mgm=3to have a 46% and 54% higher germination rate than 0.8 and
0.9Mg n13, respectively. No sprouting was observed under high conipact
levels of 1.3 to 1.4 Mg th Sugar beet is commonly rolled directly after
drilling to pose a slight compaction on the seedbed which has a reportedly
positive effect on emergencgHakansson et al., 2011aJhis effect however,
was only present at water potentials below wilting point and was reversed
for wet soils causing severe reductions in emergence and establishment

especially for coarstextured soilyHakansson et al., 2011a)

1.2.5.1.4 Aggregate size

The structure of a seedbed is largely depending on the distribution and size
classes of aggregates present ie #oil matrix. In general, a seedbed consists
of a layer of fine soil aggregates above a firrmab layer Within the fine
surface layer the aggregate size distribution tendency goes from coarse
aggregates on the surface to very fine aggregates at thestitian zone to
the firm sub layer(Hakansson et al., 20Q0Zstablishment varies widely with
these parameters including the potential of failuf&ubertot et al., 1999b)
Kritz (1983)ound that the proportion of larger aggregates (abovenf) is
more abundant in thesurface layerof the seedbed (@ 3 cm) than in the
lower layer (3¢ 10 cm).Hakansson et al. (20082ported more than 50%f

aggregates below <Bm in the first 4cm is neededHakansson et al. (2011b)
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observed no significant diffenees in germination for artificial seedbeds
created with aggregate classes of mth, 24mm and 25 mm, however,
they found a reduction iremergencefor coarser aggregateddammerton
(1961) evaluated the emergence and establishment of sugar bewdeu
different aggregate size classes and found that the finest class resulted in the
most rapid emergence rate which was attributed to reduced mechanical
impedance compared to a consolidated structuHammerton (1961bgalso
found an increase in leaf number and size for fine seedbeds compared to
coarer seedbeds attributed to a higher rosbil contact and therefore an

increased water supply.

1.2.5.1.5 Soilcrusting

Seedling emergence failure can occur due to soil crusting as young seedlings
have weak emergence forcéBurrant et al., 1988)Surface layer hardening

has beenreported especially for silty soils caused by alternating rain and
drought cycles affecting mostly small seeds like sugar beet (weigh oh@

class) (Hakansson et al., 2013furthermore, they described structural
collapse upon irrigation with larger water droplets causing more severe
structural collapse and therefore influencing seeds sown at a depthcm.
However, aggregate size and irrigation intensity effects were-gignificant

on seedling emergendgiakansson et al., 2013)

1.2.5.1.6 Soil organic matter
In conversation tillage systems, plant residue is commonly incorporated into

the seedbed as strawCheng and Coleman (199@)ported that plant roots
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promote soil organic matter decomposition producing nutrients due to
induced micobial activity.Denef et al. (200Ipeported fungi have the highest
impact on macroaggregate fomttion by organic matter decomposition with
wetting and drying cyclesDaynes et al. (2013highlighted living roots,
organic matter and fungi are needed for the development of soil structure.
The sowing of sugar beet in Iran in spring is often preceded by winter wheat
which is partially or completely incorporated into the seedbed as part of the
convesation tillage system(Bagherzadeh et al., 2014; Tinker, 1983)
Bagherzadeh et al. (201#)und that wheat residues alone had no effect on
sugar beet yield, however, they found a positive nitroggraw interaction

under semiarid conditions (Iran).

1.2.5.1.7 Soil stability

Soil stability, the ability of agggates to maintain structural integrity under
stress,is highly dependent on the percentage of organic mat@sdall and
Oades (1982klassified soil organic matter into three groups: (1) transient
(mainly polysaccharides), (2) temporary (mainly roots and fungal hyphae) and
(3) persistent (aromatic components bound to polyvalent metal cations as
well as strongly sorbed polymers. Petsig organic matter creates aggregate
stability for microaggregatesbeing unaffected by cultivation procedures.
Temporary organic matter mainly influences macroaggregates (> 250 um)
which can be influenced by cultivation and managem@nsdall and Oades,
1982) An ideal aggregate for crop establishment has a porous structure

