UNIVERSITY
OF SOUTHERN
QUEENSLAND

AUSTRALIA

Experimental Investigation and Modelling of the
Impacts of Cotton Picker Traffic on Vertosol Saoll
Compaction and Potential Yield under Random and
Controlled Traffic Farming Systems

A Thesissubmitted by

Mohammed Abed Mankhi Al-Shatib

M.Sc, B.Sc. in Agricultural Mechanisation, University of Baghdad

For the award of

Doctor of Philosophy

2020



Abstract

The John Deere 7760 (JD7760) cotton picker is used worldwide on mechanised cotton
farms. More than 80% of Australian cotton farmers use it. A modified version, called
CTF7760,was alscadapted to controlled traffic farming (CT&)stemsThe JD7760

has improved operatiahsafety and efficiengyand requires less operating and labour
COSE. However, its weight (432 tonnes) is

raises concerrsoalit soil compaction.

Vertosok arewidely used for cotton production globally. It constitutes about 75% of
soils under cotton production in Australia. However, Vertoaathighly susceptible

to compaction even with one pass of machinery, especially wetesoil conditions.

Soil compaction could translate into significant losses in crop yield and farm returns.
The magnitude and distribution of soil compaction is dependent on factors such as
wheel load, soityre contact area, tyre inflation pressure asull conditions.
Controlled traffic farming, recently adopted by some Australian cotton farmers, is one
of the effective solutionfor reducingsoil compactionNeverthelessthe majority of
Australian cotton farmers continue to use the conventional randdfic farming
system (RTF).

Previous studies on soil compaction due to JD7760 traffic focused on cotton crop
response across the overall field. None appears to have investigated compaction and
cotton response at the single row level. Thus, the aimi®&tudy was to investigate

the influence of soil compaction due to JD7760 and CTF7760 trafaarow by row

basis This study involvedield trials in 2016 and 2017. These trials wels used to
validate the soil compaction model (SoilFlex) and cotton yield model (OZEOT
APSIM).

Three farms with different traffic systems located at Koarlo (RTF), Undabri (RTF) and
Yambacully (CTF) in Queensland, Australia were examined as study sites. Soil water
content (Swc),dry bulk density Pb) and soil penetration resistance (SPR) were
measured before and after harvester traffic to a depth of 80 cm to assess the degree of
soil compaction. These parameters were measured in cotton rows numbered Row 1,
Row 2 and Row 3. At thBTF sites, Row 2 was located between the front-dinaels

of the JD7760 while Row 1 and Row 3 were located on the outer and inner sides of
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the wheels, respectively. At the CTF site, CTF7760 wheel traffic was between Row 2
and Row 3. Row 1 was separatednh the wheel by Row 2 and a furrow due to
harvestemodification.

Vertosol response to rainfall and seasonal climatic variabilityalgasnonitored from
October 2016 to May 2017 after harvest. Two novel approaches were introduced for
row by row yield déa collection from the JD7760: (1) harvesting of a single row at a
time and (2) use of harvester CABUS to extract yilel data for each row. Harvester

efficiencies based on yield losses were also determined.

It was found that increasing Swc due to rainfalearly October 2016 resulted in
Vertosol swelling in the topsoil under bd®TF andCTF. This led taaslight decrease
in Pb and SPR and provided some compaction alleviation. High temperature in
January 2017 resulted in Vertosol shrinkage which ledstgnificant increase in both
Pband SPR in the topsoil at all sites. The site under CTF exhibited lower sensitivity
to seasonal variability with a lower rate of moisture loss (7%) in the topsoil for the
period between January 2017 and May 2107, as c@ugarthe RTF sites (18%).
Significant compaction was observed after one pass of the JD7760 in the dépth of O
30 cm under both RTF and CTF. Compaction due to CTF7760 traffic in the cultivated

area wahoweversignificantly lower than that of the JD7760.

Traffic over the furrows led to significant compaction which spread to neighbouring
cotton rows and directly affected cotton yield. At the RTF sites,itB@ Om soil layer

of Row 2 was the mostffectedby harvester traffic as it showed the highebtand

SPR compared to Row 1 and Row 3. There was no impact on Row 1 after one pass of
the CTF7760 harvester throughout tHe8@ cm depth. Traffic from the CTF7760
harvester covered 33% of the farm compared to 66% for the RTF sites. This means
that CTF providegbrotection to about twthirds of the farm in terms of soil structure

preservation and reduced compaction effects compared to RTF.

Furthermore, it was found that Row 1 produedugher yield than Row 2 and Row 3
with both the CANBUS and hangbicking unde RTF and CTF. Row 2 at the RTF
sites was the most sensitive to harvester traffic, leading to 21% and 14% lower cotton

yields with machine and hanrgicked methods, respectively, than at the CTF site.
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Cotton yield under CTF was up to about 33% higher thmleuRTF. The CTF7760
harvester had a superior performance to the JD7760 harvester with 47%, 72% and 74%
lower losses in Row 1, Row 2, and Row 3, respectively. The findings obtained with
the soil compaction (SoilFlex) and yield (OZC@PSIM) models agreedrell with

field experimental results.

Overall, both field experiments and computer simulation models were employed to
achieve the aim of this study. It was found that harvester traffic caused significant
compaction in cotton rows and furrows located betweadjacent to, and in wheel
tracks under both RTF and CTF in both the topsoil and subsoil, which consequently
led to decline in cotton yield. However, this impact was less under CTF. The main
original contributions of this studgrethat it has providedew knowledge anddeeper
understanding of the impact of the JD7760 on both soil compaction and cotton yield
at the single row level. This information is cruciabt only to Australian farmerbut

for improvementsn management practices in cotton arladeo crop farming systems
globally. This study has also introduced two new approafdrasmeasiring row by

row cotton yield. The findings presented in this thessesent amportant scholarly
contribution to thegrowingbody of knowledge related to $abmpaction and cotton

yield.
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Chapter 1. Introduction

1.1. Overview

This study investigated the soil compactioom aJohn Deere 7760 harvester and the
impact of this compaction on cotton yield both across the field and at the single row
level. This chapter presents a brief overview of the research topic. It provides
background to the research problem and identifiesrésearch questions. It also
presents the main aim, hypothesis and research objectives. Finally, an outline of the
thesis is presented to provide a brief description of the content of each chapter in the

thesis
1.2. Research background

Cotton (Gossypiumhirsutum L.) is an important industrial cropof considerable
economic valugo many countries. The majaotton producerinclude China,the
USA, India, Pakistan, and Brazillointly they produe about75%of global production
(Yadav et al.2018) In recent yearsAustraliahas become one of the leadicagfton
produces and the thirdargestexporter with the hghest average yield per hectare in
the world(Eskandari et al2017; Eskandari et aR018)

Cotton performs well on Vertosglearningthe worldwidetitte A BI ack Cott on
(Virmani et al, 1982; Forster et al2013) Thisreputation is due to o t tverticdl s
root system which is not damaged by the cracking of the Vertd&tfS Working
Group WRB 2015) In Australia, cotton is mainly grown iNew South Wkes and
Queensland on soil types such as Vertosol, Chromosol, DernasblSodosol
(Hulugalle & Scott2008) Vertosok constitute around 75% tfe soils under cotton
production in AustraligMcKenzie et al.2003) Vertosols havéigh clay content and
a strong shrinkswell capaciy (Hulugalle & Scott 2008) However, Vertosol is
susceptibldo compaction, especiallynderwet conditions(Chan et al.2006) With
just one pass of heavy machinery,igngicant degree of compactioreaching deep
into subsurface layersan occu(Bennett et a].2019.
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Soil compaction isa majorglobal challengein mechanised crop producticand this

is mainly due to machinery traffic. This challenge is exacerbated as machinery size
and weight continue to increase in the quest to increase prodytteonza &
Anderson 2005; Glab2014) Traffic of larger and heavier machingsithe primary
sourceof bothsurface and suburfacecompactionLipiec & Hatang 2003; Zhang et

al., 2006) Increasingcompaction results imongterm soil structure damage and
declinng crop yield(McKenzie 2010) More than68 million hectares of the o r | d 6 s
soilshavebeenaffectedby compaction{Oldeman et al2017) Compactiorcouldcost

the Australian agriculture sectapproximately AUB50 million annually(Walsh

2002) One of the ways to prevent or minimise soil compaction in a highly mechanised

farming systemis the adoption of a farming systehat minimises machinery traffic.

The farming systems, in terms of machinery traffic, employed by cotton growers
around the world can broadly be classified as either random traffic farming (RTF) or
controlled traffic farming (CTF). RTF is the conventibsgstem of traffic in which
there are no specified paths for machinery traffic. This implies that soil compaction
due to machinery traffic occurs haphazardly on the cultivated field. Trafficking under
RTF can coveB5% and aboveof thefield whenevera crop is produce(Kroulik et

al., 2009) Under CTF, dedicatedpermanent laneare usedyear in and year out
restricting machinery passage to specific uncultivated pdihkberg et al, 2007;
Antille et al, 2016) The main motivation for the adoption of CTF is that it
considerably minimisethe area okoil compaction and ensures timainienance of

soil properties of the cultivated portions of the fatherebyenhancingropyield and
reducing energy requiremen{€hamen 2011; Kingwell & FuchsbichleR011;
McPhee et a].2013; ACTFA 2017) CTF is capable of reducinte influence of
compaction bynore tharb0%r elative to RTHBennett et al.2016; Galambosova et

al., 2017) Furthermorerepeated traffic on permanent lanes may not normally permit
natural soil alleviation; therefordgeeptillage may berequired between crop cycles

which could aggravatéhe problen{Antille et al, 2019)

Extensive fieldtrial studies haveevealedhat soil compactionnder RTHesults ina
significant change in soil properti¢dawaz et al.2013) Forinstance in silty clay

loam soils,therandom taffic of a sugarcane harvesteaused significant compaction
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resuling in an increase of@proximately9% in the dry bulk density of surface soil
(Braunack & Peatey1999) In contrastthetraffic of asugarcane harvester under CTF
with 1.5 m row spacingcaused lesdeteriorationin the physical properties oasdy
clay loam soil on both seedtsednd plartrows (Esteban et §l2019) On the other
hand, repeated traffic on the same track, regardless of light or heavy equipoidnt

resultin subsoil compaction and soybean grain yield reductiBoia et al. 2004)

CTFis currently adopted by the Australian cotton industry to restrict the impact of
compaction on Vertosabils and increase yiel(lullberg 2001) However harvester
traffic, regardles®f RTF or CTF,remainsthe primary source afompaction leadg

to soil structure dgradation andeclinein yield (Bartimote et a].2017; Bennett et al.
2017)

Around the world, farmers goioy avarietyof harvesterandpickersto harvestotton.
Australia and the USA are the main countries in the world where all cotton harvesting
is fully mechanisedMuthamilselvan et al., 200.70ne of the most popular cotton
pickers inthese countries is thilohn Deere 7760 cotton picker (JD776%9.present

this cotton picker is used byare than 80% of Australian cotton farif@ennett et a).

2014; Roberton & BennetR015) Its high adoption rate cbd be attributed to its
improvedoperation safety, efficiency, and operating costs relative to premodsls
(Bennett et a).2015) It alsoeliminates the need for module builders, boll buggies and
tractors which help reduce labour c@dtartin & Valco, 2008; Willcutt et al.2010;
Bennett et a).2017)

With all theseimprovements, twever, this cotton picker weighs approximately 32
tonnes which makes it abotwo times as heavy as ifgevious model, the basket
picker (Braunack & Johnstqr2014; Bennett et gl2015) In an attempt to minimise
compaction risk due to increased axle weightfront axle has been fitted with dual
wheels and larger tyres (520/85R42 R1Rhn Deere2016) Nevertheless, traffic

of the inner andbuter front dualtwheels have been identified as a major cause of
compaction to depths of up to 80 cm in VertogBlsnnett et a).2015; Bennett et al.
2017) This leadso increased compaction the wheel tracksespeciallyin thetopsoil
(Bennett et a).2015) whichcanalsospread tadjacentrows (Braunack & Johnstgn

2014)
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A modified version of the JD77G8ickeradapted for harvesting under CTF is called
the CTF7760.Themaodificatiors includean increase ithe frontagevidth from 6 to9

m andthereplacement of the front dualheels with singl®20/70R42vheels(Antille

et al, 2016) Bennett et al. (201 Atated thathte main difference betwedhe use of
theJD7760and CTF7760s that about 66%nd 50%of cotton furrows are subjected
to harvestewheel trafficunder RTFand CTF, respectivelyHowever,harvest traffic
from the JD776@icker, regardlessef RTFor CTF,resultsn increagdsoil penetration
resistanceandbulk density in the wheel track different soil depths(Bennett et al.
2016)

Harvest traffic is often a serioussue, particularly when soils are subjected to
trafficking without annuatipping operationfHamza & Anderson2005) Given that
Vertosols readily experience significantompactioneven due toa single pass,
trafficking with the heavier JD7760 ai@IrF7760worsens the compactigBennett
et al, 2017) Daniells (1989¥tated that the yield of cotton grown in Vertosolildbe

reduced by more than 33%henthe soilis subjected tdarvest traffi¢ particularly
under wetconditions.Coelho et al. (2000pbserved aignificantdecline in cotton
yield due to compaction whedry bulk density increased to 1.6070 g/cmi. Also,

compaction resulting frorthe random traffic ofa harvesteiis found to bethe main

reasorfor thesignificantdecrease (24%) in cotton yield reportecdBrgunack (2013)

A substantial amount of resear@ennett et a).2013; Braunack2013; Braunack &
Johnston 2014; Antille et al. 2016; Bartmote et al. 2017; Bennett et al2017;
Roberton & Banett 2017; Bennett et al., 201 Basidentifiedthe effect of compaction

due toJD7760traffic on soil structure and cotton yield. However, these results are
usually represented as the overall results across the field. There appears to be a lack of
studiespresentingrow by row impact ofthe JD7760 cotton picker traffic osoil
compaction and cotton yieldAdditionally, several studies have evaluated the
efficiency of various cotton pickers and strippers based on vyield loss. However, the
efficiency of the JD7760 (standard configuration)l #me CTF7760 (modified) cotton
pickers have not beenvestigated.
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Due to the wheel arrangementtbé JD776Gand CTF7760cotton pickers relative to
cotton rowsthe degree of compaction caused by wheel traffic will not be uniform for
all rows. Braunack and Johnston (201stated that compactiotaused by harvester
wheel traffic couldspread tadjacentows. This makest necessary to investigate the
row by row variations in the impact ahe JD7760and CTF7760traffic on soll
compaction in Vertosol anoh cotton yield. Understanding the row by row variation
will enable cotton farmers to be more specific in their application of compaction
treatment to different rows which can potentially translate to savings in fimande

time.

1.3. Aim and hypothesis

The am of thisresearctwasto investigate soil compaction duethe JD7760 cotton
picker andts influence orindividual cottorrows undeRTF andCTF. The hypothesis

of this researclvasformulated as:

Traffic of modern harvester (JD7760) increases soihpaction problems and has a

negative impact on cotton yield at the single row level
1.4. Research questions

To address the stated research problem, the main research qwasfanmulatedas

Whatis the impact of the JD7760 cotton picker traffic on Vestasils compaction

and cotton yieldf individualrows undeRTF andCTF?

Based on the statement above, five researchqaabtionswere subsequently

formulated:
1 How can thempactof theJD7760traffic on soil compactiobbe measured

1 Isit possible temployexistingon-boardcotton pickesensorso collectcotton

yield data at singlerow scale under different levels of soil compaction?

1 What isthe difference inharvest efficiency between the JD7760 standard
configuration and the CTF77607?
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1 Which soil compaction models can beestused to simulate the impact of

harvester traffic on Vertosol soils?

1 How can row by row cotton yield under different levels of soil compaction
under CTF and RTF be predicted?

1.5. Researchobjectives

The previous hypothesigasaddressethrough the following specifiobjectives:

1 To obtain and compare the paramet#rsoil compaction due t@D7760 traffic

at a single row scale in different fields under RTF and CTF

1 To develop and evaluate different methodsdstimatingrow by row cotton
yield data

1 To compare the harvest efficieas(harvest losses) @D7760 and CTF7760

1 To select andutilise an appropriatesoil stress model to simulate soil
compaction due tdD7760 and CTF776@affic

1 To utilise acropmodel to predicthe impact of ID7760 and CTF7760 traffic

on row by rowcotton yield

The above objectives are linked with the research questions as foDbyestive 1
addressedQuestion 1,0bjective 2 addresseQuestion 2,0bjective 3 addressed
Question 3 0Objective 4 addresse@uestion 4 andbjective 5 addresse@Question 5
(Figure 1.). The contributios and significance of this study will be highlightadd
further summasgedin Chapterl0.
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1.6. Thesisoutline

This thesisconsists often chapters. A briebverview of the chapters is presented

below:

1 Chapterl providesa general backgroundthisresearcland identifieghe aim,

hypothesisresearch questions aabdjectivesof the study.

1 Chapter2 reviews the concept of soil compaction, compaction sources, the
influence of machinery traffic on compaction, topsoil compaction versus
subsoil compaction, Vertosol soils, controlled traffic farmiaggd managing
and alleviating soil compaction. This chepalso provides an overview of the
cotton crop, harvest methods, cotton rogonfiguration the impact of
compaction on the crop performance, estimation of yield and harvest
efficiency. In this chaptesoil compaction and agronomy models are reviewed,

anda summary of theurrentliteratureis presented

1 Chapter3 sets out the specific methodologiesedto investigate the effects of
soil compaction on cotton yield row by row due to traffickinghe JD 776.
This chapteipresentghe experimental arrangemelfits each objectiveSite
description, design of experiments,equipment, parameters,experimental
proceduresandlaboratory work ar@resented. Bta collection and statistical

analysisarealsoexplained

1 Chapterd discusss the resultsf the influence of rainfallseasonaVariability,
and harvedr traffic on soil properties(soil water contentdry bulk density
andsoil penetration resistance) overall field tineee farm sitesThis chapter

presentsheobtained datan the form of figurestables and contour maps

1 Chapter5 discusses the results of thdluence of harvester traffic on soil

characteristicbetweerthedifferent individual rows of each site

1 Chapter6 discusses the results of tkdfect of harvestertraffic on soil
characteristics aifferent soil depths inindividualrows.
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Chapter7 compares the results of the individuaiv yield data of each field in
both machine and haruicked nethods. It also discusses the effect of traffic
system and row spacing on the individual yield data between the study areas.

Harvest lossearealsoinvestigated andompared in this chapter

Chapter8 first provides a review of theavailable soil compactionstress
models.The framework and the key characterisb€SoilFlex modehrethen
described in great detail. The modetkputsarealso discussed in this chapter

Chapter9 details existing crop performance models. In this chapter, OZCOT
APSIM softwaremodel is employed to predict the cotton yield within the
individual rows of the study areas. The key findings and OZ@©¥%IM

validationarediscussed in this chapter

Chapterl0 summarsestheconclusiongand the new knowledggenerated from

this study Furtherresearchs also recommended.

Figure 11 outlines thehesisstructure and the relationship betweleesechaptes.
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Chapter 2.Literature review

2.1. Introduction

This chapter reviews the literaturgatedto the concept of soil compactiofmcusing
on compaction causes, teectof farm machinerynsoil compaction, Vertosol soils,
controlled traffic farmingandthe impactof soil compaction orcrop performance
Several strategiethat are importarfor managing and alleviatingpil compactiorare
consideredThis chapter alsprovidesan overview of theottoncrop, cotton pickers,
estimation of yield and harvest efficiency. In addition, soil compaction adaary

models are reviewed, and a summary of the literature is presented

2.2. Concept ofsoil compaction

Soil compaction is a major constraint to agricultural production and is primarily caused
by thewheel trafficof heavy equipmeniNawaz et al.2013; Khodaegi2015; de Lima

et al, 2017) Compaction is defined as the compression of soil aggregates into a
smaller volume, which decreases the bulk of pore space available for air and water
because it alters the spatial arrangement, size and shape of clods and aggregates and
consequently thegre spaces both inside and between these (Béfu & Elias

2019) In addition,changes in the soil structuaed macrosapic due to compaction
increase solil strengidury & Horton 2004) After the passage ohachinery changes

occur within the soil structur@illel, 1982) The arrangement of the primary particles
collapse, whereby fine material is squeezed between langksilt graingSoane &

van Ouwerkerk2013) Also, mechanical deformation, such as that aoogrduring

tillage operations results in shear failure characterised through realignment of particles
(Pestana et al2002; Chen & Zhand019) Vertosolsdeformatiormayoccur with no
change in volume, resulting in minimal changes in bulk densities while soil physical

properties are severely affect@bkker & Davis 1995)

Compaction is a@lobaland serious problem that affects crop gro{@bane & van
Ouwerkerk 2013) More than 68 million hectaresf t he wor |hdstbeenar ab |
affected by compactio(Oldeman et al.2017) Annually, soil compaction costthe
Australian agricultural sectorabout AUCB50 million (Walsh 2002) Compaction

issueshaveincreaseaverpast decades due to the increasing sifarofs,equipment,
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and the timeneededfor sowing and harvesting operatiorf$ullberg 2018)
Compactionis associated witinost fieldoperations such as wheel traffic and tillage
with various implementgHamza & Anderson2005) Compaction causely farm
machinery traffic has adverse impacts on a number ophggicalpropertiegChan

et al, 2006) Protecting the soil by considering soil compaction issues besre a

key concern ani well- recognisedn many parts of the worl@Farzaneh et gl2012)

Excesive compaaebn produces undesirable impatisit may lead t@ reductionin
soil quality and crop yield&Zhang et a].2006). Compactiorreducessoil aggregates,
which consequentlgausesa serious disturbance in soil porodiyorn et al, 1995;
Hamza & Anderson2005) This implies that compaction results in increasiagil
strength, dry bulk densitgnda reduction inthe porosityat the expense of the large
voids (Nawaz et al.2013; Ungureanu et aR019) Soil compaction can beadicated
or assesselly a wide range of soil propertissch as soistrength dry buk density,

soil water content angorosity(Alakukku, 1996; Sivarajan et alk018)

The dentification of factors affecting strength development is important for evaluating
theimpactsof compaction on soitharacteristicandcrop performancéRodriguez et

al., 2012) The influenceof soil compaction on crop vyields is they issuebehind
much compaction resear{Bennett et aJ.2015) Few studies have been conducted to
determine the influence of soil compaction on yield decline or the time taksaiffor
structureto recover(Braunack et al.2012. In summary, soil compaction due to
agricultural equipment is a global aseriougproblem for arable land, which can affect
soil properties and plant growtfihus, soil compaction should receive matese

attention in global surveys of soil degradat{@ovane & Van Ouwerkerld995)

2.3. Fundamentals ofcompaction andcauses

The weight ofmachineryhasdramaticallyincreased ithe past severalecades due to

an increase ifiood demand D6 Or &, 2016)sConapaction is regarded as a
global concern facing the agricultural sector, particularly when the soil is subjected to
trafficking without annuabloughirg practices(Glab, 2014) Wheeled taffic is the
primary reason behind the occurrence of compacteadingto redistributed soill

pores, changing sqgiroperties and structurdéteriorationSoane & Van Ouwerkerk
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1994; McKenzie2010; Shen et al2016) For example,nitensive compaction due to
machiney traffic canincreasehedry bulk densityof soilsby approximately 32% and

decreasesoil porosity up to 17%Frey et al.2009)

The investigation of compactioflom agricultural machinerypegan inthe 1950's
(Schafer et al.1992) Many studieswere undertaken to determine the impact of
compaction on soil physical properties, arsdsubsequent effect on crop production
(Destain et a).2014) In general, soil compaction studies are divided into three:areas
(1) equipment manufactured to compress saachines used purpogeb do so (2)
incidental compaction due toachinesusedfor other purposesnd(3) management

practices for controlling undesired compact{@aylor & Gill, 1984)

The key causes of compacticare external factorsvhich canbe summariseds (1)
topical or comprehensive compaction that iagrfrom the topsoil to the ssil due

to machiney; (2) physical compaction inducdwy frequent traffic; and (3) sabil
compaction caused by extreme surface loadiSgeor 2006) Moreover, nachinery
traffic exersthreekey compacting forces on soilgl) verticalstressdue toaxle loads;

(2) shearstressinduced by wheels slippage; and (3) the vibration of machines
(Kozlowski, 1999)

Soil compaction due to farm machinery traffic is almost always accompanied by shear
deformation Soil deformation depends on sealeiactors, such as initial bulk density,
particle size distribution, soil organic matter and moisture, ground slope, type of
harvesting, number of skidding cycles, and the caution and expertise of machine
operators (Mouzai & Bouhadef011). Wheels Tyresand rollers occur relatively high
stresses which, since the affected soil can move away rather easily, may induce large
deformationgKeller, 2004) Several studies reported that compaction and shearing
due to machinery traffic affect many soil properteesl processes and lead to soil
physical degradatio(Pagliai et al.2003) Shearing can affect the quality of soil more
negatively than compaction, particularly in the surface soil (Horn, 28@gicultural

field traffic unavoidably exerts vertical and horizontal stress components as well as

shear forces to the s¢bpoor & Godwin1979).
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In brief, it has been demonstrated in this review that field traffic is a key source of soil
compaction andeformationFigure2.1 summaries the causes of compaction and their
influences on soil characteristics, with direct impacts onck@mistry, plant growth,

and biodiversityof thesoil, andindirectimpactson exchanges of matter with external

compartment¢Nawaz et al.2013)

D Causes of soil compaction D Effects of soil compaction
Natural Processes Anthropic operations
(Rain. Plant roots, Foot traffic) (Mechanical farm/forestry and
military operations)
Light load Heavy load

Soil water | Soil texture
Soil organic matter

Soil compaction

Soil Physics
(Bulk density. Soil strength, Soil porosity. Pores connectivity)

4

Soil chemistry Plant growth Soil biodiversity
N and C cycle Root Micro-organisms

Elements mobility Shoot Macro-organisms

Green house gases Grain/Fruit yield Flora biodiversity

Figure 2.1:Causes and effects of soil compaction on soil properties, plant growth,
and biodiversity of soils

Source: Adopted by the researcher from (Nawaz €2@l3).
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2.4. Topsoil compaction versus subsoil compaction

Agriculturalfield traffic is theprimarysource of topsoil and subsoil compacti{btorn

et al, 1995) Light equipment traffic resudtin one form of compaction in topsoil and
usuallydoes not exceedd e pt h  oZhand & al.2006; Alaoui et al.2018)
Topsoil compactioncan be characterisety decreased infiltration rate, increased
ponding on the surface arddecline inplant growth (Raper & Bergtold2007) A
major portion of topsoil compaction is due to thetfpass of machinefplakukku et
al., 2003; Hamza & Andersqi2005) Topsoil compactiorannot be consideredkey
issue because soil has the ability to reconstdie to human activities and
environmental factar(Gysi et al, 1999) Normaltillage and natural processesnbe

sufficient to alleviate the influence of topsoil compaciidamza & Anderso2005)

Excessiveequipmenttraffic is the main causeof subsoil compactionvhich can be
observe below a depth of 40 crfHakansson et al1994; Brus & Van Den Akker
2018) Subsoil canpaction normally occurdue tothe cumulative traffic impact of
heavy machineryGysi et al, 2000; Raper & Bergtold2007) It is consideredo be
permanent because pore functions are ali¢ to berenewed after the structural
deteriorationof soil (Hoefer & Hartge 2010) Additionally, subsoil compactionis a
hidden risk, which threatens important soil ecosystem services, including crop yields
and soil functions thatn turn, affect the environment.hus, subsoil compaction
requires more attentionparticularlyin clay soil conditions(Lamandé & Schjgnning
2018) Subsoil compaction igenerallyalleviated through deep rippingHamza &
Anderson 2003) However deep rippings expensive if required annual(iRaper &
Bergtold 2007) To conclude this section, ¢an be statethat farm traffic can cause
severetopsoil and subsoil compaction, including changing soil pragsednd plant

growth decrease.
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2.5. Vertosol soils

Vertosol soilsor dark cracking clayare a collection a$oils withheavy texture, dark
colours, andigh clay conten{Eswaran et al1988) Vertosolsexistin Australia,the

USA, India, China, Sudan,Chad and Ethiopi&Vvirmani et al, 1982; Ahmad1983;
Zaffar & ShengGaq 2015) In Australia,Vertosolsoilsare ofterfoundin Queensland,
New South Wales, coastal districts of the Northern Territory, and Tasmania, which
combined,cover abouf70.5 million hectaregVirmani et al, 1982) This soilhas a

high percentag of clay content, around %80 g/100g, andis normally quite darkn
colourdue tothe presence a@lommingling calcium antigh quantities omagnesium
(Hulugalle & Scott2008; Kettler et a]2009) The texture of Vertosol is mostly lighter

in the topsoil, and thelay content increases with increasing depth towards the subsoil
(Daniells et al.1996)

The major types d¥ertosolareblack, brown and grefMcKenzie et al.2003) These
soils are widely used for dryland and irrigated cottdutzi 1988; Cattle & Field
2014; I1sbell 2016; Knox & Griffithg 2017) One advantage &fertosolis its inherent
ability to seltrepair because of high clay content and clay type that gevetame
change(McKenzie & McBratney 2001) However, water holding capacity and
drainageare issueqdGhosh et al. 2010) Furthermore, aunique characteristic of
Vertosolis its shrink-swell propertywhich is related to its cephalic characteristics and
smectitic contengPotter & Chichesterl993; Patil et a).2011)

The shrinkswell property of Vertosols highly dependent on itsoil water content
(Kamara & Haqugl988. Dry conditions result in shrinkagenhile thewet conditions
result inswelling (Hakansson & Lipiec2000) Therefore, Vertosol soilsan self
repairafter multiple wetdry cycles(Ahmad 1983; Coulombe et al1996; Pillai &
McGarry, 1999) Neverthelessamajor issuavith Vertosol soilis itsability to readily
respondto compaction, especiallyvhen wet (Chan et al. 2006) Significant
compactiorcan occuin Vertosols after onpass of heavy machinery, and this impact
canreach intosubsurface layergBennett et al., 20)9 Compaction eliminationn
Vertosok may cost theAustraliancotton industry around AUD $1.3 billion annually
(Watson et a).2000)
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Overall, this section has provided a brief summary of the literature relating to Vertosol

in terms of 1itsdé cl assi f oneafthe noost commenhavi o
soil in several countries. Vertosalontain high clay texture with strong high shrnk

swell capacities. It might be able to improve its structure after multiplevdtgycles.

However, trafficking under wet conditiomsuld causeaoil stucturaldamageapidly.

2.6. Effect of machinerytraffic on soil physical properties

There is a wide range of soil parameters that can describe soil quality. Soil function
parameters (e.g. physical and cultural environment, filtering and transformation of
compunds, source of raw materials, storage, habitats for living creatures and gene
pools, production of food and biomass, carbon pool, and archive of geological and
archaeological heritage) are closely related to soil quality, which was defined by an
AmericanSoil Sciencesociety(Karlen et al.1997)

There are three main categories of soil properties: chemical, physical and biological
(Pouyat et al., 2010). Compaction due to farm machinery is an important form of
physical soil deterioratioriBatey, 2009) Severalmethods were used in civil and
agricultural engineering research to ascertain the degree of soil compaction, both in
the laboratory and in situn agricultural soils, various criteria, indices and approaches
such as solil strengthpoe index, dry bulk density, soil water content, porosity, pore
size distribution, infiltration, plant growth, root density, and plant yields have been
employed in different studies to identify soil compactinlli et al., 2003; McGarry

2003; Keller etl., 2013; Lestariningsih & Hairiah 2013; Keller et al., 2015; Sivarajan

et al., 2018; Seifu & Elias, 2019 mong these methods, the static cone penetrometer
has overmuch assented between researchers in the worldwide and accepted as a
standard method for soil compaction measurements r(ipeal, 1987).Standard

Proctor Compaction test, RubHaalloon test,Sand Cone test, Nuclear test and
Penetrometer test are the major methods used by civil engineers to assess compaction
status Table 2.1)and rarely used by soil scientigiark, 2010; Edwin et al., 2015)
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Table 2.1: The methods used for measuring soil compdwyioivil engineers

Method Location of Principle of test Comments

test
Standard Proctol Laboratory 9 Determine soil TWidely used in civil and
Compaction test compaction properties, agricultural engineering

especially the relationshif reseach
between wadr content
and density of soils

Rubberballoon Onsite 9 Measure the density and fMore expensig and the
test moisture content of risk of error is high
compacted soil Widely used by civil
engineers
Sand Cone test On-site 1 Determine the density of {Inexpensive and fairly
compacted soils accurate
Nuclear test Onssite 9 Measure the density and fQuick and fairly
moisture content of the accurate
compacted soil Used by civil
engineers
Penetroneter Onssite and {Measure soil strength TWidely used in civil and
test (static and Laboratory agricultural engineering
dynamic)

Compaction due to agricultural field traffic directly influences on soil physical
properties than other soil functiofisal, 1997; Vogel et al., 2019). Measuring physical
properties provides information roemdsated t
associated with wheeling traffic, rapid water entry into the soil that contribute to
aggregate breakdown, compaction, soil dispersion, and erosion (Horn et al., 1995).
Compaction results in an increase in bulk density owing to soil particles, @durcti
water permeability owing to a reduction in pore spaces and increase resistance
penetration of water, nutrient, roots and soil strength (Hamza & Anderson,. 2003)
Several studiegHakansson & Lipiec 2000; Radford et gl.2000; Braunack &
Johnston2014; McPhee et al2015; Bennettteal.,, 2017; Bennett et al2019 used

soil water content, dry bulk density asdil penetration resistance to determine the
impact of machinery traffic on soil compaction. Thus, these parameters are highlighted
in this study. Table 2.2 summaristt® studies that employed soil and agromo

parameters as indices for soil compaction.
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Table 2.2a: Soil and agronomy parameters used as an indicator for soil compaction

Aut hor Country Soil type Soil parameter Agronomy
parameter

Meek et al. Australia  Sandy loam Soil water content and -

(1992) Dry bulk density

Daniel & USA Clay Soil water content and -

Wu (1993) hydraulic conductivity

Al-Adawi & USA Silty clay Soil penetration Corn and

Reeder loam resistance, dry bulk soybean yields

(1996) density and total porosity

(Alakukku Finland Clay Total porosity and pore -

1996) size distribution

Jansson & Sweden  Silty loam  Dry bulk density, -

Johansson penetration resistance,

(1998) intrinsic air permeability,

saturated hydraulic
conductivity, porosity and
poresize distribution

Abu- USA Clay loam Dry bulk density Plant height
Hamdeh and root
(2003) density
Hamza & Australia  Sandg clay Dry bulk density, soil Wheat yield,
Anderson loam penetration resistance, chickpea yield
(2003) soil water content,

porosity
Hulugalle et Australia  Clay Total porosity and dry Cotton yield
al. (2007) bulk density, soil water

content
Bottaetal. Argentina Clay Soil penetration resistanc -
(2009)
Braunack et Australia  Clay Soil penetratiomesistance Barley growth
al. (2012)

Van Quang Vietnam  Silty clay Soil penetration -

& Jansson resstance, dry bulk
(2012) density, water content
Moraes et al. Brazil Silty clay Soil penetration -
(2013) resistance, dry bulk

density
Braunack & Australia  Clay Soil penetration resistanc -
Johnston
(2014)
Destain et  Belgium Silt loam Cone index -
al. (2014)
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Table 2.2b: Soil and agronomy parameters used as an indicator for soil compaction
(continued)

McPhee et  Australia  Clay loam  Soil penetration resistance Yield

al. (2015) dry bulk densityporosity,
soil water content
Schjgnning New Sandy loam Soil penetration resistance Yield
et al. (2016) Zealand
Roberton & Australia  Clay Soil water content -
Bennett
(2017)
Bennet et Australia  Clay Soil water content, dry bull Cotton yield
al. (2017) density, soil penetration
resistance
Bartimote et Australia  Clay Soil water content, dry bull Cotton yield
al. (2017) density
Sivarajan et USA Sandy loam Soil penetration resistance Corn and
al. (2018) soybean
growth
Bennett et  Australia  Clay Soil water content and dry -
al. (2019) bulk density
2.6.1.The dry bulk density of the soil
The dry bulk densit{Pb)ofas oi | r e f | cambility to furfcteon fer stiudtuéalks

support,water movemenand soil aeration( De x t e r, 2000; Campyrldnés &
CantereMartinez 2003) Dry bulk densityis defined as the mass of dry soil per unit
volumeof the soil(Hossain et al.2015) Thedry bulk densityof soil is animportant
indicatorfor assesag soil health and compaction statidawaz et al.2013; Hugar &
Soraganvi2014; Vero et a)2014) It isinversely related teoil porosity, which gives
an idea of theporespace left in the soil for air and water movemgmatmpurlanés &
CantereMartinez 2003) The volume ofa typical soil is approximately50% solids
and 50% pore space (25% waaed 25% airfUSAD, 2017)

Dry bulk densityof soil is usually determinedby drect methods (Cores, Clod and
Excavation) and indirect methods (Radiation and Regresgidrhammary et al.
2018) Direct methods are more practical awddely usedby civil engineers and
agricultural soil scientistéMa et al, 2013) Indirect neasuremestcan havemany
limitations such as promeessto large errors when sampling different locations iand
time consuming(Xu et al, 2016) Core samplingis the most common method
employed by scientistso measurdb in agricultural soildecause it isimple quick

19|Page



uUsoQ Chapter 2Literature Review

and inexpensivéCasanova et al2016; AFShammary et gl.2018) This method
requires a volumetric cylinder solid ringto bepressedr hammered into the ddio

takea core sampléMicKenzie et al.2002) Figure 22 summaies the procedurdsr

measuringthe dry bulk density of soil using direct methodso(€, Clod, and
Excavatior) (Al-Shammary et g12018)

Core method :

| Collect soil samples by volumetric cylinder |

1 r

Estimate total volume of Measure mass of
soil samples from the wet soil samples
internal volume ofthe
cylinder by volumetric l

cylinder

Core method

Dry samples at
105°C for2-3d

}

Measure mass of
the dry soil samples

| I

- - H | Dry clodsat105°C for24h|
| Soil p, estimated | :

Measure mass of Heat a paraffin wax

Collect soil clods

l Measure mass of soil clods with beaker |

l Excavation method l the dry soil clods bath to 65-70 °C

] 1

Select a representative location Putthe soil clods in
and collect soil samples paraffinwax for 24 h

Insert a thin polythene
into the excavated hole

Measure mass of wet
soilsamples excavated

|

!

Fillexcavated
hole with water

Dry samples excavated
at105°C for2-3d

}

!

Measure and record

volume of water

Measure mass of

the dry soil samples

l

!

| Soil p, estimated |

I : !

Measure mass of the
waxed clods

!