(pores > 75 um) and is water stable between 1 ananib@ allowing it to be
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aerobic while holding a water supply rfahe plant which is determined

gravimetrically(Tisdall and Oades, 1982)

1.2.5.2 Seedbed environment

The way the seedbed poses an effect on the seed is largely determined by
soil physical cadition. However, the environmental conditions, namely soil
temperature and soil water contentis well as oxygen availability as the-pre
requisites of germinationgetermine whether the seed will germinate or a

failure occurqRinaldi et al., 2005)

1.2.5.2.1 Soil temperature

Khan (2016)stated that the minimum temperature for sugar beet
germination is 38 Fahrenheit ¢. 3.33°C).Petkeviciene (2009)escribed
optimal emergence rate at a tempdrae of 15°C to 25°C and found that
three consecutive days above 10°C creates ideal sowing conditdran
(2015)listed the days until emergee at different temperatures: 38°F45°F
(equals to 3.33°€7.22°C) as 21 days or more;"B552°F(equals to 7.22°C
11.11°C) as 10 to 21 days; 5280°F (equals to 11.11215.55°C) as 7 to 12
days; 60°F 70°F (equals to 15.55°€21.11°C) as 5ot 7 days.A soil
temperature of >3°C has been proposed as a germination initiation
temperature for sugar beet whereas a temperature®C has been suggested
for not reducing the germination ratBBRO, 2017Yhis is in agreement with
Durr and Boiffin (1995Who used a basal temperature of 3 to 5°C for

modelling seeling emergence rate Akeson et al. (1980jound similar
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germination behaviour for 26°C with a matric potential-0f5 MPa and 9°C

with a matric potential of0.1 MPa.

1.2.5.2.2 Soil water conéent

Petkeviciene (2009%tated that sugar beet emergence was at maximum
potential with a moisture content of 20 to 23%ladas (1969, 197Gpund
that soils can provid equal to or higher amounts of water than the seed is
able to absorb.Kritz (1983)explained that Swedish soils are commonly
saturated after the wintesnowmeltand when the water potential of the top

3 cm are below wilting point, the field gets trafficabldakansson et al.
(2011b)found that even with a seedbed water potential below wilting point
and a potential high eaporation rate, seedling emergence was high when
the seed was placed on top of the firsub layer They also found that

coarser seedbeds lack efficiency in controlling the evaporation.

Fields planted with an excess or a reduced number of plants were reported to
be affected more severely by irrigation shortages than those fields under
optimal population densityJaggard, 2011cpurrant et al. (1988)eported
losses between the germination and establishment stage which they
attributed to an excess of water due to poor drainag®rrant and Loads
(1986) found pelleting a seed (as described above) can reduce the risk of
waterlogging.Rinaldi et al. (2005)eveloped a model to estimate the effect

of soil moisture on sugar beetneergence and root elongation rates by
evaluating the growth behaviour under @ange of water potentials

from -0.01 to-0.8 MPa. It was concluded that seeding viability would drop off
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with decreasing water potential with a stronger effect observed for slails

than for sandy soils. This effect was attributed to an increased water diffusion
and seedsoil contact in sandy soils than in clay soils. The seed is ideally
placed at the bottom of the seedbed layer in the transition zone to the firm
sub layerwhere the water availability is higher due to the consolidated soill
matrix as especially clay soitantend to dry out quicklHakansson et al.,

2013)

1.2.5.2.3 Seedbed generation by cultivation

The art of seedbed preparation isuallybased on former experience and
typically passed on from generation to generation. Throughout history,
farming equipment has drasafly changed to ensure the creation of a
suitable seedbed. For sugar beet, this usually entails a winter ploughing step
as well as spring cultivation (e.g. tine or plough) before drilling. Additionally,
frost action is used where larger aggregates are brokown by multiple
freeze and thaw cycles throughout the winter period. The importance of this
procedure however has been greatly reduced throughout recent years as
temperatures are rising and the frost intensity is often too low. The resulting
seedbed ad its influence on germination and establishment is described in
more detail in the following section as part of a short review published in
Seed Science Research as part of a special issue from the Triennial

Conference for the International Society of 8egcience 2017.
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1.2.6 Quantification of seed behaviouin situ

A quantification approach for plant materiah situ is difficult due to the
heterogeneity of the soil matrix. Different tools have been developed to both
invasively and noinvasively study root ahstectural traits and soil physical
properties in both 2D and 3D. The following selection of methods used in soil

sciences is presented below with a focus era)XCT.