Immerse the waxed clod in
volumenometer, record
water level, and estimate
the volume of water displaced,
corresponding to that of the
clod plus wax

!

Soil p, estimated

Figure 22: Direct methodgCore, Clod, andExcavation)used for measurement Bb
Source: Adopted by the researcher frigxh-Shammary et gl2018)
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The Pb valuesof agricultural soilsoften range between 0@cn? and 1.8 g/cn?
(Erbach 1987). There is an optimum dry bulk density at which soil pore size
distribution results in the retention of the right amount of air and water needed for plant
growth (Lutz, 1952) The dry bulk densityf the soil inone waymight reflect soil
physical functioning the typeand arrangement of soil aggregates along vitik
distributionof pores (Osunbitan et al2005; Munkholm et al2016) Changes irPb

affect porosity and water movement due to changethe pore size distribution
(Kosugi, 1999; Bhattacharyya et aR006) With increased”b (due to compaction),

soil aggregates are packed more closely and thegores between them are smaller
than at lower bulk densiti€&arey 1954; Zhang et gl1993)

Compactionis the key reason fancreasingsoil bulk densitieswhen compaction
occurs,soil paricles are rearranged, laad to changs in poresize distribution and
pore connectivitfNagy et al.2018) Compactioncanreducethe number andize of
large pores and increafe mechanical resistance of the yipressing soil particles
more closely togethe(Xiao et al, 2018) Increasing compaction of soil means
increasingPb which in turnaffectsporosity, pore size distribution, infiltration, root
penetration, plant nutrient availability, and soil microorganism activity, which impact
key soilprocesses and productivifidiorn & Smucker2005; Carminati et gl2008;
Lipiec et al, 2012) Furthermore ricreasing bulk density due éacessivecompaction
results inincreagd mechanical impedance, creatimgfavourable growing conditions
for roots as supplies of air, water, and nutrients are red{iRadiells et al. 1996;
Houlbrooke et a).1997; Jansson & Johanssd898) Table 2.3 demonstratéise key
relationship betweedry bulk densityandplantgrowth(USAD, 2017)
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Table 23: The main relationship betwe&b and root growth based on soil texture

Ideal bulk densities Bulk densities that Bulk densities

Soil Texture for plantgrowth affect root growth  that restrict root
(g/cny) (g/cn?) growth (g/cni)

Sands, loamy sands < 1.60 1.69 >1.80
Sandy loams, loams <1.40 1.63 >1.80
Sandy clay loams, clay <1.40 1.60 >1.75
loams

Silts, silt loams <1.40 1.60 >1.75
Silt loams, silty clay <1.40 1.55 >1.65
loams

Sandy clays, silty <1.10 1.49 >1.58
clays, clay loams

Clays (> 45% clay) <1.10 1.39 > 1.47

Severabktudiesdescribedhe process of soil densification during traffic the overall
field and its consequences cropgrowth (McPhee et al2015; de Lima et 812017,
Sivarajan eal., 2018; Bennett et al2019 Esteban et gl2019) For exampletraffic
by light tractordeads to increasdeb of loam soil byapproximately15% in the surface
layer (Al-Ghaza) 2002) Soil compactiondue to equipmenttraffic results in a
significantincrease irPb of clay loamsoil beneaththe wheel trackdyy 9% in thesub>
surface layergFarhadi et a).2013) Compaction caused by the passage hefavy
machineryincreaseshe dry bulk densityof clay soilsto 1.26 g/criat adepth of 10
25 cm(Nawaz et al.2013) The use oheavymachiney underwet conditions is the
key source of increasirp of sandy loansoil to aboutl.72 g/cniin thetopsoil(Meek
et al, 1992. Compactiondue tothe heavywheeltraffic of tractorsincreass Pb of
clay soilrapidly, by approximatelyl5%at al5i 25 cm depti{Chan et al.2006) The
Pb values ofclay loamsoil increase®y 13% in the surfacsoil after four passes of
thetractor wheel (John Deere 335§@hmadi & Ghauy2015)

The longtermimpactsof soil compaction by harvesttraffic induces an increadéb
of sandyloam soils to 1.74g/cn? at the depth of 2025 cm (Twum & Nii-Annang
2015) Compactiordue toone pass of harvestegsults inanincreasedPb of silty clay
loamby 14% in thetopsoil, while frequentraffic causes significantincrease in dry
bulk densityin bothsurface and suburface layerHamza & Andersoj2005; Moraes

et al, 2013) Repeated traffic using different types of farm machinery is the&agon
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for theincreasingPb of sandy clay loam soildyy approximately 9% in theurface

layer (Fasinmirin & bseph2012)

Furthermore, compaction duedaoe pass ahe JD77@otton picker increases they
bulk density of Vertosdrom 1.54 to 1.63)/cn? atthedepth of20i 30 cm(Woodhouse
et al, 2013) The averag®b of Vertosolrapidlyincreasesftersingletraffic, of a John
Deere 776Marvesterby approximatelyl 1% throughout the 1080 cm depth(Bennett
et al, 2015) Trafficking of the JOO760 undercontrolled traffic farming causdower
compactionby 6% in the surfacéayer whencompared taandom trafficfarming
systemq CFl, 2016) However,a significantincreasan the Pb of Vertosolhas been
observed aftea singlepass bythe JD7760irrespective of theraffic system applied
(Bennett et a).2017)

Overall this section has provided a brief summary of the literature relating to the
process of compaction in terms of changibglue to mechanised traffic on the overall
field under different soil types, depths and traffic conditidinsas found thathedry

bulk density is an appropriate indéxt assessg soil compaton due to harvesters
traffic.

2.6.2.Soil penetration resistance

Themainphysical properties that control the penetration resistg@ieR)of soils are

the degree of soil compactiagil water content and particle size distribut{@ennie
1988; Ampoorter et gl2010; Medina et gl.2012; Van Quang & Janssok012)
Penetration resistancesults from cohesive forces between soil particles and their
frictional resistancgLandsberg et gl.2003) The SPRtest iswidely used as an
indicator to evaluate sodtructure and compactiatatus(Moraes et aJ.2014a) Soll
penetration resistance has a strong correlation Riitwhen the measurements are
taken at the samsoil water conten{Bennie 1988) However,dry bulk densityhas

notthe major impact o8PRin the shorterm (Van Quang & Jansspf012)

Severakechnique wereused to measuil strength in sitincludingcutting blades,
rectangular cuing plate, ring cutting plate amnepenetrometefAjdadi & Gilandeh
2017) The pnetrometemethod iswidely usedby researchers to quantify the soil

guality and to identify the layers with an increased degree of compé&Ctemnarapu
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et al, 2018) Many types of cone penetrometsrgh asStaic, Dynamic,Quaststatic
and Dynamic, Inertial, Electrid.aboratory and Dutchhawe been employed by civil
engineerand soil scientist® assess compactistatugPeuumpral 1987 Figueiredo
et al, 2011; Van Quag & Janssoj2012; Lunne et al2014) Penetrometers are based
on two principles of penetratiort)(static penetrometer penetrographin operation,
the whole set is pressed against the smitl(2) dynamic or impact penetrometer: in
operation, the rod penetrates the soil according to tpadtrof a weight falling from
a constant height, in freefgfbtolf et al, 1998; Moraes et al2014b)

The datic penetrometer is widely used by agricultural researchersdioate soil
compaction at field scal@engough et al2000) It is a quick andutable methodto
providevaluableinformationandis easy to repeah situ (Ayers & Perumpral1981)
However thistechniquas not recommendeghderverywet conditiongMcKenzie &
McBratney 2001) A static genetrometer consists afshaftwith a ‘pointed or blunt
tip' on one end that imsertedinto the soil to measursoil resistancéArriaga et al.
2014) Two cone basdimensionsare recommended ASAE, 1986) (1) 129 mm,
12.83 mm diameter (0.23n, 0.505 in. diameter) with 9.53 mm (0.375 ididmeter
shaft for hard soils; and (2) 323 Mfr@0.27 mm diameter (0.2%4n 0.798 in. diameter)
with 15.88 mm (0.625 in.) diameter shaft for soft soils.

Static cone penetrometengre employedextensivey in field trials to measure SPR
andto assess sodompaction due to agricultural machinémaffic (Hulme et al, 1991;
McKenzie & McBratney2001; Braunack & Johnstp8014; Bennett et al2017) It
has been revealed thsatil penetratiorresistancealuesincrease exponentially &wc
decreases aréb increasegMoraes et a).2012) For exampleSPRrangal between
3.74.2 MPa whenSwc wasapproximatelyl6% (Jobbagy et al.2014) SPR also
reacled up ta3 MPa wherthecompactness degreeasof 85% (Hakansson & Lipiec
2000)

The excessiveuse of machineryn agriculture tends to increaS#Ro up to 5 MPa,
which resultdimits the expansion adcroprootd system and the absorption of water
and nutrientgfRosolem et a).2002; Lampurlanés & Canteddartinez 2003). High
resistaneto penetratiorcanbe observedafterthe singletraffic of equipmentin the

surface layer(Van Quang & Janssor2012) Frequent traffic causesignificant
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compaction, which leads to increased g@&hetratiorresistancén sandy loam sailto
2i 3 MPaat the depth of TR0 cm(Reintam et a).2009) Table 24 shows the critical
boundary ofSPRfor different soil typegGebauer et 312012)

Table 24: Critical values of penetratioresistance of soil types

Soil type Soil penetration resistance (MPa)
Sandy loam and sand more than 4
Sandy clay 3.771 4
Silt 3.51 3.7
Silty clay 3.21 3.5
Clay less than 3.2

The primarytraffic from a harvestercaused significant compaction, whictcreased
soil penetraibon resistance of abo.5 MPa in the 1225 cm depti{Landsberg €al.,

2003) Significantcompactiorwasobservedinderneath the wheel trackatombine
harvesterresultingin anincreasedSPRfrom 2.5 to 3 MPa throughout thé @ cm
depth(Svoboda et al2016) Traffic from a sgar beet harvester inducsinificant
compactionin silty clay loamsoils, which increasedoil penetratiorresistanceip to
3 MPaat the depth of 3@m (SchaferLandefeld € al., 2004) Repeatedraffic by a

grain harvestemwas the major reason fireincreasedesistancen clay soilsin both

surface and suburfacelayers (Moraes et a).2013) Furthermore, traffidrom a
sugarcane harvestarsultedn increasing penetration resistancesittfy claysoilsto 3

MPaatthe depth of 2&m (Braunack & Peatey1999)

Traffic from the JD7760 cotton picker produced sigaift compaction, which led to
increased resistance of Vertosol to penetration underneath thevideel, which
expanded to reach neighbouring cotton rqBsaunack et al.2012 Braunack &
Johnston 2014) Significant compaction caused by the JD7760 traffic lecrio
increase in Vertosol resistance to abdl® RMPaatthe depth of 100 cm compared to
before the traffic occurre@@Bennett et a).2016)

In conclusion, this section has provida brief summary of the literature relating to
the effect compaction due to wheeled traffic on soil penetration resistiahas.been
identifiedthat harvesters traffic regardless of the number of passes is a key reason for

increasing soil penetration resistance in both surface andustdre layers for the
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different soil types. Therefore, SPR is a useful indicator for assessing soil compaction

under different traffic systems
2.7. Effect of soil water content on soil compaction

Soil watercontent(Swc) is a soil characteristic that plgsya critical role in a large
variety of biophysicaprocessesuch as seed germinatigoiant growth, and plant
nutrition (Mosaddeghi et gl2000; Keller 2004) It is expressed on a volumetric or
gravimetric basis. The definition ofolumetric water contentd()is the volume of
water pewunit volume of soil(Jury & Horton 2004) Gravimetric water contentl@) is
defined as the mass of water peit mass of dry soi{Hillel, 1932).

Swcis a function of changing soil physicetharacteristicg¢Hillel, 1982) It is afactor
thatsignificantly influencegompactionMalizia & Shakoor, 2018)Small changes in
the water content of soil result in a rapitreasein the potential forcompaction
(Roberton & Bennett2017) Compactioncanbe minimised or delayed whdarm
practicesare carried out at the appropriate soil water content |@damza &
Anderson 2005) The standardProctor Test is often performed bygeotechnical
engineerso determine the relationship betweBwc anddry bulk densitywhich can
be achievedt maximumcompactionDas & Sobhan2013)

The Proctor Test demonstrates that soil compaction depends on Swc, soil type and the
compactiveeffort applied(Sridharan & Sivapullaigi2005) The compactive effort is
related to the amount of mechanical energy that is applied to the soi(Dess#&
Sobhan 2013) Figure 2.2 presents an example of a typical compaction cuna for
mediumtextured soil from a standaRtoctorTest. Increased compactive effort results

in greater dry unit weights because the shap&efb air voids line must occur at
lower optimum moisture contents. This means that under higher compactive efforts, a
lesser amount of moisture is required to compact the same soil to its maximum (but
lower) density. Hence the compaction under the saatedod machine is different in

different soils and moisture conterjBowles 1979)

Starting from the dry siden Figure 23, dry bulk densitycan be seen to increaséh
increasing soil water contenntil it reaches the peak called maximal densitgwt
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value called optimum moisturabove whictdry bulk density decreasHillel, 1982)
This phenomenonould be explainedy the fact thatry soil resistcompaction due
to its stiffnessand thebondsbetween particlesAs Swecis increasing, the water a@s
a lubricant between soil particleseading to reducedcohesive forcesbetween
particles, permittinghemto slip over one another easijfl-Shayea2001; Craig
2004; Das & Sobhar2013) At saturation, no amount of kneadirggults inincreasd

in dry bulk density of theoil (Hillel, 1982)

Max.dry
density
(y4max)

I Compaction
curve

Zero air voids
(Saturation
e curve)
&
=
2]
{ =
(3]
©
5
Optimum
moisture content
(OMC)

<—Dryside — % |<——— Wet side—>

(of optimum)
Moisture content (w) ——>

Figure 23: Dry bulk densitywater content curve for a mediusxtured soil for a
givencompactiveeffort

Source: Adopted by the researcher fri@as & Sobhan 2013)

In the case of Australian soils, for example, Vertosol has a high capacinater
storage due to a high proportion of clay min€kéimani et al., 1982; Bennett et al.,
2019) More than 93% oW/ertosol compactioncan occurwhen Swc is about 24%
(Bennett et a).2016; Roberton & Bennet2017) Thus,machinery trafficon the soil

with higher va t e r c o n t s éven (MGr8 adveyse influenaes the soil
properties(Raper 2005; McPhee et al2015) Trafficking under wet conditions
(>60% field capaty) causes both topsoil and subsoil compac(lien & Musick,
1997) Traffic from the JD7760 cotton picker produces significant compaction in the
surface soil wan Swec is at 21.4%Bennett et a.2017) Overall, it is critical tdknow
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the appropriate level &wcat which trafficking and faring operations cause nmimal
compaction. This helps determithe correct timing for those operaticmsavoid the

risk of soil compactiorhowever, farmers believe that cultivation and harvesting are
more important thaavoidingsoil compactior(Bennett et a).2015)

2.8. Relationship betweermmachinerytraffic and compaction

With the need for machinery, completely avoiding soil compaction may be extremely
difficult, if not impossible(Schafer et al.1991) The problems of both topsoil and
subsoil compaction are closely related to ground contact pressure and axle load and
tracks(Botta et al.2002; Keller et a.2007) Compaction due to wheeled traffic results

in changing soil volumehrough the applied loadsto increase soil densities and
decrease porosity, i.e. compress soil aggreg@téslkowski & Lowery, 2008)
Compactiormainly occursvhenfarm machinerypassesver the soil surfaceausing

a decline involume pore available for water and aas the mineral components are
compressed closer togeth@aper 2005) In other words,soil compaction occurs

when machinery traffidamages sostructure(Chamen et g/2015)

Soil compaction by mechasaid traffic is charactesed by a reduction in total porosity

in theareaunderneath the wheel track at the surfsmé(Hamza & Anderso2005)

The degree of soil compactialue to eqipment traffic depends on the following: (1)

soil strength, which is influenced by soil characteristics such as soil texture and organic
matter content; (2) structure of the tilled layer at wheeling andater statusgnd(3)
loadingwhich depends othe axleweight tyre size, machinmg velocity, andyre-soil
interaction(Horn et al, 1994; Horn et a).1995; Hamza & AndersQi2005)

Trafficking resulting from normal farming operatioissa key sourceof soil structure
damage, anthe occurrence ofopsoiland subsoitompaction(Voorhees et al1978;
Botta et al.2002; Ghadiri et al2015) Traffic from large machinery with dual wheel
induces a significant level of compactigwolkowski & Lowery, 2008) Heavier
machinery trafficchangessoil structue with each passagahich leads to increased
Pb andreducs its production capacityNaseri et al.2007; Ampoorter et 312012)
Traffic from a combine &rvesterin wet conditionsproducessignificantcompaction,

which results inpoor Vertosol structureat the40 cm depth (Radford et al.2000;
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SchaferLandefeld et aJ.2004) The epeatedraffic of a sugarcane harvestgpduced
considerablecompactionresulting in soil structure damage andeduced yield
(Braunack et a]2006) Theinfluenceof farm machinery traffic on soil properties (soil
water content, dry bulk densigsndSPR has been highlighted Bection 2.6In brief,
more studies are requirddr soil compaction resulting from mechanised operations

performed under different field conditions.

2.9. Effect of the John Deere 7760 cotton picketraffic on
soil compaction

Sinceits introductionin 2008,the new round module builder JD7760 has been widely
adopted bythe Australian cotton industr{Bennett et al., 2013; Van der Slugsal.,
2015) with anadoption rate ove80% (Bennett et al., 2014; Roberton & Bennett
2015) This pickeris fitted with six spindles to harvest six cotton rows individually
(Woodhouse et al., 2013yhe machine has the abilitg mechanically build, wrap,

eject and drop reguland consistent modulesithout stoppingBennett et al., 2Ib).

However,its weigh has increasetb around 32onnes, i.e. twice the weight of John
Deer eds pr alled telbaskeppicigBrazimack et al., 2012; Gebauer et al.,
2012) Figure 24 shows the new generatiofthe John Bere 7760 cotton picker.

Figure 24: The John Deere 7760 cotton pickeoting that the harvester on the right
has a front dualvheel

SourceAdopted by the researcher from a field trial
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Given that oveB0% of Australia cotton farmsare now beindparvestedvith theJohn
Deere 7760its weightraisesa majorsoil compactiorconcernthe Australiancotton
industry(Bennett et al., 2014; Roberton & Benn2@15) Severalfactorscandirectly
affect the range and level of compactiorcluding machine sizejumber ofpasses

harvest velocity, and wheel slippa@élka et al., 2012)

Manystudies highlighted the effect of compaction by wheel traffic on soil, while fewer
studiesaddressedts influenceon crop yields (Neale 2009) Both growers ad the
industryare seekingo maximiseprofits in their farming systems lemploying larger

and wider machines(CFI, 2016) The John Deere compankas offered many
advantages afsingthe JD7760 such as safgreration high efficiency andthelowest
operating costgBennett et al., 2015)Unfortunately a heavier harvester causes
significant compactiorwhich can reach thelepth of 100 cm (Kozlowski 1999;
Arvidsson et al., 2001; Berigst al., 2012)

Compaction by the JD7760 can increase soil strength rapidly eamreach adjacent
cotton rows(Braunack et al., 2012)Significant compactiowas observed after a
single pass of the JD7760 at tHe0 cm soil depttiBennett et aJ.2015) However,

the adoption of conttled traffic farming may reduce soil compaction Hsk
(McKenzie 1998; Braunack et aR006) Overall, the Australian cotton industry might
need more information to overcons®il compaction hazardssociated witlthe
JD7760(Bennett et a.2014) Figure 2.5 shows the general framework of the effect
of the JD7760 in relation to different aspects, as suggestBédrmett et al. (2015)
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Figure 2.5: A generdfameworkof the effect of the JD7760 cotton picker in
different aspects

Source: Adopted by the researcher fr@annett et a).2015)

2.10. The influence of tyre size and inflation pressure on
compaction

Several external factorsaffect soil compaction, including the contact pressure
generated at thgre-soil interface the inflation pressre of tyrestyre size and axle
load(Botta et al. 2009;Rodriguez et al., 2012jowu & Angadi 2013 Bennett et al.,
2016. The hazard of soil compactiarormally depends on the stress exerted on the
soil (Hamza and Anderser2005 Arvidsson 2014. Despite the soil mechanical
strength loading and soityre interaction contribute substantially to soil compaction
(Chehaibi et a).2012) Thesizeand distribution of stress in the sojre interface is
controlled by the tyre inflation pressure or by the wheel load which is still a source of
dispute (Schjgnning & Lamangd#10).The number of passes and thetgoil contact
pressure in particulaare themajor factors contributing to soil compactidKeller,
2004). To reducecompaction effects, it is preferable to utilise the equipment on tyres
with large contact areas, with ground pressuréoasas possibl€éChehaibi et al.,
2012)
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Tyre inflation pressure usually has a large impgacincreasingtopsoil compaction
and very little effect on the subsurfacelayer, while wheel load may havethe
dominanteffect onincreasing subsotompaction(Botta et al. 2002; Arvidsson &
Keller, 2007) Investigations show thatafficking with high tyre inflation pressure
leads toincreasedvertical stress propagation, soil deformation, aail compaction
(Keller et al, 2007; Holthusen et aR018) Increasingyre inflation pressurancreass
therisksof compactionn thesurfacesoil (Keller & Arvidsson 2004) Increasing tyre
inflation pressure and thaynamicvertical load of tyre causesajorcompaction to a
depth of 50 cn{Abu-Hamdeh et aJ.2000) In contrast, @il compactionmay be less
whenusinglow tyre inflation pressur¢Chehaibi et a).2012; Afzali et al.2014)

The use of low tyre inflatiopressuré150 kP3 with wheel load >8 Mg may reduce
compaction of clay soils at the surface lay@anfors 1994) Reducingtyre inflation
pressure to50% of the recommended pressure affaeveralbenefits for soll
compaction alleviation comparéaltyres operated at trecommended levéBennett
et al, 2015; Bennett et gl2016) Advantages of adoptindpe low inflation pressure
of farm machinesinclude reducing tyrsoil interface, decreadeexterral rolling
resistance, increadeyre performance anite alleviation ofsoil compaction(Van et
al., 2008)

Tyre size and arrangemehave adirect influenceon the size of the contact area
(Rodriguez et al.2012) Recently tyre size has increasgdue to increasedxle
weigh) to keep soil surface unit pressure comparatively constant alheliate
compactioreffects(Lamandé & Schjgnnin@011) Using larger and wider tysavith
low inflation pressureanreduce the risk of wheel sinkage and compadtitcKenzie
et al, 2003) The ue of awider tyre may reduce soil compactibazard under wet
conditiors (McNabb et al.2001) Adoptingwider tyreswith reducel inflation pressure
from 25 to 12%Padecreasesoil displacement, rut depth and compattiansorge &
Godwin, 2007) Furthermore,employing a larger overall diameteragnbe more
beneficial than a wider tyre in terms of redudihg problems of compactigAnsorge
& Godwin, 2007)

The use ofluatwheelswith low tyre inflation pressure may reduce soil striesthe

top 15 cm(Arvidsson 2014) The John Deere company has equipped the front wheel
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of the JD7760 cotton pickevith a dualwheel and larger tyres (520/85R42 R1R2) to
limit the compaction risk due tthe increasedxleweight ofthe picker(John Deerg
2016) Nevertheless, traffic of the inner and outer dubkel of the JD7760 smajor
cause of compaction in the topsoil and the sul§Beihnett et a).2017 Bennett et al.,

2019). The subsequent section will highlight the impact of axle weight on compaction.

In summary, it has been shown in this review that tire size and inflation pressure are
related tothe development of compaction in the topsoil and the subsoil. Trafficking
with high tire inflation pressure can increase the risk of topsoil compaction. The use
of a large and wider tire with low inflation pressuray be able to alleviatsoil

compaction under different field conditions.

2.11. The impact of machinery axle loads oncompaction

As mentioned in the previous sections, the trend towards the use of heavy machinery
means that topsoil compaction and subsoil compaction continueg¢aseciMore than

30 Mg of loads are used per axle in several counfie®\dawi & Reedey1996) In
Australia, the mainegason behind compaction occurrence is that growers adopt larger
machinery in order to obtain high efficiency and producti@itgnkhurst eal., 2003)

An ale load of 6 10 Mg is a primary cause of compactitegdingto soil degradation

and yield reductioiSchafer et a]1992; Radford et gl2001) Farm machinery traffic

with an axleload of >10 Mg induces significant compactiehich can reach the sub

surface soi[Hakansson et al1994; Wolkowski & Lowery2008)

Significant compactionwas observedafter a single pass of a heavy axle load at the
depth of 60 cn{Schjgnning & Rasmusseh994) Repeated traffic by an axle load of
10 Mg can increasethe compactionhazard andnay reachthe subsoil (Etana &
Hakanssonl994; AFAdawi & Reedeyr1996) Trafficking byheavyaxle loadsn wet
conditions is the major reason frbsoilcompactionAlakukku et al, 2003; Chamen
et al, 2003) Furthermoretraffic by heavy axle load (10 Mgyith hightyre inflation

pressure caareatea high risk fordeep subsoil compactiqArvidsson et al.2001)

Previous studiegVoorhees et al1986; AbuHamdeh & AlWidyan 2000; Hamza &
Anderson 2005)indicated thattraffic from a heavy axle load of >18 Mgsultsin a
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rapid change in the soil propertiésipacts ofsoil compaction due to wheel&affic
are often determined by measurin@b and penetration resistanad the soils
(Alakukku, 1996) The effectof machinery traffic on soil propertiesashighlighted
in Section 26.

Furthermore, traffic from heavidsarvesteswith a maximum loadf 35 Mgcan result

in soil deterioratiorandcompaction(Arvidsson et al.2001) Both front and rear axle
traffic of a combine harvestés amajor source o$urface soil compactiofSvdboda

et al, 2016) Fromthe calculated stress of homogeneous soil under different axle loads
(Figure 26), it can be seen that soil stress beng¢ha#tioaded wheel decreases with
increasingprofile depth, whilst increasingwith increagd tyre-soil contact area
(Alakukku, 1999) Thismaybe explainedby vertical stresgsin thetopsoildepenahg
directlyonground contact pressusehile the stresssin the deep layelargelydepend

on the axle loagl(Hillel, 1998 Alakukku, 1999)

WL (Mg) 0.500 0.750 1.000
TIP (kPa) 80

0
0.10
0.20

~ 0.30

E 0.40

£ 0.50

2 0.60
0.70
0.80

Figure 26: Calculated vertical stress as a function of wheel load (WL 0.5, 0.75 and
1.0 Mg) with constant tyre inflatiopressure (TIP 80 kPa) of homogeneous silty soil

Source: Adopted by the researcher frigdtakukku, 1999)

Once again raffic from the JD7760 cotton picker cproducesignificant compaction

in bothtopsoil and subsoil, which is considetedoethe mainconcern for farmers in
terms of eliminating deep subsoil compaction and energy require(Bemsett et a).
2019. During harvest time, the front axle of the JD7760 continues to be stable around

21.5 Mg wherthe first round bale is formed@hereafter, however, the load begins to
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decrease to 20 Mg when the bale is transferred to the rear platform. The normal load
of the rear axle is about 10.6 Mg but incresstee12.8 Mg due to the first bale, thus

the rear axle loads have dramatically chahigem 14.5 to 16.5 Mg when the second
bale is produce(Figure 27) (Bennett et a).2015) Overall,axle load is the key factor
behindthe soilcompaction occurrenceh& degree of soil deformation or compaction
induced varies from soil to soil depending on the soil conditions, type of machine and

the frequency of passédaderiBoldaji et al, 2018)
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Figure 27: Dynamic axle loads for front and rear axles of the JD 7760. Jehésx
representshe period thais required to producene round bale

Source: Adopted by the researcher fri@annett et aJ.2015).

2.12. Controlled traffic farming

Controlled traffic farming (CTF) is a strategy built adoptingpermanent lanes for
agricultural machinery traffiotmitigate the influencef soil compactior{Tullberg et
al., 2007) CTF is one of the most effectiepproaches tdealing with the risks of soil
compaction by means of restricting the passafgmachinery in the fiel{Bennett et
al,, 2016) The key advantageof CTF is the preservation ofoil quality, thereby
enhancing crop performanceand reducing energy requirement&ingwell &
Fuchsbichler2011; McPhee et aR013) Neverthelessrequent wheeling with lighter
equipment can result in compaction equal to r@ater than with fewer passes with

heavier equipmer(florajuria et a).1997)
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Employing CTF is a vital strategy to increasgop yields andprofit margins, and
reducesoil compactionrisk (Antille et al, 2015c) However, nany of the reported
benefits of CTF for the cotton crop are less clear, particularly within farming systems,
because of fewer studies conduc(édtille et al., 205). The framework of CTF is
that all machinerghouldhave or be modified to have the same track widtim order
to restrict thavheelstraffic in the permanent lané&ntille et al, 2015b) In Australia,
thecontrolled traffic approach has played an important role in providing a sofation
more than 0.5 Megéaectars (Tullberg 2001) Adopting CTF could reduce
compaction by more than 50% compare to random traffic farming (RTF)
(Galambosova et al2017) However the key challengs to an entireindustry
switching to contrdéd systemsare a lack of matchingmachinerytracks, working
widths andtyres(Tullberg 2010)

Switching to CTRsystemsould yield improvements to soil quality attributes through
the confinement of machinery traffic to tramlirasthe farm(Godwin et al. 2015)
For example, rodifying wheel paths o& sugarcane harvester to a 2 m wheel track
width to match TF, resulted in improvednter-row soil properties(Souza et a).
2012) Neverthelesshis modification may not alays showsignificant alleviatiorin

soil compactior(Braunack & McGarry2006)

To limit compaction,Australiad €otton industry has modéd the current JD7760
cotton pickemuse undethe CTF system(Antille et al, 2016) The main modification
to this harvester ign increase of frontageidth to 9 m as shown in Figure&.In
addition,the front axle of théarvestehas beemodifiedby replacing on¢yre of the
dualwheel with a single tyre (620/ 70R42, inflation pressure 0.3¥MPa). This
modificationallows the harvester to use the same tramiitesnpicking thesix cotton
rows that were showwith 1.5 m row spacingAntille et al, 2016; Bennett et al.
2017) Figure 29 illustratesa comparison betwedRTFand CTF systesin terms of

the wheel track of thearvesteand cotton row spacing
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Figure 28: TheJD7760modified (9 m frontage with 1.5 m row spacing)
Source: Adopted by the researcher frofiell trial.
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Figure 29: The JD7760 configurations: (A) 1.0 m row spacing RTF and (B) 1.5 m
row spacing CTF

Source: Adopted by the researcher fri@annett et a).2017)

As mentioned above, to adopt CTF, permanent @athsequiredo restrict machinery
passage and avoid compaction r($kllberg et al.2007; Souza et al2015;Bennett

et al, 2017) Compactioninduced by the CTF 7760 harvester traffic htipe lower

than the JD7760 standard at the surfacegBeihnett et a).2019. The main difference
between RTF and the CTF in cotton farming is that about 66% of cotton furrows are
subjected to wheel traffic under the standard JD7760, while 50% of furrows are
subjected to traffic under CTF776@ennett et al. 2017). However, adopting

controlled traffic farming in cotton farms is complicated and costly due to the
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configurations of machinery wheels or the number of rows that are cultivated or picked
(Braunack & Johnstqr2014)

In summary, it has been demonstrated in this section that adopting CTF might be a
useful strategy in regards to reducing the risk of compaction. The implementation of
CTF reducs the overall coverage and intensity of spatial compaction by restricting the
motion of all farm machinery to a permanently trafficked region within the field, called
tramlines.Traffic from the JD7760 regardless of controlled or random system may
incur sgnificant compaction of both topsoil and subsoil due to the weight of the axle.

2.13. Influence of compaction onsoil environment and crop
performance

In general, gricultural field traffic is one of the main causes of soil compaatibich

has damagingonsequences for agriculture and the environr{idatn et al, 1995;
Keller & Hakansson2010) Soil compactioraffectsthe function of the pores to store
and transport water and gaseBich is essential for plan{éshaqg et al.2001) The
impacts of soil compaction are often persistent, particulatlygrsubsoil, and they are
intensified with repeated pasgésitille et al., 2018Stoessel et al., 201&ompaction

also affects erosion, flooding, organic matter, salinization, nitrogen and carbon
cycling, and crop growth (Nawaz et al., 201Burthermoe, compactioninduced
changes resudtin soil degradation, pollution of the atmosphere and of ground and
surface waters, and they may also increase the consumption of finite natural resources,
such as fuel and mineral fertiliser (O'Sullivan et al., 19B8)ure 2.1lillustratesthe
majorinteractions between soil physicochemiciaéracteristicand root function and

structure observed under conditions of soil compadtmrea et al., 2019)
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Source: Adopted by the researcher fri@orrea et al., 2019)

Plantgrowthand redtive yield can providareasonabléndex for compaction status
(Grzesiak 2009) Reduction in plant growth and productivity is highly connected to
the development cfoil compaction(Azzi et al., 2017)For example, yields may be
fall, by approximately26.8% after two years of compactiqgAbu-Hamdeh 2003) In
fact, wheatyields may decline significantlywvhenPbis 1.6 g/cni and soil resistance
to penetration is up t8.5 MPa (Hakansson & Lipiec2000; Vrindts et al., 2005)
However,soil compaction is natheonly factor thataffect plantgrowth (Braunack &
Peatey1999)

Several studieshowedthat compaction careducethe yield of different crops up to
approximately 60%by reducing crop emergence, root \gth and nutrient uptake
(Marshall et al.2016; DeJongHughes 2017) Compaction due to machinery traffic
causes physiological disorders of-plant performance(Gebauer et al.2012)
Frequent traffic bynachinerywith 16 Mg axle loadmayresult inpoor solil structure,
hampernutrientuptake, and cause root damaggel yield declinepy 9% annually
(Alakukku & Elonen 1995; Botta et al2016)
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Traffic from a sugarcane harvester can causgor compactionleadingto reduced
yields by approximately24% (Braunack & Peateyl999) while compaction due to
combineharvestedecreasggrain yield by 18%Liu et al, 2017) The harmful effects
of wheeledraffic mayresult incereal yields decreasity 22%(Lipiec et al, 2003)
Wheat yieldcandecrease due to compaction whmand soil penetratioresistance
valuesincreaseby 15% and 47% respectively on aver@gaior et al.2014). In brief,
from the above review of the literatyreis apparent that yield decline is a function of
soil compaction Compaction due tequipment trafficesults in increasingry bulk
density, soil strength, and hampers root development and penetration into the soil,
which decreases water and nutrient uptake by plantca@mttanslate intareduced
crop yield and profitabilitfAl-Adawi & Reeder 1996)

2.14. Managing andalleviating soil compaction

Generally speakingsompactioncan befoundin the topsoilandsubsoil.Compaction
problemsexistin a wide range of soils and cagélakukku et al, 2003; Batey &
McKenzig 2006) Mitigation of compactiormainly aims toamelioratesoil structure
damageby decreasingoil strength and densitypcreasingwater infiltration andair
spacesf the soil, and promoting root penetratiaper & Mac Kirby 2006) This
raisesthe questia of how soil compaction can be detected, and then alleviated or

avoided.

Ashighlightedin previous sectionsyheeled traffic resulting from normadgricultural
operationss theprimary sourc®f soil structure deterioration, topsoil cgaction and
subsoil compactiorfVoorhees et al.1978; Botta et al.2002; Ghadiri et al.2015)
Compacted layers often range between@Dcm below the surface, particularly when
the soil is subjectetb frequent machinery traffic without annud@bping operations
(Randrup 1997; Randrup & Dralle1997) Soils with high clay contents are more
susceptible to compactiq@®ong et al.2018) Thus, managing agricultural activities
and environmental variationsan play a role in impreing soil structure and

minimisingcompaction riskBronick & Lal, 2005)

Alleviation strategies vary significantly in effectiveness depending on the range and
depth of compaction, soil type and clim&&hamen et al.2015) Many techniques
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have beenadoptedto reduceboth topsoil compactionand subsoil compaction
including (1) reducing the repetition dillage operationdy adopting ndill systems;
(2) avoiding mechanicalbperation at high 8c; (3) adoptingcontrolledor tramline
systemsand (4)improvingtopsoilby adding organic mattéRaper 2005; Nawaz et
al., 2013)

Previous studieshowedthat normal tillage operations can largelgliminatetopsoll
compaction(Hamza & Anderson2005) Neverthelesspne practicemay not be
sufficient to completely reducecompactionof the surface soilHakansson &
Voorhees 1997) Therefore, he risk of topsoil compactiooould be minimisedy
adoptingthe following (1) reducing tyre inflation pressure to less than allowable
pressure®r using dual tyres(2) matching tyres with the right axle weightd(3)
adopting conservation tillag@Hillel, 1982; Botta et al2002)

The mitigation of subsoil compaction is often left to natural processes such as sall
wetting followed by drying, soil freezing followed by thawing and biological activities
(Hakansson et al1987 De Boer et al.2018). Soil recovery may be also affected by

soil type, texture, compaction conditions (Antille et20.19).De Armond et al. (2019)
reported that alleviation subsoil compaction of heavy clay soil due to natural processes
had occurred after 24 and 30 yeddsvertheless, because the intensity and frequency

of these processes are reduced in the deep layers, subsoil compaction may persist for
a very long timgAlakukku, 1996 Schjgnning et al2013.