1.2.6.1 in situquantification methods besides Xay CT

The assessment of soil characteristltas previously been conducted by
embedding the soil matrix in resin and analysing cisEgions in the form of
polished blocks or thin sectionfAtkinson et al., 2009)This method is
particularly laborious and involves these of hazardous chemicals. The non
invasive analysis of root architecture patterns can be facilitated using a
Rhizotron enabling a 2D vie(Busch et al., 2006)The plant root system is
encouragedto grow against a glass surface by tilting the apparatus and
thereby abusing the plant gravitropis(Box, 1996)This method gives a good
indication of root architectural design but potentially influences the growth
behaviour by inducing root tip hits against the glassaste. Besides these 2D
approaches, Nuclear Magnetic Resonance (NMR) imaging (based on proton
distribution within sample) has been shown to be useful for quantification of
pore size distributions in soHemminga and Buurman, 1997)agnetic
Resonance Imaging (MRI) (based on spinning behawvioprotons) has been
used for soil and plant sciences as a 3D imaging tool being able to image

water flow characteristic§Pohimeier et al., 2008; Tollner et al.,, 1994)
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Furthermore, MRI analysis has problems imaging paramagnetic elements
(e.g. ion or manganese ions) within tkeil matrix(Box, 1996; Heeraman et
al., 1997) A direct comparison of performance ofray CT and MRI can be

found inMetzner et al. (2015)

1.2.6.2 X-ray CT in soil sciences

X-ray Computed Tomography-&y CT) has proven to be a suitable tool for
guantifying soil characteristics and root anatomical traits in a-destructive

and noninvasive wayMooney et al., 2012)Since the deslopment of Xray

CT for medical scienc@dounsfield, 1973)esearchers have applied its use in
soil sciences witlPetrovic et al. (1982poking at soil bulk density andry
attenuation and furthermore for plant sciences wittainsworth and Aylmore
(1983)investigating soitoot-water relationships. The use ofray CT in soil
sciences for quantification of soil physical properties has developed since
then and was reviewed byaina et al. (2008)Mooney et al. (2012pnd
Helliwell et al. (2013) The importance of imaging technologies for the
description of soil characteristics is presented Rabot et al. (2018)
highlighting  porosity, macroporosity, pore connectivity as main
characteristics describing soil functionality which are only accessible through

imaging procedures with sufficient resolution and contré&ai, 1991)

During a CT scan;r&y radiation penetrates a material and is attenuated
based on the interaction with atoms in three ways: The density of the
material deermines the impact of incoherent scatter attenuation, redirection

of photons without energy loss as the coherent scatter, and the absorption of
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a photon while removing an electron as photoelectric absorptigetcham,

2006; Simons et al.,, 1997; Taina et al., 2008hilst medical equipment
typically measure in Hounsfield units (air or water normalised to 0), industrial
CT scannergieasure grey scale attenuation based on sample density where
lowest values refer to air ahhighest values to stones or quartz crystals in the
matrix (Taina et al., 2008)The stack of image data acquired is reconstructed
into a 3D volume and evaluated based on greyscale differences accessible

automatically using thresholding algorithms.

1.2.6.3 Quantification of seed germination using-bay CT

Early attempts using-ky radiation byCampbell and Baker (198Bjvolved
seeds coated with a heavy metal powder to determine s@dacement
within the soil. They utilised red lead oxide as a coating material (increasing
concentration for increasing seed size) and found no negative impact with
changing soil texture or moisture ctmt (Barr, 1981; Campbell ar8aker,
1987; Choudhary et al., 1983inaging of the soil environment usingay CT

has become more established through the last decades facilitating the
detection and quantification of root architectures and soil poroskiglliwell

et al., 2013) Seeds in particular have mostly bestudied outside their
natural environment (i.e. soil) to assess seed internal structures, pore spaces
within the seed and crystal structur¢€loetens et al., 2006; Devarrewaere et
al., 2015; Gagliardi and Marcédho, 2011; Verboven et al., 2013; Yamauchi
et al.,, 2012, 2013)A study of seed germinatioim situ was reported by

Gregoryet al. (2003). They observed the germination pess of aoilseed
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rape seecat 100 um during the development of the root axes and foster
laterals in 24 hour steps. Since then, multiple studies have been published
investigating root architectural development of a variety of different plant
species uder varying conditions, however, mostly ignoring the first days

after sowing.

1.3 Aims, Objectives & Hypotheses

The overall aim of this research was to identify the influences of seed
enhancement technologies on the germination behaviour of sugar beet seeds
using current seed treatments (e.g. coating, pelleting and priming). Using X
ray Computed Tomography, a ndestructive and nosinvasive temporal

guantification was undertaken to monitor seedling germinatiorsitu

Hypotheses:

1. Commercially available enhanced sugar beet seeds, carrying both a
coating and a pelleting, germinate and establish superior compared to
the naked seedh situ(Chapter 2).

2. Seed priming improves early germination and enhancesed
performance under stress conditions such as low moisture availability
(Chapter 4).

3. Seedsoil contact enhances seed germination and seedling
performance in soil and is highly dependent on field management
techniques (Chapter 3 & Chapter 5).

4. Seeds are abl® access water through the basal pore, the operculum

and the micropyle for imbibition (Chapter 6 & Chapter 7)

Initial Objectives:
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1. Identification and development of a suitable method for temporal
guantification of seed germinatioim situ

2. Comparison of aariety of different seed enhancement technologies
and their influence on the germination behaviour and early grouith
situ.

3. Development of image analysis methodologies to assess the effect of
the growth medium on the germination process and specificadigd
soil contact

4. Assessment of the importance of water as a fundamental first step of

germination

1.4 Impact statement

This research project focusses on understanding the impact of seed
enhancement technologies on the germination process. The comparison of
different seed enhancement treatments enables the quantification of
growing patterns influenced by physical and chemical effects. This
information can be used by plant breeding companies to adjust seed pelleting

and coating compositions to increase the degability in soil.

Farmers have been informed by centuries of experience and seedbed
preparation has been adjusted based on yield. Pathisfresearch addresses
seedsoil contact which has been reported to be highly influential for a
successful estalgihment but until now never quantified. By using the newly
developed method, studies can be conducted to determine the optimal
seedbed and therefore improve seail contact ratio to increase the yield.
X-ray CT facilities can use these methods for diffiéispecies and seed types

to inform farmers how to prepare their specific soil type for future seasons.
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Furthermore, this calculation procedure could be used in various fields of

research to quantify contact areas between different materials.

The output ofthis research is a set of methods to accurately calculate the
seedsoil contact in soil as well as the accessibility to adjacent water sources.
Furthermore, this project provides guidance to further 4D germination
studies and suggestions for pelleting aondating compositions based on

commercial products.

1.5 Thesis structure

This thesis is composed of both published and submitegrreviewed
research papers as well as experimental chapters including all relevant
information. Chapterl gives an overview on the key literature relevant to
this research as well as aims and objectiasswell as a review paper on
seedbed preparation and the relationship with sesull cortact. Chapter2
describes the method development process for usirgyXCT to monitor the
germination behaviour sugar beet seeds presented as a paper published in
Biomedical Physics and Engineering Express as a special issue for the
Tomography for Scientific Advancement (ToScA) 2016 conference. CBapter
describes the methd development process for the quantification of sesall
contact for the first time and is presented as a paper published in Plant
Methods. Chapter 4 assesses the influence of the priming process on the
previously used seed enhancement techniqaesl pregnted as published in
Environmental and Experimental Botar@hapter 5 outlines the application

of this method on seeds drilled on different fields under different managing
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and soil conditionsn two parts for field trials in 2017 and 2018hapter 6
asseses water relations in bare seeds and the impact of seed enhancement
technologies on it. In Chapter 7, the influencefrfit morphology on water
uptake is analysedChapter 8 discusses the main findings in this thesis based
on the current literature. Chapr 9 & Chapter 10 conclude this work and