Adopting ceep ripping implements such as subsoilevgidely usedto relievesubsoll
compactionSingh et al.2019) However, thisis a costlyoperationandis not always
an effective or long lastingsolution (Raper & Bergtold 2007)Raper (2005)
summarised theollowing major strategieswhich may help to loosen subsoil

compaction due to machinery tiiaf
1 Avoiding traffic under wet conditions, i.ex§0%) offield capacity
1 Reducing wheeloads by decreasing the size of the equipment

1 Employing dual wheel®r usingwider and radial tyres with optimum inflation

pressure, which helps to increase the footprint of machinery
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1 AdoptingCTF systems
1 Adopting precision agriculture

In Australig alleviationof the compaction ofclay soils such a¥ertosok can be
complex because Vertosols have the ability to resporitieteffect of compaction
easily, particularly under webnditions(Chan et a].2006) and they may also be self
repairing after frequent welry cycles (Pillai & McGarry, 1999) This matter
generateanuchconcen among farmersespecially when theuse larger antieavier
equipmentuch as the JD776Bemett et al. 2015) Three techniquesould help to
manage the risk of Vertosobmpaction (1) reducd axle weight; (2)adoptingCTF;

and (3) managing soil water circumstantieoughthe timing offield operations
(Roberton & Bennett2017) However, a number of passes on the same tramlines of
light machinery can do as much or even greater damage than heasienaenawith

fewer passeHamza & Andersor2005)

In summary, it has been demonstrated in this review that many strategies are available
to manage and alleviate topsoil compaction and subsoil compdedioexample,iéld
practicesshould notonducted when soil water is at or near field capacity. Cliedro

traffic farming might be a useful technique to avoid the risk of compaction. Monitoring

compaction should be a part of routine soil managefBziey, 2009)

2.15.Yield of cotton

2.15.1.Introduction

In Australia, cottorcropis grown on 200,00@00,000 hectares ande majority of
productionis in New South Wales and QueenslébdF, 2015) Gossypium hirsutum
L. and Gossypium barbadensme thetwo major speciegrown with Gossypium
hirsutumL. forming approximately 90% of the total productiétedfern 2015) More
than % of Australiancottonfarmsareirrigated(Williams et al, 2018) Cropsrequire
about three monthsf growing time between September and Novembehilst

defdiation andharvesting occur from March to Md&ntille, 2018)
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Australiais the third-largestcotton producer in the worl{Chen & Baillig 2009)
Australian cotton productios known to havéhe world's lowest cogtle Garis2013)
The average cotton yieldas nowrisenmore than2 tonne per hectare due tthe
adoptionof modern technology durindpe growth and harvestagegZhao & Tisdel
2009) For instance according to the Austradin Bureau of StatisticABS, 2014)
grossproductionin Queensland is estimatéul beabout140,001 hectares, whilgte
average domestic product is around 370,000 t®rineaddition, he cotton industry
employs a large number of Australians acohtributesnore thamAUDL1 billion to the
Queensland economy annuall@otton Australia 2013) The map inFigure 211

illustrates the majorcotton growingregionsof Australia
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Figure 211: The main cotton growing areas in Australia
Source: Adopted by the researcher fri@iburn et al.2014)

2.15.2.0verview of cotton pickers

Around 30% of thev o0 r Icatténgield is currently pickedith a variety ofharvestes
or pickers(Chaudhry 1997 Bennettet al, 2015). Farmersand contractors are
routinely using different types of cotton pickers, including the oldmsket systems
that are unloaded into boll buggies, half module systamd round module pickers
(Bennett et aJ.2014) The first pickewas designetb harvestonly onecottonrow at
a time andwasconsidered capablaf replacingup to forty handabaurers (Gedam

2014) A decadeagq Case IH revealed a new giow harvestethat builds haklsize
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modules of cotton and dropise baleon the farm in less than a minufeaws 2006)
However, this Case IHs expensiveto operatebecausdt requiresthe use ofboll

buggies, module builderandtwo or three tractors for pullin@g.aws, 2007)

Recently, he new round module builder JD7760 was releasethéyohn Deere
CompanyJohn Deerg2017) This pickerhas the allity to mechanically build, wrap,
eject and drop regular and consistent modules without stofyiagonville, 2008.

In addition, itcan providean opportunity forfarmersto reduce picking costs per
hectare usingpreferable lintthus contributing to the reduction gfoss production
costs per bale of cottdivan der Slys et al, 2015) The JD776(Mas the capabilitio
harvestabout 9598% of the cottonseaalith high efficiency(Batey, 2009; Willcutt et
al., 2010) However, it is costly, requiring significant investmentto switch from

conventional pickex(Chico-Santamarta et aR013)

2.15.3.Effect of the soil compaction oncotton performance

The influence ofcompaction on crop growth and yield asglobal concernThe
increasing use of heaviarm machinery is the majosource ofdeclining yields
(Daniels et al, 1996; Idowu & Angadi2013; Wolkowskj2017) Adverseimpactsof
compaction orcottonproductioncan be observed theshort andong-term(Van den
Akker et al, 1998) Furthermoreyieldscan actuallyslightly increaseindermoderate
compactionLipiec & Hatang 2003; Igon & Ayotamung2016)

More than onghird of actual yieldoss occus when soil structurés subjected to
significant compactioriDaniells 1989) Changes irsoil physical propertiesanlead
to longtermyield suppression of% (Ishaq et al.2003) Compacted layenesultin
the reduction of cotton yieldby approximately30% (Bennett et a).2013) The
reductionin soil qualitycan alsacause a 30%eductionin cotton yield(Hulme et al.
1991) Previous research revealed thatton yieldmight declinesignificantlywhen
thedry bulk density of the soils betweenl.60 g/cn? and 1.70g/cn? (Coelho et al.
2000) Cotton yield can decrease, by approximately 15&fter the first year of
compaction occurrend@cKenzie et al.2003; Braunack et al2012) Compaction
due toharvestraffic, is the main reasofor a 23% decline icotton growth and yield
(Lowry et al, 1970; Neale2008) Traffic from the JD776Barvestecanreducecotton
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yield by 15% 30% and this could coghe Australiancotton industry abouAUD150

to AUD350per hectar¢CFl, 2016) Overall, adverse influences of soil compaction on
cotton performance can occurboththe short and lonterm which affects the total
growing land profit and the net income

2.15.4.Cotton row configuration

In Australia,the configurationof cotton rowsplays a significantrole in promoting
productionand can directly affeatrop growth (Whish et al.2005) To maintain soll
quality and improve cotton yield$armers employseveralapproachedor cotton
growing e.g.solid, single skip, double skip, wide row, and alternative §Ripigley

et al, 2015) For examplewide row spacing and skipped rows play a major role in the
performance of drylangroduction which could be employed as a management
technique to reduce production hazarddry periods(Routley et al.2003; Whish et

al., 2005) Solid row spacingcanincreaseyield in irrigated situations by increasing
crop leaf area andssociatedight interception(Routley et al.2003; Brodrick et a).
2010) Thel.0m (solid) and1.5m (wide) row spacingare the major strategiesed

for cotton growingn irrigatedand drylandarms(Bartimote et al.2017)

Thel.0mrow spacing is the conventional methetiely employedoy farmersunder
irrigated conditions(Bennett et a).2017). CTF with 1.5 m row spacing is currently
usedby the Australian cotton industty avoid the risk of compaction and improve
cotton productiorfTullberg et al.2007; Tullberg2010) Adopting 1.5 m row spacing
under CTEmayrestrict soil compaction to only 15%0% of the total are@Antille et

al., 2016; Bartimote et gl2017) In addition 1.5 m row spacing might achieve higher
cotton yields thai.0 m row spacindyy 30%alfter several years of adopti(Quigley

et al, 2015) Figure 2.2 showshetwo main strategies that are usedcotton growing

in Australia In summary, by CTF the strategy, soil compaction may be lower, and this
could translate positively on the cotton yield when compared to the conventional

methods.
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Figure 2.2: Cotton row configurationsf 1.0 m and 1.5 m row spacing
Source: Adopted by the researcher fri@ange et aJ.2005)

2.15.5.Methods to estimate cotton yield

Australian cotton productiohasincreased rapidlyguring the last two decades at an
average ofLl0% balediectare annuallygConstable & Bange2006) The reliability of
yield estimationdgs based on harveshethod, efficiency and the turnout of the gin
(Goodman & Monks2003) Modern technalgies have thability to make aprecise
and effective estimain of the yield(Zhang et al.2002)

Precision agriculture iarecentechnique thaémploysmodern technology to improve
crop productionSrbinovska et al2015) The major factorsof precision agriculture

include yield monitoring, remote sensin@lobal Positioning System (GPS) and
GeographicalnformationSystems(GIS) (Nemenyi et al.2003) Yield monitors and

GPS receivers are alie gathergeographic data tha analysedoy GIS software to

highlightyield variatiors atfarm scalg AndradeSanchez & Heur2013)
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With the abovementionednodern machinery and technolodyarvest Doc, Green
Star, andHarvest Identification are the kégaturesof the JD7760 cotton pickédohn
Deere 2010a) The power of these toolBes in their ability to performyield
monitoring, mappingtrackingand documenting functionsimediately which hels
to makebetterinformedmanagement decisiofdohn Deerg2010a) Harvest Dods
usedas the foundatioandcan record valuableformationsuch as farm detailsptal
harvested arednarvest hoursaverage yieldload weight boundaries, soil type, and
climate (John Deerg2013) In addition, yeld maps aregeneratedy collectingthe
datafrom Mass Flow Sengs that are placed on harveguipmen{(John Deerg2004;
Vellidis et al, 2012)

CAN-BUS (Controller Area Networkis a serial network technologgesigned by
Robert Bosch GmbH 11983 andhas sincespread to the publigia the Society of
Automotive EngineergDavis et al.2007) The key advantage of CARUS isthat it
caninstantlyprovide usefulinformationduring peak operationfDarr, 2012) Such a
BUS is compulsory for effective use of electronics in agricultlireguarantees
unimpeded information and dateansmissionbetween agricultural systems from
different manufacturers such as harvesteactorsand farm computeré&Speckmann
& Jahns 1999) Furthermore, hangicked is another approach used by several
countries(Chaudhry 1997). This method is inexpensive and provides a fgghlity
lint yield (Nerkar et al.2017) butit is the slowest and most tedio@verall, many
methods are available for farmeestimateof cotton yield. Features of modern
technology (JD7760) are useful and accurate techniques thlaé aéilised to collect
yield data in the field directly

2.15.6.Harvest performance andyield losses

Seveal other factors caalso affect relativeottonyield. For example, bth delayed
harvesting after atton defoliation and harvesteonditionscan bethe main reasons
behind for increasedharvest losseswhich may result in yield reduction by
approximatel\20% (Khalilian et al, 1999 Sawan, 201)

While cotton pickers have the ability to harvest 98% ofthe seedcotton there is an

issue related to picking efficiendy the form ofharvest losswhich can reactup to
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20% (Willcutt et al, 2010) The functional performance of the spirgltd the cotton
yield is mainly dependent on the availability of open cottolsh(Muthamilselvan et
al., 2007). By comparisonthe JD9996 picker has kefficiency in terms of cotton
left unpicked thanthe JD7460 strippeffFaulkner et a).2011) It was also observed
thatcotton losgo the groundmay fluctuatebetween 1.4% and 5%vhile stalk losses
vary between 1.7%7.8% (Erdal 2014) On the other handyroductivity rate and
harvest loss by cotton pickeasshigher than strippemsith regards taheyield quality
and losses(Faulkner et a).2011)

A comparison betweepicker and stripper haestersrevealedthat lint turnoutwas
higher underthe pickes by approximately5%, which canreduceginning cost per
hectarewhen onsidering the quality of yielWanjura et al.2013) Field-work has
beencarried ouby Sessiz and Esgici (2018ho examinel differentmodels of cotton
harvesterdo verify the impact of thesmodelsand oper atioterm®of abi | i
harvest loss and yieldlheir findings aresummarisedn Table 25. Furthermore,
harveser efficiency can be estimate by yield lossesoverall yield quality, fuel
consumption, and operators' conditigpe Baerdemaeker & Sagy$¥13) However,
harvesting immature plantgth bolls notopening due tanearly frost, camlsoaffect
harveser efficiency (Willcutt et al, 2010) To date it can be seen tha¢geral studies
highlightedthe efficiency between cotton pickers and strippeesed on yield loss,
while the efficiency between the JD7760 standard configuration and the CTF modified

have not been investigated

Table 25: A comparison between different cotton pickers in termsotton yield

and yieldloss
Cotton variety Machine Model
1998 2007 2011 2012 2012
Properties JD9970 JD9970  JD9970 JD9970  JD7760
Cotton lint yield, kg da 486.42  443.57 458.5 346.2 487.85
Mean loss, kg dd 60.18 25.71 38.51 25 33.14
12.3 5.8 8.4 7.22 6.79

Loss rate, %

48|Page



uUsoQ Chapter 2Literature Review

2.16.Modelling

2.16.1.Soil compaction model

Soil compaction models rement a vital approach to improvirsgil characteristics
and increasingield (Schafer et al1991) According toDefossez and Richard (2002)
the framework of soil compaction mdsdés divided into twq@arts The first part is to
determine the propagation of loadisigessdue tomachinery, whileghe second is to
identify the relationship betweemodelling stress and straibehaviour(Appendix
2.1). However,crossfarm variability in soil properties andonditionsare the main

limitationsleadingto uncertaintiesinmo d e | 0 s(GysilR00P)U t S

Many mechanical soicompactionrmodels are beingsedto predict compaction that
occursheneathwheeltracks. These models predict soil compaction following three
major steps including(1) prediction ofcontactareaand the distribution of load?2)
modelling ofpropagationof stress athe soil surface and (3)use of amappropriate
equation to charactes the relatioship betweenstressand volume alteration ithe
soil profile (O'Sullivan et al.1999) Agronomic models (STICS) arttie compactor
model (COMPSOIL)werecoupled byDefossez et al. (20149 calculate soil stresses
as a function of equipment characteristics and the charfg@aiat the surface layer
However,the combined modelsequire more investigation because they are quite

sensitive to the input parameters of swdpertiegDefossez et a12014)

Soil shrinkage curves (ShC) is a model that is utilised to asséssm®paction by the
distinction between plasmporosity and macroporosity compacti@amd to calculate

for spatial variability in soil characteristics at field scéB®ivin et al, 2006) This

model offersmany advantagesn that it is simple accurate, and easy to operate.
However,it has some limitationgn wet soil conditions(Boivin et al, 2006) The
hysteretic spring contact model (HSCM) and linear cohesion/adhesion model were
integrated to model the cohesive behaviour of soil at different levels of compaction
and its interaction wit a sweep tillage todUcgul et al, 2015) This modelcould
predictboth draft andrerticalforcesat different velocities, deptwatercontent and

soil compactionThe SoilFlexLLW model has been usé&nlpredictchangan theleast

limiting water range due to compaction Barm machinery(Keller et al, 2015)
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FRIDA is a compaction modelyhichis employed to simulateheel footprint using

a supetellipse stress allocation through a combined exponential and paweAll

of thesecompaction models may need to be validated with different machinery and
soil conditiongSchjgnning et al2008)

SoilFlex isan analyticalmodelthatwasdevelopedy Keller et al. (2007jo simulate

soil compaction due ttarm machinery traffic This model is flexible and allows for a
realistic simulation of contact area and stress distribution in the contact area from
easily available tyre parametefiseller et al, 2007) A two-dimensionalmodelis
integratednto SoilFlex. It aimsto computesoil stresschangesn dry bulk densityand
vertical displacementf the soil due towheeltraffic (Keller et al, 2007) SoilHex
includes three main factors: (#Hescription ofstress in the topsoi(2) analytical
computation ofthe stress distribution ovethe soils; and (3) calculation ofsoil
deformation as a function dftress(Keller et al, 2007) The input and output

parametersf SoilFlexareshownin Appendix (22).

The keyfeature ofSoilFlex is itsability to employtyre size (520/85R42 & 20i&88)

with tyre inflation pressuref 270 kPa asn input parametefor the JD776Qicker
(Braunack & Johnstqr2014) In addition,SoilFlexhasan advantageouigaturewhich
simulates the traffic of severalypes of machinewith dual or tandem whee(&eller

et al, 2007) SoilFlexis considere@ recent analytical modeihich can easily be used

to describe upper boundary circumstances (tyre I@dalwaz et al.2013) However,

this modelhas not been employddr a wide range o$oils and thusrequiresmore
investigatiosto simulatecompactiorof Australiansoils(Bennett et a)2013) Further
details about SoilFlewill beprovided in Chapter 8Takle 2.6 summarsestheexisting

soil compaction models thaavebeen useby previousstudiesOverall manymodels
employedto predict and manag# soil compactionWith SoilFlex, it is possible for
researchers and agricultural advisers to simulate the traffic of machinery combinations
that are utilised in field préices which is a considerable asp#wt has been not
addressed in previous modelKeller et al, 2007) However, the majority of
compaction models are restricted in their implementation and required more
investigations because they are based on seweliahtors, and each parameter may

create complexities for the heterogeneous structures of soils
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Table 26a. Summary of an existing soil compaction models

Model Key Origin Principle of model Key advantage Limitations
references
Support Perez Venezuela 9 Application of  Offering a simple and reliable we  Lack of
Vector Gonzalez Polynomial, of modeling the behaviour of soils  transparency
Machines (2013) Gaussian anc § Enhancilg the capacity in soi  of results
(SVM) Karamizadeh exponential  radia mechanics laboratories 1 Not suitable
et al., (2014) basis function kernel: for large data
sets
Fuzzy logic Carman Turkey 1 Mamdani approact | Prediction the changes |9 Tedious to
approach (2008) fuzzy modelling  penetratiorresistance, bulk densit  develop
Kaufmann principles and final pressure of soil due = fuzzy rules
(2008) wheel traffic 1 Not giving
generalsable
results
SOCOMO Van den Netherlands  {Based on Boussines { Providing useful data for adjustir § SOCOMO is
Akker (1999) theory that depictt wheel machines (number, ty based on ¢
the propagation o inflation pressure and width) linear elastic
stresses in ¢ Y Calculating soil stress under whe behaviour of
homogeneous, linee loads soil without
elastic, isotropic anc volume
semtinfinite  solid change
mass
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Table 2.6b: Summary of an existing soil compaction mo@eistinued)

Model Key Origin Principle of model Key advantage Limitations
references
Finite Defossez & France fBased on the 9 Allowing processing 3D problem 3D compactio
element Richard Boussinesq equatio by wusing the pr problemusuall
method (2002) for stress propagatio 02, 03 treated as a 2
(FEM) and describing stres problem b
distribution  within supposing
the soil by two or axisymmetry ¢
three mechanica plane
constants deformation
Three Cueto etal. Cuba 1 Mamdani approact fPrediction the effect of inflatior { It designed for
dimensional (2013) fuzzy modelling  pressures, ground pressure and 1 small tyre size
finite principles load on thestresses on the conta
element and the soil profile
91 Useful for teaching and research
SoilFlex Kelleretal. Sweden fBased on analytica fAllowing for a realistic predictior  Assuming soil
(2007) equations for stres of the contact area and soil stre profile as
propagation in soil distribution in the contact area fro  isotropic

easily available tyre parameters
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2.16.2.Crop performance model

Since the 1960s, many crop yield models have been employed to predict the theoretical
yield of crops(Krueger 2011) Yield models are broadly divided into tvgyoups
simulation models and statistical mod@éahikar & Rode 2014) These models are
being improved andtested with experimatal data They have significant
methodological gaps which are reflected in the differences between regptai

values and grower yield€arberry et a).2009)

GOSSYMis a dynamic simulation model that can simuladéhcrop performance for
an irrigated area and nitrogéertilisation practiceqGertsis & Whisler1997) Agro-
climaticyield is anothemodel thatvasdeveloped byBazgeer et al. (2014l utilises
regression models and historical data to predict cotton yield fefedifarming.The
Cotton2K model can predi¢the modeof growth and yield under various climatic
conditions for irrigated cottofLascano et al.2013) Furthermore, Artificial Neural
Network (ANN) models are an excellent methodology gogcisely setting cotton
yield. Theydependon the nodinear connection between the influence of factors and
yield (Zhang et aJ.2008)

The Agricultural Production Systems Simulator (APSIM) is a software model
developed by thAgriculturalProductionSystemsResearchJnit in Australia(Keating
et al, 2003) APSIM involves several types of plants, soil characterisfieslisers,

and irrigation. The framework of the APSIM model includes:

1 A group ofbiophysical modules, which simulate biological and physicagaures

in agriculture systems

1 A collection of management modules which permit the operator to determine the
aim of management rules, which in turn describe the scenarios that are simulated

tha then dominate thiehaviourof the simulation

1 Different modules to simplify information input and output to and from the
simuation
1 A simulation factor that enforces the simulation procedures, and controls all

messages that are passetiveerthe indepedent moduleg¢Keating et al.2003)
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According toMcCown et al. (1996)APSIM canprovide better predictivenodelling

because of its approaches:

1 Representation of the best of particular aspects of cropping systems in order to

enable significant pgnomena for superior simulation

1 Better processes in various models enabled and simplynbaeed to supply an

excellent configration for a specific functiaon

In Australia, only the OZCOT model, which is a part of ##SIM model, isusedto
simulate cotton yieldThom et al, 2014) The model can predict theoretical yidig
employing historical climate data and field observatigtesarn 1994) The potential
yield is often estimated based on average growth, radiation effici@ndgimulation
of the OZCOT mode{Constable & Bange2015) Through OZCOT, it is possible to
simulate different factors that could directly affect relatields, such as climate,
irrigation, and fertility. The OZCOT 'tedown’ strategy might achieve a simple and
robust simulation for growth and productiidearn 1994) The key parameters of
OZCOT are soil characteristics, plant indexes, and climate varighleSarthy,
2010. OZCOT will bediscussed furthein Chapter 9 Table 27 illustratesexisting
cotton simulation models that have been used by various restadibs (Thorp et
al., 2014)

Table 27: Summary of an existing cotton simulation models

Model Origin Time Step Key References  Decision Support
Tools
GOSSYM Greece and Daily Baker et al. (1983) COMAX
Spain Reddy et al. (2002b)
Cotton 2K USA Hourly Marami (2004) None
COTCO2 USA Hourly Wall et al. (1994) None
OzZCOoT Australia Daily Hearn and Da Roza APSIM
(1985) Hearn (1994) CottBASE
HydroLOGIC
VARIwise
Whopper Croppel
CSM- USA Daily Hoogenboom al. (19! DSSAT
CROPGRO Jones et al. (2003)
Cotton
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Overall, this section has provided a brief summary of the literature relating to existing
crop simulation models. APSIM is a set of models that employs by researchers and
agricultural specialists to predict the performance of different crops. APSIM isclude
management models and interconnected biophysical to simulate systems comprising
soil, crop, tree, and pasture processes and has the flexibility to integrdimlugical

farm resources such as agricultural equipment and water st@tagsvorth et al.