provides an outlindor future work.
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1.1 Short review on seedbed preparation and the impact of segdil

contact

1.1.1 Paper as published idournal of Seed Science Research

The following part of the literature review omprised of a short review
article publshed in Journal of Seed Science Researufer the title W{ 2 A {
seedbed engineering and its impact on germination and establishment in
sugar beet as  affected by sedd? A f O2al Ol Q
10.1017509602585180008Bp hichlighting the concept of seesdoil contact

and the impact of seedbed management techniques influencing the contact

area.

1.1.2 Author contribution

The review of current literature has been performed entirely by S Blunk.
Project supervision and paper editing wa®vided by MI de Heer (Syngenta,
UK), CJ Sturrock (University of Nottingham) and SJ Mooney (University of
Nottingham). S Blunk was the lead author of this manuscript and prepared

the majority of the text.
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Abstract

Seed-soil contact plays an essential role in the process of germination as seeds absorb water
through direct contact with the moist soil aggregates that surround them. Factors influencing
seed-soil contact can be considered as those pertaining to soil physical properties (e.g. texture,
bulk density, porosity, etc.) and those related to environmental conditions (e.g. temperature,
rainfall, frost). Seed-soil contact is furthermore influenced by the specific field management
processes that farmers apply, which have developed significantly over the last 30 years.
However, the precise effect of cultivation on the actual contact area of the seed with the sur-
rounding soil is based on a series of assumptions and is still largely unknown. This review
considers the influence of soil management and its direct impact on seed-soil contact and
establishment. We review the state of the art in methodology for measuring seed—soil contact
and assess the potential for soil amendments such as plant residues and waste materials to
improve seed-soil contact. Engineering the ‘optimal’ seed-soil contact remains a challenge
due to the localized variation between the interaction with field management techniques
and soil texture, climatic conditions and crop type. The latest imaging approaches show
great promise to assess the impact of management on germination. Combining the techniques
with the latest network models offers great potential to improve our ability to accurately pre-
dict germination, emergence and establishment.

Introduction

Germination is initiated when a quiescent dry seed takes up water (imbibition) and terminates
with the elongation of the embryonic axis (Bewley and Black, 1994; Bewley, 1997). The end of
seed dormancy (dormancy types and duration differ between species) is dependent upon a
threshold stimulus that varies widely amongst individuals (Bewley, 1997). The germination
process has been described as an interplay of genetic, environmental and seed processing
effects (Apostolides and Goulas, 1998; Sadeghian and Yavari, 2004). Imbibition, the initial
step, is facilitated by moist aggregates, water films surrounding soil particles, as well as
water vapour. Additional influences include soil aggregate size and distribution, strength of
the top soil and the presence of a soil crust. Currently, there is a knowledge gap in our under-
standing of the relationships and interactions between soil physical properties and environ-
mental factors and their subsequent effect on germination, emergence and establishment in
plants, which we outline in this review. We propose that seed-soil contact, an important,
yet frequently ignored factor, influences germination and constant yield.

Sugar beet is the second largest global source of sugar besides sugar cane and of high
importance, especially for European countries, where climate conditions are unsuited for
sugar cane. Globally 277 million tons of sugar beet were produced in 2016 with Europe pro-
ducing 69.6% (FAOSTAT, 2018). Sugar beet has a small seed in comparison with other crops
such as wheat and maize and has been reported as being highly susceptible to changes in cli-
mate (e.g. temperature and rainfall) and soil physical condition (e.g. compaction and crust for-
mation) due to its low emergence force. In particular it can be significantly affected by varying
soil moisture conditions (Rinaldi ef al., 2005).