2018) However, agronomy models require more efforts in order to improve and assess
in developing or modifying their capéity of responding to environmental conditions

and simulate growth and yield of cottGrhorp et al, 2014)

2.17.Conclusion

This chapter reviewed the relevant literature on the threat posed by compaction on soll
structure and crop yield. The review discussedrthgconcept of soil compactioft.
showed that there is an adverse impact of soil compaftbom wheeled traffic on

plant growth which can be observed in the shahd longterm The review also
revealed that traffic from the JD77@@tton pickercausessignificant compaction,

which can negatively affect cotton yields.

The reviewshowed thatmany soil and agronomyproperties can bemployed as
indicatorsof soil compactiorstatus This chapter haalsoattempted to provide a clear
explanation of the literature relating to soil compaction agcbnomicsimulation
models. Ithasshownthat a number of simulation models have been developed which
cancontribute tahe discovery ofoptimal farming systems undeifferentconditions.

The following significant research gaps have been identifiexligh this review

1 A lack of studies into the impact of soil compaction due to JD7760 cotton

picker traffic on row by row yield of cotton both in Australia and globally

1 None of thestudiesreviewed seento haveemployed the features afodern

technology (JD7760) to estimate cotton yielé aingle row scale

1 No studies havevaluaté and/or compai the efficienciesof the JD7760

standard configuration and the CI#0modified harvester
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1 Existing simulation mdels require more investigatido improve or assess
their ability to respond to agricultural conditions (soil and agricultural
activities) to provide accurate predictions loérvestertraffic effects on
compaction in various environmentabnditionsand to accurately simulate

cotton productiorat farm scale
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Chapter 3.Materials and experiment methods

3.1. Introduction

This chapter outlines the specific methodologies used to investigate the effect of soil
compaction due to the John Deere 76flon picketraffic on individual cotton rows

and furrows. In addition, the response of Vertosol soil to seasonal variaiggy
monitored. This chapter particularly highlights the approaches used to address each of
the objectives of this study. Site description, field selection, trial design, measured
parameters, equipment used, field experiments and laboratory work are etestrib

details. Data collection and statistical analysis aree{ptained

3.2. Farm locations, plot layout and study parameters

In this research, randoimaffic farming (RTF)and controlled traffic farmingCTF)

were investigatetb develop an understandinfjithe impact of JD77660tton picker

traffic on soil characteristics antbtton yield Random traffic was defined as any
traffic system not conforming to true controlled traffic farmingpile true controlled

traffic is achieved where all macleiry wheelracks are equivalent atidere is oty a

single wheel on either side of the axle, and multiple passes of the field occur over the
same permanenttk. The frequency of permanent tragks function of the smallest
machine operation frontage, which@g) to 9.0 m for aotton picker in the cotton
system.

Field trials were carried out in Vertosol soils at three cotton farms located at Koarlo,
Undabri and Yambacully in 2016 and 2017. Koarlo is located in Yelarbon while
Undabri and Yambauly are locatedn Goondiwindi.They are280 km and 350 km
southwest ofthe Queensland state capital Brisbane, Austredispetively (Figure

3.1). RTF was practiced at the Koarlo and Undabri sites, w@ilé was adopted at

the Yambacully sitéor two years

Cotton Gossypium hirsutum Lis widely grown in the region due to the suitability of
the soils, access to water, aheé climate. In Australia, cottors typically plantedin
the period betweeBeptembeand Novemberandharvested irthe period between

March toMay (Antille, 2018) Grey Vertosol is the predominant soil type in these
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districts (Bennett et a).2016) but, as these are alluvial soils, soil sequences are
common. Thdarm fields were selected to be representative of Vertosols as much as
was reasonably possible

YBrisbane
Toowoomba /

Warwick

:Goondiwindi

= Yelarpon Stanthorpe!

Tenterfield

Figure 3.1:Locations of Yelarbon and Goondiwindi, QLD

3.2.1.Site description
3.2.1.1. Koarlo site

Two different fields were chosen at Koarlo in Yelarbon, QLD, (28°36'43.30"S,
150°30'47.93"E, 235 m above sea l@va@hey are located about 28 km from the
Goondiwindi town centre (Figure 3.2). The first field was studied in 2016, and the
second field in 201 TCottonwas planted with row spacing of 1.0 m at both fields and
was irrigated using a furrow system (Figure) 38®th fields were planted dnOctober
2016 and 2017The region has a serarid climateaccording tdhe Australian Bureau

of Meteorology(Queensland Governmer2018) Table 31 demonstreesthe mean
monthly maximumtemperaturdor the Koarlo siteduring 20152016 and 201-2017.

The total amount of water used during the growth stage was about 8.12@16rand

7.5 ML in 2017. The total amount of rainfall during the period from September 2015
to May 2016 was 460.9 mm, while from September 2016 to May &falrainfall

was 473.8 mm (Table 3. Both fields were picked using the JD7760 in standard

configuration
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a&\ 2016.¢
8

(Block«1e#
(Block<2
Block 1 € ‘

Koarlol(#28:36:43 3

Figure 33: Furrow irrigation system of Koarlo (1.0 m row spacing)

Table 3.1: Thenean monthlymaximumtemperaturefor Koarlo during 20152016
and 20162017

TemperaturdC) Sep Oct Nov Dec Jan Feb Mar Apr May Ave
20157 245 31 34 33 38 35 33 30 30 315
20161 22 26 32 36 42 37 31 26 24 30.5

Table 32: The amount of rainfall for Koarlo during 20P916 and 2012017

Rainfall (mm) Sep Oct Nov Dec Jan Feb Mar Apr May Total

20157 36.3 27.2 1009 1445 330 7.0 285 285 550 460.9

Z
Z

201617 47.3 1120 10.7 524 703 33.7 100.6 269 19.9 473.8
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3.2.1.2. Undabri site

The Undabrifield is locatedn Goondiwindi, QLD (28°23'26.78"S, 150° 9'40.54"E,
204m above sea levgland is 1%m from theGoondiwinditown centre Figure 34).

A centre pivot system wassedto irrigate this sit€Figure3.5). Cotton was planted
on 5 October 2016 wittow spacing of 1.0 m and harvested with a JD7760.

The climateof this districtis a semiarid (Queensland Governmer2018) Table 3.3
showsthe mean monthlynaximumtemperaturdor Undabriduring 20162017.The
total amount of water applied during the growth stage was 4.5 MLe el total
amount of rainfall during the period betwegeptember 2@andMay 2017 was480.4
mm (Table 3.4) Unlike the other two siteghe farmer indicated that this site was
subjected to severe historical compaction before the start oftinily This was

expected to have ampact on the soil of this particular site

Blogk 2.
Block 1 €

fUnda\bri (28°23268/85SH 11505 9:40:54 :E)

Figure 34: Undabri site in Goondiwindi
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Figure 35: Irrigation system of Undabri siteeéntre pivot system)

Table 33: The mean monthlgnaximumtemperaturefor Undabriduring 20162017

Temperaturd'C) Sep Oct Nov Dec Jan Feb Mar Apr May Ave.
201517 245 31 34 33 38 35 33 30 30 315
201617 22 26 32 36 42 37 31 26 24 30.5

Table 34: The amount of rainfall foundabriduring20162017

Rainfall(mm) Sep Oct Nov Dec Jan Feb Mar Apr May Total
20161 56.9 122 115 682 916 386 346 28.7 283 4804

3.2.1.3. Yambacully site

This siteis also located in Goondiwindi (28°27'2.40"S, 150° 9'35.27"E 206 m above
sea level), anés 13 km from the Goondiwindi town centre (Figure 3.6). Controlled
traffic farming with 1.5 m row spacing and overland flow (furrow) irrigation system
were used at this site (Figure 3.This areaalsohasa semtarid climate according to

the Australian Breau of MeteorologyfQueensland Governmer018) Table 35
showsthe mean monthly maximum temperaturetfarYambacullysiteduring 2016
2017.The total amount of water used during tiewth stage was 10.5 ML, while the
total amount of rainfall received during the period between September 2016 and May
2017 was 456.7 mm (Tables}. Cottonwas planted on 5 October 2016 and harvested
with the CTF JD7760 modified harvester
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Yambacully;(285272:40:S35029:3527&E) R
Blocki2 =

7

Figure 37: Furrowirrigation system of Yambacully field (1B row spacing)

Table 35: The mean monthlgnaximumtemperaturefor Yambacullyduring 2016
2017

TemperaturelC) Sep Oct Nov Dec Jan Feb Mar Apr May Ave.

2012916 245 31 34 33 38 35 33 30 30 315

201671 22 26 32 36 42 37 31 26 24 30.5

Table 36: The amount of rainfall forambacullyduring20162017

Rainfall (mm) Sep Oct Nov Dec Jan Feb Mar Apr May Total

201671 39122 8.1 555 102.¢ 30.3 446 247 29.3 456.7
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3.2.2.Field history and agronomy

Koarlo, Undabri and Yambacully were chosen on the basis of traffic history so that a
range of histories can be assessed.sé&lstes had been used for agricultural
productionfor over 30 years with no history of controlled traffic. Both Koarlo and
Undabri were subjected to the JD7760 standard configuration traffic (RTF) since 2012,
while controlled traffic farming was practised in Yambacully since 2015 and subjected
to the CTF7760 motled harvester traffidn this study, he measeurments October

2016reflected the prénistory of earlier traffic across the field.

Soil tillage before planting did not occur at all sitdsth Koarlo and Yambacully were
subject to a triplaisc-hiller pass on 12 m frontage, and the 1.0 m system had a 6 m
frontage lister, while the 1.5 m had a 9 m frontage lister pass prior to all other field
preparation activities. Noll was usedin Undabri.The variety of cottonGossypium
hirsutum L. S71BRyas planted at all sitefield preparation between cotton crops
included mulching, roetutting, listing, fertiliser spreading and intew cultivation.
Mulching and root cutting occurred on a 6 m frontage for the 1.0 m system (Koarlo).
Both Koarlo andUndabrihave adoptedottonwheatcotton rotation, while cotten

fallow-cotton rotation wapractisedn the Yambacully site

3.2.3.Experimental design

The experiment was designed to provide a snapshot of the extent of influence of
external factors on soil properties and cotton yield. The baseline experimental design
wasorganisedn a factorialdesign.This design allows for in identifying the impact of
many factors as well as their interactionise experiments were undertaken in October
2016, January 2017, and May 2017 (sefand after harvesi:

1 Monitor Vertosols behaviour (shrirdwell), due to the impact of rainfall, seasonal

variability andthe D7760traffic onthe overall field

1 Investigate the impact of harvest traffic by JD7760 on soil water content (Swc), dry

bulk density Phb), soil penetration resistance (SPR) and cotton yield row by row
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In this study, two blocks were chosen in each fi@dch block had sisampling
transectsThe transects were randomly assigimedach block tweduce the chance of
biased resultsThe block was designesb that they captured the full frontag€he
length of each block was 324 m, while the width was 6 nmRfbF and 9 m for CTF
(Figures 3.8 and 3.9The transect dimensions were 1.5 m in length and 6 m in width
to correspond to the JD7760 standard frontage, while the wiek® m to match the
CTF traffic system. The distance between each transect was blensites effect

was consideredas a fixed factor because all the soil studied in these sitese
Vertosols, having many similar propertiesurthermore, k& experimental blocks
served as control sites from October 2016 to May Zbé&fore traffic) wherthere was

no harvester traffic. This was to enable a more accurate assessment enulatfed
compaction relative to potential changes in soil properties due to seasonal variability,
the shrinkswell behaviour of Vertosdoils and biological activigs. Experimental

arrangements are discus$edherin Section 3.3.1.2
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3.2.4.Researchparameters

The soil properties were measured based on the current standards and methods of
published articlesThe following parameters were usednvestigate the effect of soil

compaction on cotton yield due to JD7#6dffic in the field

1 Soil watercontent(Swc) Soil wateris a critical factor whiclstronglyaffects
soil characteristics and crop growth. Sedterwas directly measured using a
gravimetricapproach

1 Dry bulk density of the soilPb): This isthe ovendry weight of soil per unit
of volume, whichwasmeasured in grams per culgientimetre An increase in
Pbrepresentareductionin soil porosity responsible for transmission of water
and nutrients, as well as pathways for root grovaty bulk densitywas

determined by direct samptirend segmenting of soil cores

1 Soil penetration resistance (SPRJone index, measured with eone
penetrometer, provides a measure of soil resistance, which can be converted to
soil strength. Changes in soil strength occur naturally with drying (i.e. soils are
stronger when dried, without wrexternal influence on the soil structural
characteristis), or when soil bulk density changes. Cone index can also be

used to infer the likelihood of root penetration for a given soil density

1 Machinepickedyield data: Thigs yield data obtainetly the cotton pickers to
provide a rapid measure of yield throughout the fields. Hacked yield data
was obtained by manually picking cottevhich was used to calibrate the
machinepicked yield, as the machine picked yield utilised a number of sensors

with calibration limitations

1 Harvest lostThe amount and quality of lint per hectare can be an indicator of
harvest efficiency. Basicallylelayed harvesting, after cotton defoliation and
harvester conditions, represemtsnain source ofharvest losseshich may
reachup to20%. The estimation of yield losses is the key factor in identifying
what additional adjustments are requiredm@chineharvestHandpicking of

machineharvested plants was used to determine y¢sd
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3.3. Field experiment methods and equipment

3.3.1.Soil sampling
3.3.1.1. Soil sampling instruments

A portable petrol post driver (Christieo:s
volumetric cylinder (thirwalled metal tube 1500 mm length and 52.5 mm diameter),

and foot lever were used to collect soil samples. A plastic table, ruler (100 mm) and
gpatula were also employetio preserve the water in the soil corg=aled foil bags

(213 mm length and 165 mm width) were used for storing sampbteavoidloss,

samples were transported $ealable containers. A large oven (approximately 400
samples capci t y) was used to dry soil sampl e
calculatePband SwqBennett et a.2017) A sensitive electronic scale (Max 2200 g)

was also usetb weighsoil samples before and after drying in the oven. Figure 3.10

shows the sampling instrumenist were used in this study

Figure 310: Sampling instruments
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3.3.1.2. Field work

Soil coreswere collected from Koarlo, Undaband Yambacullyin October 2016,
January 2017 and May 2017 (before and after harvidst)incidence of sampling was
based on the procedure outlined/ioKenzie et al. (2002nethod (502,03)Collection

was done by pressing the cylindeith a jackhammer and driving it vertically into the
soil to thedepth requiredThen the cylinder was carefully removed by the lever to
maintain a known volume of soil as it existed in situtie coresampling procedure
used a hammering acti®a push thecylinderto thedesireddepth, the extracted core
length was measured and comphagainst the hole depth to ensure that compaction
had not occurred during sampling; this approach did not cause compaction of samples
(McKenzie et al.2002; Bennett et gl2017) Each cylinder provided an 800 maomg
samplewhich was cutinto 100 mm sutsamples. Overall the field trials provided a

total of 13728 samples during the study period as follows:

1 May 2016: Thdield trial only occurred in Koarlo in May 2016. It commenced
mid-May and finished after two weeks. Rainfall occurred before the May 2016
experiment but was not observed during this tfialo blocks were used to
collect soil samples at this properBachof theblockshad six repliations

The blocks were designed to examine six typical rows of cotton with row
spaing of 1.0 m. @mpling transects were located across the full frontage of
the JD7760 standard configuratiofhe field was divided into two blocks
randomly.Each block had six transectdhd dimensionsf each transect were

1.5 m inlength and 6 m in width, to correspond to the harvester frontage. The
distance between each transect was 50 m (see FigureT8.8hsure that
accurate measurements were obtainsath plants and cotton hillsvere

removed from all transects

The soil cores were taken from the position of each cotton row and furrow of
each transect to a depth of soil of 80 cm (see Figure 3.7). Thisdane was
conducted before and after harvester traffic and provided a total of 312 tubes.

Next, the tubes were divided into 10 cm ssdmplesproducinga total of 2496
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samplesSealed bags wengsedto store and carry samples to the laboratory to

prepargor further measurement

October 2016:During this period, sampling was undertaken at Koarlo,
Undabri, and Yambacully starting on 21 October 20k6)d completedne
week later. Two blocks were chosen in each field. Three transects were
assignedandomlyin each blocko reduce the chance of biased resultse
transect dimensions wefie5 m inlength and 6 m in width foKoarlo and
Undabri. By contrast, the width and length wér® m length and9 m

respectively in Yambacully to match the Cir&ffic system (see Figure 3.8)

As usual, soil cores were also gathered from sample points in each station to
correspond to the gdions of cotton rows and furrows. The sampling method
used similar procedureas in the previous egxeriment. This experiment
obtaineda total of 1872 samples. The samples weensported tothe

labaratory for further measurements

January 2017Soil cores were taken at the above three sitd$ January 2017
and continued for five days. Sampliogcurredin the same soil blocks that
were organisedin each field as mentioned above. Theras considerable
rainfall between January and May 2Qa&fter January 201&xperiments were
conductedThe core sampling methodagthe samesthose discussed above.