This review aims to highlight the key factors influencing successful germination and crop
development in sugar beet with a specific focus on seed-soil contact and the interaction
between soil physical properties and environmental conditions. We outline that field condi-
tions on the day of germination initiation significantly influence the productivity of the
early seedling. We explain how typical field management techniques can impact on soil con-
ditions and the subsequent impact for the emerging seedling. We also highlight the latest state
of the art in imaging techniques and modelling approaches that are being applied to research
in this area to improve the predictability of germination.
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The concept and importance of seed-soil contact

The concept of seed-soil contact is based on the notion that seeds
should be able to absorb water from water films and moist aggre-
gates that are in direct contact with the seed for imbibition and,
ultimately, for germination. The importance of the area of contact
in combination with the soil matric potential for germination was
initially described by Sedgley (1963) and Manohar and Heydecker
(1964). The wetted area of contact has been found to be one of the
factors controlling germination using Medicago tribuloides seeds
(Sedgley, 1963). Increasing area of contact results in an enhanced
germination rate (Manohar and Heydecker, 1964). This was tested
by drilling holes of different diameters into an acrylic glass layer
(i.e. Perspex) and allowing different parts of the seed to be in con-
tact with varying areas of moist soil. Acknowledging that this was
one of the first studies on seed-soil contact, seeds receiving the
same treatment (i.e. hole size) were most likely to be exposed to
different soil contact areas due to the heterogeneity of soil aggre-
gates creating differently sized air pockets in between aggregates
touching the seed. The micropyle (120 pm x 80 pm in size) has
been suggested as the main point of water uptake in pea seeds
(Manohar and Heydecker, 1964). The orientation of the seed
would therefore be a major influence for all seed-soil contact
experiments if it was not in direct contact with a moist aggregate.

Pre-soaking seeds (M. tribuloides and Lactuca sativa) reduces
the importance of the soil matric potential (Collis-George and
Hector, 1966). The area of contact is considered important at
high matric potentials for the later germinating seeds based on
observations of different calculated wetted areas. Thus, the influ-
ence of area of contact decreases with a reduction of water poten-
tial. As field water potentials are often below water potentials used
in laboratory experiments such as those carried out by Sedgley
(1963) and Manohar and Heydecker (1964), the area of contact
is probably less important at field scale. A reduction in germin-
ation rate and water uptake with a decreasing hydraulic conduct-
ivity was reported based on a fixed seed—soil contact (Hadas and
Russo, 1974a,b). This work introduced the concept of seed—soil
contact under laboratory conditions but was not extended to
field scale. The main concept we consider is that the size and
shape of soil aggregates in the seedbed impact on the establish-
ment of crop seedlings and are responsible for seed-soil contact.

Preparation of the soil seedbed

Centuries of development in agricultural practice have informed
our current techniques for sowing seeds. Farmers aim for uniform
crop establishment, which can ultimately enhance yield, help to
reduce soil nutrient leaching and increase the ability of the crop
to compete with weeds (Hékansson et al, 2002). Several abiotic
factors including temperature, sowing depth and soil moisture
are important to achieve optimal germination conditions for
the seed. A soil temperature of above 3°C has been proposed
as the germination initiation temperature for sugar beet; however,
at temperatures below 5°C the germination rate can be slow
(Gummerson, 1986; British Beet Research Organisation
(BBRO), 2017). The base temperature for the adjusted thermal
time (accumulated days above a base temperature adjusted for
the specific plant species) is higher than for ryegrass (base
temperature of 1.0-2.0°C) and clover (base temperature of 0.0-
1.5°C) but lower compared with maize (base temperature of
7.0-9.0°C) (Moot et al., 2000; Trudgill et al., 2000). These tem-
perature requirements make sugar beet an ideal spring sown
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crop once the temperature rises above the base temperature.
Under shallow sowing conditions, seeds experience a higher tem-
perature; however, the temperature decreases with increasing soil
water content (Ferraris, 1992).

Heavy rainfall within 48 hours after drilling can have negative
effects on sugar beet germination (BBRO, 2017). Rainfall often
results in slumping of a bare seedbed to some degree, ie. soil
structural collapse and thereby altering the intended seedbed
structure as well as influencing the seed—soil contact. As slumping
increases soil bulk density and compaction, porosity decreases. In
this case an increase in seed-soil contact could therefore reach a
critical level due to reduced oxygen availability, although this is
hard to assess due to the opacity of soil. At high soil moisture con-
tents, oxygen limitation can occur as the percentage of water-filled
pores increases at the expense of air-filled pores. Oxygen limita-
tion, however, has been reported to have a limited influence on
germination, certainly lower than the considerable negative influ-
ence of waterlogging (Hékansson et al., 2012). It is also likely that
oxygen limitation does not influence the germination initiation as
the embryo is confined to the pericarp and therefore limited to
external oxygen supply. A reduced sugar beet establishment has
been found to be due to poor drainage and a water level above
seeding depth (Durrant et al.,, 1988).

Crusting of the topsoil may occur in some soils, especially finer
textured soils, which reduces the chance of emergence for weaker
seedlings (Aubertot et al., 2002). Sugar beet is highly susceptible
to variations in soil physical conditions in the field due to the
low seedling emergence force (i.e. force of the hypocotyl) of
0.15 N (Souty and Rode, 1993). Previous work has recommended
that the physical stress should not exceed a weight equivalent to a
force of 0.10 N for at least 50% of the seedlings to successfully
emerge (Souty and Rode, 1993). Seedbed preparation has there-
fore to be executed at specific times to avoid crust formation
due to rainfall within the first few days after drilling. As sugar
beet seeds are also heavily susceptible to water stress under
drought conditions, seed priming (pre-germinating the seeds in
the presence of small amounts of water) is used to enhance the
drought tolerance for sub-optimal conditions whereas a pro-
longed steeping (a type of priming including an acid steeping
step) process increases the tolerance even further (Durrant and
Mash, 1991). Seedbed preparation is a crucial step for sugar
beet farmers not only due to the influence of weathering on the
seedbed but also as seedling emergence is influenced by soil phys-
ical properties (e.g. soil texture, bulk density and water content),
climate, tillage, and drilling procedures (Aubertot et al, 1999).
Soil compaction (a decrease in pore space and increase in bulk
density) poses a serious problem for the sugar beet industry as
conventional field preparation techniques result in subsoil com-
paction, reducing root development and yield (Marinello et al.,
2017). The ideal conditions for a seedbed are thought to consist
of both fine and coarse aggregates to prevent erosion (erosion pre-
vention facilitated by a proportion of coarse aggregates) and to
ensure sufficient soil-seed and soil-root contact (improved con-
tact facilitated by a proportion of fine aggregates) whilst minimiz-
ing compaction which represents a challenge to the farmer
(Fig. 1) (Braunack and Dexter, 1989).

A seedbed has previously been defined as a loose and shallow
managed surface layer (Hakansson et al,, 2002). The surface layer
is ideally prepared to a depth of 5-7 cm with a minimum of 30%
aggregates below 3 mm for improving the moisture availability
around the seed (BBRO, 2017). Aggregate size and position
above the seed in the seedbed influences the emergence
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probability of the seedling (Bouaziz and Bruckler, 1988; Souty and
Rode, 1993; Boiffin et al, 1994) as well as the soil aggregate
roughness (Richard and Diirr, 1997; Aubertot et al., 1999). This
is likely to be due to the limited emergence force of the young
sugar beet seedling. Increasing bulk density and aggregate size
results in a delay of seedling emergence, as shown for wheat by
Nasr and Selles (1995). A higher abundance of aggregates
>5mm has been reported within the 0-3 cm layer compared
with the 3-10 cm layer using tillage techniques segregating aggre-
gate classes and being preferable for seedbeds (Kritz, 1983). Soil
aggregate size has a significant impact on the seed-soil contact.
Testing different aggregate size classes to simulate different
seed-soil contacts has been used to identify accelerated germin-
ation for the finest seedbed aggregate sizes (tested on peanut
seeds) (Khan and Datta, 1987). This is attributed to increased
seed-soil contact and thus enhanced water availability. The
increase in germination and emergence time can also be attribu-
ted to a change in hydraulic conductivity, soil-water diffusivity,
the soil moisture flux, the thermal conductivity and oxygen
flux. However, the treatments used by Khan and Datta (1987)
consisted of >70% aggregates within the specific size class,
which leaves up to 30% of smaller aggregates within each treat-
ment. Assuming that a third of the aggregates were smaller, we
hypothesize that these probably filled the larger pores in the
coarser treatments therefore influencing the seed-soil contact to
the point that it is difficult to conclude which factor had the
strongest impact. The presence of larger aggregates has also
been reported to result in detrimental effects with an exponential
decrease in emergence found using aggregates >10 mm incorpo-
rated into the seedbed (Diirr and Aubertot, 2000). Seedbeds com-
posed mainly of larger aggregates are not suitable for most
agricultural purposes due to reduced establishment caused by
reduced seed-soil contact and also due to the limiting emergence
force of the seedling. However, they do offer the benefit of protec-
tion against erosion (Lyles and Woodruff, 1962; Keller et al., 2007;
Obour et al., 2017). A balance is therefore needed between the
ratio of larger aggregates for reducing erosion and smaller aggre-
gates to improve the establishment rate, but not exceeding a crit-
ical level determined by the emergence force (Boiffin, 1986; Duval
and Boiffin, 1994; Hakansson et al., 2002).