This experiment provided 1872 samples

May 2017:Sampling began in May 2017 and was extended for one month. As
mentioned, CTF was adopted at Yambcwvhile RTF was applied at both
Koarlo and Undabri. At the CTF site, two blocks were arranged to correspond
to six rows of cotton as per row spacing of 1.5 m. Each block had six soll
transects. The dimension of each transect was 1.5 m in length amov@dth

to match the CTF7760 modified harvester frontage (see Figure 3.9). Soil
sampling locations at the RTF sites were designed similar to the trial that

occurred in May 2016
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The crop and cotton hills were removed from each transect for both systems.
Rainfall was not recorded during the experiments. For reliability, soil cores
were collected fromthe r e v i 0 Wleckstinreach diteItie soil cores were
collected before and after the harvester traffic, which provided a significant
number of samples (7488). Laboratory work was carriedaabtainfurther
measurements. Table73summarises the sampling incidents. Appendix 3.1

showssoil cores collected during the study period

Table 37 Summary details of soil sampling during the study period

Trial period Field Details
1 field
2 blocks
May 2016 Koarlo 6 transedd in eachblock

13 sample points in each transéutcluding
rows and traffic furrows ahcentre
differential position)

8 soil depths within 1 sample point
Sampling occurred before and aftexffi
Total of 2496 samples per field

3 fields
October 2016 Koarlo, 2 blocks per field
Yambacully, 3 transect in each block
and Undabri 13 sample points in each transect
8 il depths within 1 sample point
Traffic none

Samples per field (624)
Total cores (1872) samples

3 fields
January 2017 Koarlo, 2 blocks per field
Yambacully, 3 transect in each block
and Undabri 13 Sample points in each transect
8 il depths within 1 sample point
Traffic none

Samples per field (624)
Total cores (1872) samples

3 field
2 blocks per field
May 2017 Koarlo, 6 transectin eachblock
Yambacully, 13 sample points in each transect (includi
and Undabri rows and traffic furrowsrad centre

differential position

8 soil depths within 1 samplegnt
Sampling occurred before and afteffic
2496 samples per figl

Total of 7488 sample
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3.3.1.3. Laboratory measurements

Soil waer content andPb were determined at laboratories the University of
Sout her n Qu e e Miel laboratodysmeasuseténjs were based on the
methodoutlind in International Organisation for Standardisatibh272 ISO (2017)

The soil samples were weigheuectly after completing field experiments to estimate
the field wet weight of each sampl€o determine the proper dry weight of the
samples, thegextwere placed in an oven for at least 72 hours aPCQFigures 3.11
and 3.12). The mass tie dry soil sampkwas weighedand then botlgravimetric
soil water conten{dg) and dry bulk densit{Pb) were calculated using Equations (1)
and (2)(Hossain et aJ.2015) Equation 3 was used to calculate volumetric soil water
content(dv). For each location to a depth of 80 cmi] exture was determined using
the hydrometer methgéee & Bauder 1986)he soil texture was dominated by clay
content as shown in Table83Clay content for the soils at the study sitesmadly
ranges between 40980% (Kettler et al, 2009)

< piEé6ééééé. (1)
0 & 666. . . 666666 . (2
0 —QO0Géeé. ... 6eeeeeéé. (3
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SR W
Figure 3.2: Weighing soil samples

Table 38: Soil texture details dfield trials

Property Soil depth Soil texture %
(cm) Sand % Silt % Clay %
Koarlo 0 10 33.75 200 46.25 100
10 20 325 16.25 51.25 100
20 30 27.5 20.0 52.5 100
30 40 30.0 16.25 53.75 100
40 50 31.25 150 53.75 100
50 60 30.0 13.75 56.25 100
60 70 28.75 150 56.25 100
70 80 26.25 13.75 60.0 100
Yambacully 0 10 11.25 16.25 72.5 100
10 20 125 13.75 73.75 100
20 30 11.25 150 73.75 100
30 40 8.75 175 73.75 100
40 50 100 150 75.0 100
50 60 10.0 150 750 100
60 70 11.25 16.25 72.5 100
70 80 8.75 17.25 73.75 100
Undabri 0 10 21.25 150 63.75 100
10 20 22.5 13.75 63.75 100
20 30 175 16.25 66.25 100
30 40 175 20.0 62.5 100
40 50 13.75 16.25 70.0 100
50 60 16.25 13.75 70.0 100
60 70 16.25 150 68.75 100
70 80 16.25 175 66.25 100
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3.3.2.Measuring soil penetration resistance

In this researcha static cone penetrometer CP40II (Rimik) and loadre¢#d100kg
wereusedto measure soil penetration resistance (Figure 3.13). A small cone size (130
mn¥, 12.83 mm diameter) witbhaft(9.53 mm diameter) was select@slitsuits hard

soils (ASAE 1986) This cone penetrometer is able to measure soil strength up to 5.6
MPa and can reach salepth of 750 mm with intervals of 10, 15, 20 and 25 mm
(Rimik, 2017) In addition, GPS was used referencethe points measured in each

location.

The penetrometer was mounted to the constant drive device to ensure targhe
driven into the soiata constant penetration rate (42.5 mn&jnik 2017) Data were
collected from Koarlo, Undabri and Yambacully during October 2016, January 2017,
May 2017 (before and after harvester traffig).all study sites SPRmeasurements
weretakenwhenthe soil cores were collectédyers & Perumpral1981) This was

done by selecting 6 m distance across cotton rows and furraesiitransect of 1.0

m row spacing, whi#9 m was determined for 1.5 m row spacimgertions were made

at every 250 mm in each trans@taunack & Johnstqr2014; Bennett et gl2017)

Penetration data was recordsevery 10 mndepthdown to adepth of 700 mm. For
accuracy, both the crop and cotton hills were removed to guide the penetrometer
equipment in a straight path. Penetration measuremesitted in2232 insertions
during the study period. Soil penetratioesistancedata have beerpresented as
contour maps using the OriginLab 8.5 softw@deiginLab Corporation2018) This
software creates contour maps automatically from xyz data in a worksheet without the
need for an intermediate matii@riginLab Corporation2018) Table 39 showsthe
specifications othe Rimik CP40ll cone penetrometer thats used in tis study.

Appendix 3.2demonstrateSPRmeasurement in situ
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Figure 313: Motorised penetromet&P40I1l (Rimik)

Table 39: Specifications of Rimik CP40Il penetrometer

Penetrometer type

Static cone penetrometer

Weight

3.9 kg

Case dimensions

470 * 358 * 175 (mm)

Maximum Small Cone Index

5600 kPa, 75 kg

Resolution 0.03 kg

Maximum Insertion Depth (mm) 750 mm

Interval Spacing 10, 15, 20, 25 mm
Memory Capacity (no ahsertion$ 2047

Openmting temperature (degreey C -10to 75

Screen resolution (characters 160 * 128

Load cell 100 Kg

Small Cone size (dia.mm, area Aim 12.83, 130

Shatft size (dia.min 9.53

Penetration speed 42.5 mm/s
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3.3.3.Measurements ofcotton yield
3.3.3.1. Cotton pickersused

Three cotton pickers (JD7760) were employed to harvest the study areas. Two standard
pickers (6 mfrontagewith front dualtwheek) were used to harvest at Koarlo and
Undabri (Figure 3.14). Th@TF7760 modified harvester was emydal at Yambacully
(Figure 3.15). A major modification was made to the frontage aZ e/ 760to reach

a9 mwidth. In addition, the front axle was changed by removingtymesf the dual
wheekto becomea singletyre 620/70R42 (Figure 3.16). The genespécifications of

the standard machine are shown in Appendix\3/8ttonville, 2008.
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Figure 315: The modified John Deere 7760 cotton picker

76|Page



uso Chapter3: Materials andViethods

Figure 3.5: A modified the JD7760 cotton picker fitted with single tyres
(620/70R42)

The JD7760 Harvest Identification (Harvest Doc, Yield Monitor, GPS, Mass Flow
Sensors and CABUS) was also employed to measure cotton yield in the field scale
(Figures 3.17 and 3.B). To achieve the objective of this study, JOHN DEERE
DATALOGGER was used to extract yield data from the harvester row by row (Figures
3.19 and 320). Moreover,a personal computer and USB waerdised to storagethe

data. A Petrol Hedge Trimmegpe mease, sealed bagsnd large electronic scales

were also used in this study

Yield Monitor

Figure 317: Harvestmonitordisplayng individual cotton rows data
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Mass Flow Sensors

Antenna

JOHN DEERE
DATALOGGER

l o . W /Ii/[’ ........ i
Figure 320: CAN-BUS Connector
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3.3.3.2. Machine-picked cotton

The experimental sites were selected on the basis of traffic history. The sites were used
annually for the production of cotton and harvested by the JD 7760. In this study, the
influence of compaction due to JD7760 traffic on cotton yield was assesseédbase

the JD7760 traffic in the previous harvest season. In RTF, the positions of cotton rows
cultivatedin 2016 were the sanasthat were harvested in 2015. It was determined by
usingGreenStar data and GPS coordinates to identify location informatilraliimg
boundaries, dimensions, latitudengitude positions of cotton rows and furrows and
roads. In CTF, cotton rows and furrows locations were previously determined because
harvester had the same track winltlorder to restrict the whethffic in the permanent
lanes.To achieve thaim of this researchcotton yieldwas estimated by twanovel
methodgduring the harvest seasans2016 and 201)#o investigate thenfluenceof

JD7760compaction on the cotton yield, row by row, as follows:

1 Harvest seson 2016: A field trialvas undertaken in Koarlo in May 2016. In
this experiment, a new methodology was designed for harvesting cotton with
the JD7760 at the single row level. The plants were cut from the individual
cotton rows using a petrol hedge trimmer, except for one roahwiras left in
each spot, as shown in Figure 3.Riladdition plant trash was removed from
the field.When harvesting began, the first picking unit of the JD7760 harvested
a single cotton row that was left in the first spot along 50while the other
five picking wits were neutral. fie picker was stopped before reaching the
next spot, and the harvested cotton was collected manually from the machine
and stored in sealed bags. The same processes were repeateslioseleent
spotsof the otherrows (Figure 3.22).The int yield was estimated in USQ
laboratory. It was done by separating cottonseeds from lint by thddrarath
spot in each row and then weighed by a sensitive electronic scale and calculated
as kg per metre squared. The calculatedyiild for each row was converted
into (bale/ha). Each bale per hectare is equal to 227 kg lint
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Figure 321: The s£heme of the field trial desigi.0 rowspacing)
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Figure 322: Individual harvest stages at Koano2016

Harvest season 201Threefield trials were conducted at Koarlo, Undabri, and
Yambacully in May 2017. These trials were designed in similar fashion to that
at Koarlo in 2016, in terms of selecting the paddocks and replicates. Figures
3.23 and 3.24 show the experimental design uRddf (1.0 m spacing) and
CTF (1.5 m spacing).

In these trials, all picking units of the harvester were used to pick six cotton
rows at once. Six flow mass sensors were installed on the ducts of the harvester
to measure the amount of yield passing throinghducts duringhe picking
operation. In additionthe JOHN DEEREDATALOGGER was logged into

the CAN-BUS connector to extract the individual row yield data from the
harvester. The console received the data from the sensors and displayed them
individuallyon t he har v.@8eti@GHNOBERBDATALOGGER
transferred the information to the Processing Unit Central of the John Deere
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Company in Chicago, USA by a precise antenna. The data was processed and
set up as aexcel spreadsheet for further measurataen order to compute

the cotton yield row by row
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Figure 323: Trial design schematic of each plot subjedtethe JD7760 standard
configuration (6m frontagewith duatwhee). R1and R2 represent the replication in
each plot
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Figure 324: Trial design schematic of each plot subjectethe JD7760 modified
configuration (9m frontagewith asingle wheel). RAnd R2 represents the
replication in the plot
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3.3.3.3. Hand-picked cotton

A handpicked harvestingmethod was employed to obtain an accurate and reliable
estimationof theyield of individualrows. Inthe 2016harvest season, the hapidked
method was undertakext Koarlo by choosing sixongitudinalcotton rows from the
replicates of each paddock randomly. Thredressquare were separately determined
in each individual row. Thereaftegeedcotton were collectethanuallyand stored in
sealed bags. The lint yields were weighesing a sensitive eleobnic scale and
calculated akg permetresquaredand then conwgéed into bale per hectare. This
method was alsearried outat Koarlo, Undabri, and Yambacully durirthe 2017

harvest season

3.3.4.Calculation of harvestlosses

The approach for measuring harvest losses adopted in this study followed that used by
Faulkner et al. (2011)t was done by assigning a linear segment (7.®m®ch cotton

row in all paddocks. In each segment, thmetreswere chosen for the hapicked

section and a 1.5 m distance from the end ofiimetpickedspot was lef(uncropped).
Anotherthreemetreswere also selected for the machpieked section and theeed
cottonleft in the ground were cleaned before hanngstFigure 3.5 and 3.%). The

first 3.0 metres of each spwere picked by hand, wieitemainingthe 3.0 metresvere
harvestedvith the JD7760. Gtton left on the plant anoh the groundvascollected

by hard to measure harvest efficienggingEquation3, aswas suggested yaulkner

et al. (2011)

7 7

0 — prnnéééééééé. (3)

Where

L= Harvest losin percentages

P=_Cotton lint left on plants in 3.6 lengh due to machinpicked (gram)

G=Cotton lint ontheground in 3.0n length of row after the harvest by JD7760 (gram)

H= The amount of cotton lint in 3:® handpicked
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Hand Harvested Machine Harvested
Sample Row | |

Im 15m Im

Figure 325: Scheme of harvest efficiency measurenmeathodology of single
cotton row

Source: Adopted by the researcher frgraulkner et a).2011)

Figure 326: Segment 3.0n for machine picked to measunarvest efficiency

3.4. Statistical analysistool

Analysis of variance (ANOVA) was uséal determine differences between melys

using the software package (Statistical Package for Social Scientists) IBM SPSS
version 23.0(IBM, 2016) Oneway ANOVA, twoway ANOVA, descriptive
statistics correlation and regressi@malysiswere employedto assesshe impact of

the JD7760 harvester traffic osoil compaction andcotton yield. Analysis of
Covariance (ANCOVA) was also used to correct the SPRdibwatercontent and

Pb. Significant difference was tested using the least significant difference (LSD) and
Tukey testsThe differences between the meansaofdomfactorswere considered to

be significant if the probability level was 0.05 or IeBseindependent variablegere
seasonal variability, traffic systems (RTF and G Hefore and after harvester traffic,

the position of the cotton row arfigrrow, row spacing, sbdepth, and harvesterhe
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dependent variablesvere soil water content, dry bulk density, soil penetration
resistancegottonyield, and harvest los$he statistical analysis processes were carried

out afterclosec onsul t ati on wi t Konsuling Unit &KQir 2015t at i s
Pers comm)Furthermorethe attached file (CD) includes field experiments data (Part

| presents the data across the overall field and Part Il psabenindividual data of

cotton rows and furrows)

3.5. Conclusion

This chaptehas detailedthe specificmethods usetb investigate the influence ebil
compaction due to JD7760 traffic on the cotton yield at the level of individual rows
and furrows. The experimental arrangements for each objectivebbandescribed.

Site descripon, field selection, experiment design, parameters, equipment used,
experimenal procedures and laboratory work have also been presendethih Data

collection and statistical analysiavebeenexplained

Field trialswerecarried outatthree separate sites (Koarlo, Undabri and Yambacully).
Solil properties(soil watercontent, drybulk density and soil penetration resistance)
weremeasured and Vertosol behaviseasalso monitored. Two novel methodologies
of machine harvesting weperfamed to gather the individual row yield data from the
JD7760 cotton picker
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Chapter 4.Results anddiscussiors. Soil properties in
an overall field asinfluenced byrainfall, seasonal
variability and harvester traffic

4.1. Introduction

The previous chapter @sented the research methodolodineg wereused to collect
and analysdield data.This chapter discusses the findinglsmonitoring Vertosols
behaviour under random traffic farming (RTF) and controlled traffic farming (CTF)
systems within the period between October 2016 and May 2017. Resthitsiofpact
of harvester traffic on Vertosols between different individudtoro rows, and at

different soil depths in the rows are discussed in the following two chapters

Given that Vertosols shrink and swell with drying and wetting cycespetvely, it
IS important to investigate the potential changedrinbulk density over the growing
seaon. This hdps to understand the extent d@diange indry bulk density from one
harvest traffic instance to the nekt this chapterthe influenceof rainfall, seasonal
variability and harveser traffic on Vertosol properties (soiater content, drybulk
densty, and penetration resistancjrossthe field are discussed®TF under1.0 m
row spacing waatilisedin Koarlo and UndabriCTF (1.5 m row spacingvas adopted
in Yambacully.Before theOctobertrials, the total amount ofainfall was 112 mnin
Koarlo, whilst about 122 mm was recordedbath Undabri and YambacullyThe
temperature ranged between 40 in January 2017Australia Government 2018)
Harveser traffic occurred in May 2017In all the study sitesthe observations of
October 2016 reflected the history traffic across the fi€lte significant and key
findings of this chapter ardaswn in the dscussion sections

In this chaptertwo-way ANOVA wasused to compare the means of the treatments
during October 2016, January 2017 and May 2017 (before and after traffe)
significant difference was testTagerrarsi ng
bars presented are for an ANOVA at 95% confidence interval at all figlines.

different lowercase letters (a, b and c) in the same row in the figures and tables in
Chapters 4, 5, 6, 7 and 9 r iefpebabitylevelsi gni f
between the values is 0.05 or less implies that there is a significant difference between

the values, thus they take different letters, irrespectivanahcrease or decrease
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between the value#\ probability level higher than 0.05 between values implies no
significant difference, thereforgaluestake the same lett®. The symbol ) refers

to the significant difference between
figures.The attackd file (CD), Part Ill includes all theesultsdatafor Chaptes 4, 5

and 6

4.2. Results

4.2.1. Soil water content

As previously mentioned soil samples were collected across the cotton rows and
furrows to represent the average field this study,soil water conten{Swc) was
calculatedbasis on gravimetriandthenconverted into volumetric soil water content

in order to investigate the change in volumetric soil water dynamiedo Vertosols
behaviour (shrinkswell) and compaction Differences between treatments are

presente@s a percentage tife change irsoil watercontent

4.2.1.1. Koarlo site

The statisticabnalysisshowedthat Swcwas significantlyhigherat P O 0 leQebin
October 2016 than in January 2017, by approximatd®p at a depth oD 30 cm
(Figure 4.1) This suggestshatsignificantrainfall in earlyOctober 2016 accumulated
on the soil surface and began to infiltriite soi| which then resulted in a recharging
of the water profileof the soil At the same time, variation of soilater content
between different depthsasrelated to Vertosol heterogeneiglay minerals,and
water flowthroughcracks(Ghosh et a).2010; Yuet al, 2015)

As shown in Figure 4.1, is apparent that sowater contentvassignificantlylower

in January 2017Summer in Australiajhan May 2017 (both before and after traffic),
by 10% at the soil surface. Thisvas because dhe considerableaainfall between
January and May 201which increased theater profile. There was no significant
difference in Swc betweenthe before and afteharvestertraffic in May 2017
throughoutheentire profilebecaussoil cores were collectedirectlybefore and after

traffic.
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Volumetric soil water content (%)
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Figure 41: Change involumetricsoil water content at different soil depths in Koarlo
during the period between October 2@tiMay 2017 (after traffic)

4.2.1.2. Undabri site

As mentioned in the previous chapter, both Koarlo ldndabri had the same traffic
farming system(RTF). Soil water contenshoweda similar trend to that in Koarlo
(Figure 4.2) It was significantly higherin October 2016han January 2017by
approximatelyl0% at theOi 30 cmsoil depth and lower inJanuary2017, by14% in
comparison toMay 2017 (before and after trafficyn addition, no significant
differencewas foundin soil water contenbetween before and after harvester traffic
in May 2017 thraghout the soil profileThereasons wersimilarto thosehighlighted

for Koarlo site(abovs.
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Figure 42: Change involumetricsoil water content at different soil depths in
Undabriduring theperiodbetween October 2016 and May 2017 (after traffic)

4.2.1.3. Yambacully site

In this site, a controlled traffic system (CTF) with 1.5 m row spacing was adopted. The
data analysishowed that soivater contentvasalsosignificantly higher in October
2016than in January 2017, % for the 030 cm deptldue torainfall (Figure 43).
Additionally, thesoil profile was significantly driein January 201%an in May 2017
(before and after traffic), by 7% in the&psoil. A possible explanation that the 1.5 m

row spacing may have permitted a greater amount of dry wind and rad@tiesach

the groundthereby increasinthe evaporation rate and decreasswgcfrom October

2016 to January 2017 wheain fellagain(Figure 44). Harvester traffic did nahduce

a significant change isoil water contenthroughout 080cm depth
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Figure 43: Change involumetricsoil water content at different soil depths in
Yambacullyduring the period between October 2@t@iMay 2017 (after traffic)

Figure 44: CTF Yambacully (1.5m row spacing) in January 2017
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4.2.2.Dry bulk density
4.2.2.1. Koarlo site

Due to the shrinlswell characteristic of Versmls their soil density changes with
changes invatercontentBennett et a) 2016) In particulardry bulkdensity increase

at dryconditionsdue to(volume)shrinkagewhile it decreases under wabnditions

due tothe swell charactestic (Virmani et al, 1982) Table 4.1and Figure 4.5 show
that Pb ranged between 48 to 1.56 g/cmin the period between October 2016 and
May 2017 (after traffic) The observations revealed that because of increased
temperatur@and moisture evaporatioRp increasedsignificantly from October 2016

to January 201,y 3% at the D20 cm depth. Then the rainfall events between January
and May 2017 led to decrease ifPb, by 6%in the 0 20 cm depthHarvester traffic

in May 2017 resulted in an increasePh.