Soil aggregate size can influence soil water content through the
provision of macropores between aggregates and micropores
within aggregates, as well as soil physical properties (Diirr and
Aubertot, 2000). Field management techniques, particularly
those concerned with seedbed preparation, significantly influence
aggregate size distributions with small aggregated seedbeds

Fig. 1. Schematic representation of a typical sugar
beet seedbed covering a dense layer. The aggregate
size decreases from top to bottom, whereas the
moisture content increases. Seed-soil contact is
high at the lowest point of the seedbed and too
high within the dense sublayer due to compaction.
The green symbol indicates the ideal positioning
of the seed, being slightly incorporated into the
firm sublayer and in contact with a high abundancy
of small aggregates (adapted from Hakansson et al.,
2002).

Aggregate size distribution
Seed-soil contact

providing a higher contact area between soil aggregates and the
sugar beet seed, and therefore improving water transfer
(Bruckler, 1983; Schneider and Gupta, 1985; Braunack and
Dexter, 1989; Braunack, 1995; Diirr and Aubertot, 2000).

A firm adjacent basal sublayer consisting of soil with a higher
bulk density was recommended as preferable for Swedish soils
(Hakansson et al., 2002). However, an open porous soil structure
with larger aggregates is the current recommendation by the
British Beet Research Organisation (BBRO, 2017). The structure
of the lower layer of soil is generally not tilled which can result
in a drought stress as root growth can be restricted. The incorp-
oration of the sugar beet seeds within the dense sublayer, however,
could enable access to a higher moisture content through an
increased contact area between the seed and the soil
(Gummerson, 1989). The idea of accessing a higher water source
through an adjacent layer is an interesting one as the seed would
benefit from both the fine seedbed as well as the water source.
However, this would require sowing at a higher precision than
is currently employed in most field cases as slight unevenness
of the seed surface would result in misplacement of the seed.
Therefore, the seed would either be placed within the fine seedbed
or deep within the compacted sublayer which would have a nega-
tive impact on emergence time. Current recommendations aim
for an even seedbed, as unevenness may lead to yield loss due
to reduced establishment and increased harvester losses (BBRO,
2017). Additionally, the BBRO (2017) highlight that the timing
and procedure of cultivation management techniques can reduce
the final yield by 30% under sub-optimal conditions.

These previous studies highlight that water- and temperature-
related environmental factors have a very significant influence on
seed germination and plant growth, whereas the soil physical fac-
tors, which directly affecting seed-soil contact and chance of
emergence, can be adjusted and influenced to a larger extent
through appropriate cultivation and management techniques.

Cultivation and management techniques

Structural variations in the seedbed are primarily caused by tillage
operations and drilling machinery (man-made) or by wetting—
drying/freeze-thaw cycles and biological actions (natural)
(Aubertot et al., 1999). Seedbeds are commonly prepared into a
fine and homogenous state using tillage operations such as har-
rowing, ploughing, discing or by tines (Obour et al, 2017).
Reduced tillage techniques in comparison with conventional till-
age, reduces the number of passes through the fields and the
intensity and depth (usually the upper 5cm) of cultivation
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