Looking at Figure 4, significant compactiorwas induced after one pas®f the
JD7760harvesteryesulting in anncreasean Pb, from 1.2 to 1.41g/cn? and from
1.47to 150g/cn? in the 0 30 cm and 4060 cm depths respectively, when compared
to before traffic in May 2017This suggestthat traffic fromthe heaw harvester was

the main source of the surface and subsurface compaction

Table 4.1:Changes ifPb at theKoarlo site during the study period

Soil depth October2016  January2017 May 2017 May 2017
(cm) (before traffic) (after traffic)
Pb (g/cn¥)

0-10 1.30a 1.34b 1.28a 1.35¢c
10-20 1.40a 1.43a 1.34b 1.42a
20-30 1.47a 1.48a 1.39%b 1.45a
3040 1.52ac 1.53a 1.45b 1.48bc
40-50 1.55a 1.55a 1.47b 1.50b
50-60 1.51a 1.52a 1.47b 1.50ab
60-70 1.50a 1.51a 1.49a 1.52a
70-80 1.55a 1.55a 1.53a 1.56a
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Figure 45: Changes irPb at different soil depths at the Koarlo sitgring the period
between October 20I@hdMay 2017 (after traffic)
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Figure 46: Changes ifPb with depth due to harves traffic (JD776Q
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4.2.2.2. Undabri site

It can be noted from Tabke2 and Figure 4.9 that dry bulk density valygssess
similar trend to those in Koarld he Pb valuesincreasedsignificantly, by 3%from
October 2016 to January 20ivthetopsoil, and then decreas¢owardsMay 2017
(before traffic) by 9% in thedepth of0i 30 cm Significant compaction was observed
after harvester traffioyhich resultedn increasediry bulk densityfrom 1.30to 1.36

g/cn? at thesurface layecompared to before traffi&igure 4.8.

Table 42: Changes ifPb at the Undabiri site during the study period

Soil depth October 2016  January 2017 May 2017 May 2017
(cm) (before traffic) (after traffic)
Pb (g/cn?)
0-10 1.31a 1.35b 121c 1.27d
10-20 1.41a 1.46b 1.32c 1.37d
20-30 1.46a 1.50b 1.41c 1.46a
30-40 1.49ab 1.50b 1.42c 1.46a
40-50 1.48a 1.49a 1.43b 1.47a
50-60 1.55a 1.55a 1.45b 1.49c
60-70 1.55a 1.57a 1.46b 1.50c
70-80 1.60a 1.61a 1.50b 1.52b
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Figure 47: Changes irPb at different soil depths at the Undabri sitering the
period between October 2046dMay 2017 (after traffic)
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Figure 48: Changes iPb with depth due to harvesttraffic(JD7760Q

4.2.2.3. Yambacully site

Table 4.3 andFigure 4.9revealthat Pb rangedbetweenl.23 and 1.54y/cnt during
thestudyperiod Dry bulk density wagound to besignificantlylowerin October 2016
thanJanuary 201throughout the 0830 cm depthandalsodecreased from 37to 131
g/cn? from January tdVlay 2017 (before traffic) ithe 0i 30 cm depth. This suggests
that increasing soil water content due to rainfall events at the beginning of October
2016 activated theswell property which led t@a decreasedPb, while increased
temperature due to seasonal variability resulted in more evapyrathich led to
increasedPb due to shrinkage of the Vertos@aniel & Wu 1993; Chinn & Pillai
2008) Furthermorefigure 4.1Ghows thatraffic from the CTHF760harvester caused
significant compaction that led to increagiafrom 1.28to 133 g/cn? in thedepth
of 0i 20 cm suggestinghatthe JD7760Qraffic, regardless oRTF or CTF was the

majorsource ofoil compaction(Bennett et a).2017)
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Table 43: Changes iPb at the Yambacullgiteduring the study period

Soil depth October 2016  January 2017 May 2017 May 2017
(cm) (before traffic) (after traffic)
Pb (g/cny)
0-10 1.23a 1.27b 1.23a 1.28b
10-20 1.37a 1.41b 1.32c 1.37a
20-30 1.40a 1.44b 1.37c 1.40a
3040 1.42a 1.46b 1.40a 1.43ab
40-50 1.42a 1.46b 1.42a 1.45ab
50-60 1.44a 1.48b 1.45ab 1.47ab
60-70 1l.47a 1.50a l.47a 1.48a
70-80 1.49a 1.51a 1.49a 1.51a
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Figure 49: Changes ifPb at different soil depths at the Yambacully siteging the
period between October 20a6dMay 2017 (after traffic)
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Figure 410: Changes iPb with depth due to harvesttraffic (JD776Q

4.2.3.S0il penetration resistance

Tables 4.4, 4.5 and 4.6 shd\nalysis of Variance for soil penetration resistance in
Koarlo, Undabri and Yambacully during the period between October 2016 and May
2017 (after traffic). Inraddition, pots labelled A, B, C, and D in Figures 4.11 to 4.13
represent soil penetration resistance for October 2016, January 2017, May 2017
(beforetraffic), and May 2017 (after traffic), respectively, while plots E, F, G, and H

refer to their corresponding variations in water content for the study areas.

4.2.3.1. Koarlo site

Theresultsreveal a loweSPRin October 2016 than in January 2017,3%6 at the

0 30 cm depth (Figure 411A and B), suggesting that high water content duaitdall

in earlyof October 2016ed tosweling of thesoil, and therefore alleviated compaction
effects(Bennett et al.2016) Increasingemperature from October 2016 to January
2017 resulted inVertosol shrinkagewhich led to a significant increase in soll
penetration resistand®gy 23% in the topsoil comparedo May 2017 (before traffic)
(Figure 4.1 B and C).Figure 4.1 E and F showshat Swc decreasedignificantly
from October 2016 to January 2017 due to evaporatiotil rain fell againin the
period between January and May 20Traffic from the JD7760causedmajor
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compaction, whichesulted inncreagdSPR by52% in the depth of ®0 cm (Figure
4.11 C and D)

Table 4.4: Analysis of Variance for soil penetration resistance in Koarlo during the
studyperiod

Multiple Comparisons
Dependent Variable: SPR

() Time (J) Time Mean Std. Sig?
Difference Error
(1-)
Octber2016 Jan2017 -486.286  102.025 .000
May -17 before harvest  -426.857  102.025 .03
May-17 after harvest -1532.143  102.025 .000
Jan2017 Octber2016 486.286  102.025 .000
May -17 before harvest 59.429 102.025 .003
May-17 after harvest -1045.857  102.025 .000
May -17 before Octber2016 426.857 102.025 .000
harvest Jan2017 -59.429  102.025 .000
May-17 after harvest -1105.286  102.025 .000
May-17 after Octber2016 1532.143  102.025 .000
harvest Jan2017 1045.857  102.025 .000
May -17 before harvest  1105.286  102.025 .000

*, The mean difference is significant at the5 level.
b. Adjustment for multiple comparisons: Least Signifidaifference (equivalent
to no adjustments).
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Figure 4.1 Soil penetration resistaneeapsat Koarlo during the study periodoil
penetration resistance {B) and soil water content {H)
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4.2.3.2. Undabri dite

A similar trendwasfoundin soil penetration resistantéethat in Koarlo(Figure 4.2).
The valuesncreased significantlyfrom 1445to 314 kPa in the 030 cmdepth from
October 20160 January 2017 (Figure L1A and B).The period between January
2017 and May 2017 (before traffic) showedsignificant decreased irSPR by
approximately44% at theO 30 cm surfacelayer (Figure 412 B and C).Moreover,
significant compactiorwas observedfter one pasef the JD776Charvesterwhich
resulted in increasepenetration resistancéom 3473 to 4250 kPathroughoutthe
20 60 cmdepth (Figure 42.C and D)

Table 4.5: Analysis of Variance for soil penetration resistance in Undabri during the
studyperiod

Multiple Comparisons
Dependent Variable: SPR

(1) Time (J) Time Mean Std. Sig»
Difference Error
(1-J)
Octber2016 Jan2017 -1382.857  101.016 .000
May -17 before harvest  -388.714 101.016 .001
May-17 after harvest -1179.571  101.016 .000
Jan2017 Octber2016 1382.857 101.016 .000
May -17 before harvest 994.143  101.016 .000
May-17 after harvest 203.286 101.016 .045
May -17 before Octber2016 388.714  101.016 .001
harvest Jan2017 -994.143  101.016 .000
May-17 after harvest -790.857 101.016 .000
May-17 after Octber2016 1179.571 101.016 .000
harvest Jan2017 -203.286 101.016 .045
May -17 before harvest 790.857 101.016 .000

*, The mean difference is significant at 1he5 level.
b. Adjustment for multiple comparisons: Le&ggnificant Difference (equivalent
to no adjustments).
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Figure 4.2: Soil penetration resistaneceapsat Undabriduring the study periodoil
penetration resistance {B) and soil water content {H)
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4.2.3.3. Yambacully site

Figure 4.B A, B and Cshows thathere was a significant increasesimil penetration
resistance from October 2016 to January 2017, by approxin@féyin the10i 30
cm depthand thert decreased towards May 2017 (before traffic)28% in the depth
of 10r 20 cm. In addition, significant compacti@tcurredafter a single passf the
CTF776&0 harvester, which resulted anincreaseof soil penetration resistance from
944to0 147 kPa in the depth off B0 cm(Figure 4.B C and D).

Table4.6: Analysis of Variance for soil penetration resistancéambacullyduring
the studyperiod

Multiple Comparisons
Dependent Variable: SPR

() Time (J) Time Mean Std. Sig?
Difference Error
(1-J)
Octber2016 Jan2017 -679.571  142.858 .000
May -17 before harvest  -712.143 142.858 .001
May-17 after harvest -1410.857  142.858 .000
Jan2017 Octber2016 679.571  142.858 .000
May -17 before harvest -32.571 142.858 .000
May-17 after harvest -731.286 142.858 .04
May -17 before Octber2016 712.143  142.858 .001
harvest Jan2017 32.571 142.858 .000
May-17 after harvest -698.714 142.858 .000
May-17 after Octber2016 1410.857  142.858 .000
harvest Jan2017 731.286  142.858 .04
May -17 before harvest 698.714  142.858 .000

*. The mean difference is significant at thé5 level.
b. Adjustment for multiple comparisons: Least Significant Difference (equivale
to no adjustments).
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Figure 4.B: Soil penetration resistaneeapsat Yambacullyduring the study period
soil penetration resistance {B) and soil water content {B)
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4.2.4.Covariance analysis betweersoil penetration resistance soil
water contentand Pb

Among the soil parameters affecting soil penetratesistance of a specific soil, the
soil water content (Swc) and dry bulk densPp) are the most consideral{i@ennie

1988; Moraes et al., 2012)o analyse soil SPR, it considered soil water content and
Pbas covariables in May 2017 (after traffi|pcause their regression coefficient was
significantly different In this studythe means of SPR, Swc, aRtd were averaged
across all depths and repliicans for the studied sitexcross the entire profilgrasin

et al., 1993). Results from the analysis of Covariance (ANCOVA) revealed that SPR
had strongly significant differen¢® O 0 ) w@thBbothSwcandPbfor Koarlo, Undabri

and Yambacullyhroughouthe depth of 070 cm (Tables 4.4, 4.5 & 4.6). There was

an exponential dependence of the SPR with soil water content and a power dependence
with the Pb valuesand the fitted parameters were well correlated. It was found a
significantreductionin the vales of SPR when Swcasghigher, while increased with
increasingPb at all sites. This suggeshat the cohesion and adhesion forlcesveen

the soil particles and aggregatesre declined withncreasingSwc leading to SPR
reduction besidesthe water ac as a lubricant, reducing the friction between the soil
and the steatone penetromet€Hillel, 1982;Silva et al., 2016)

Figure 4.4 also showghat the effects of changing soil water contentshenvalues
of SPR are clearly apparent thahin May 2017 (&er traffic) atall sites.There was

a negativecorrelation coefficienbetween the SPR and Swc &:=R).205, R= 0.640
and R= 0.077and 95% confidence intervals (696.870,-288.472), {795.969,-
578.892) and-632.030,-101.066)for Koarlo, Undabri, and Yambacully respectively
Figure 4.14 (A, B & C)These results support inferences widely cited in the literature
that Swc has an impact on SPR measurements. In coittrass, observed positive
correlation coefficienbetween SPR anflb at R= 0.493, R= 0.641 and R= 0.492
ard 95% confidence intervals o#i§21, 10629.597, (15298.845,21017,009 and
(4768.969, 10303,7340r the Koarlo, Undabri and Yambacullgites respectively
(Figure4.14D, E & F). The validity of theeresults is confirmedhat SPRis more
sensitive to soil water content Bb, and more sensitive t8b at lower soil water

content.
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Table 4.4: Analysis of Covariance (ANCOVA) between SPR, SwdPdarfdr Koarlo
after harvester traffic in May 2017

(SPR*Swc) Coefficients®
Model Unstandardied Standardied t Sig.
Coefficients Coefficients
B Std. Error Beta
1 (Constant) -14290.729 2398.644 -5.958 .000
Swc -492.671 102.769 -.453 -4.794 .000
a.Dependent variable: SPR
(SPR*Pb) Coefficients?
Model Unstandardied Standardied t Sig.
Coefficients Coefficients
B Std. Error Beta
1 (Constant) 8459.168 2133.638 3.965 000
Pb 7725.373 1461.628 .489 5.285 .000

a. Dependent variable: SPR

Table 4.5: Analysis of Covariance (ANCOVA) between SPR, Swd>drfdr
Undabri after harvester traffic in May 2017

(SPR*Swc) Coefficients®
Model Unstandardied Standardied t Sig.
Coefficients Coefficients
B Std. Error Beta
1 (Constant) -21081.865 1341.854 15.711 .000
Swc -687.430 54.625 -.800 -12.585 .000
a. Dependent variable: SPR
(SPR*Pb) Coefficients*
Model Unstandardied Standardied t Sig.
Coefficients Coefficients
B Std. Error Beta
1 (Constant) -21663.387 2058.733 -10.523 000
Pb 18157.927 1438.909 .801 12.619 .000

aDependent variable: SPR

Table 4.6: Analysis of Covariance (ANCOVA) between SPR, Swd>drfdr
Yambacully after harvester traffic in May 2017

(SPR*Swc) Coefficients*
Model Unstandardied Standardied t Sig.
Coefficients Coefficients
B Std. Error Beta
1 (Constant) 11986.111 3529.398 -3.396 .001
Swc -366.548 133.611 -.279 -2.743 .007
aDependent variable: SPR
(SPR*Pb) Coefficients*
Model Unstandardied Standardied t Sig.
Coefficients Coefficients
B Std. Error Beta
1 (Constant) -8330.822 1970.153 -4.229 000
Pb 7536.352 1392.759 .498 5.411 .000
1. Dependent variable: SPR
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4.2.5. Correlation and regressionanalysis betweensoil penetration

resistanceand Pb

Figures4.15 and 4.5 revealapositivelinearcorrelation betweeSPRandPbdetected
for the Koarlo(RTF) and Yambacull{CTF) sites In RTF, t was found thaBPRhad
amoderatecorrelationwith Pbin October 2016 antMay 2017 (before traffic), while

there wasaweak correlation in January 2017 and May 2017 (after trafig)shown

in Figure 4.15(A-D), the CTF Yambacullysite had also a moderatecorrelation
between SPR anidb in October 2016, January 2017 and May 2017 (before traffic),
while it wasrelativelylow in May 2017 (after traffic)Thesewerebecause that dry

bulk densityhada significant impact on SPiReasuremeni{8ennie 1988) However,

small differences in thegaluesof soil bulk density affeetddifferently the response of

soil resistance as a function of msiire(Van Quang & Jansso8012)
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the study period. The letters A, B, C, and D refer the correlation for October 2016,
January 2017, May 2017 (before traffic), and May 2017 (after traffic), respectively

One again, in thistudy, linear regression models were used to predict soil penetration

resistance variables from the measured dry bulk density after harvester traffic in May
2017 for Koarlo (RTF) and Yambacully (CTF). The tentative hypothesis was that

increasePb causes iareasing SPR values. The regressemalysis revealed that the

predicted SPR values increased positively with the increm&it (R-squared= 1) for

both systems (Figure 41 and B). This suggests that the independent variaBlgs (

in the model predicte100% of the variation in the dependent variable (SPR) because

the Rsquared value equalsThisimpliedthat the dependent of a variallasalways
prediced by the independent variab{®ontgomery et al. 2012; Ober 2013;
Hoffmann & Shafer2015) Furthermoreit is reported thaBPRshoweda similar trend

to Pb, in particular when the soivasat the same moisture conditions (Benii@g8).
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4.3. Discussion

4.3.1.Soil water content

Soil water content is a critical deor that can directly affect soil properties and crop
growth (Mosaddeghi et al., 2000; Kellef@4) Soil watervariability is affected by
complex interactions among several fac{afs et al., 2015)These include variations

in topography, soil properties, vegetation type and density, matencontent, depth

to water table, precipitation depth, solar radiation and other meteorological factors
(Baroni et al.2013) McKenzie(1998 reported thasoil texture and irrigation method
used have a direct impact on vawatiof soil water in the profileurthermorethe
differences in soil water content due to differences in soil texture are more pronounced

under wet condibns rather than drgFamiglietti et al. 1998)

Among Australian soils, Vertosa$ widely utilised for irrigated and dryland cotton
production(Jutzi 1988; kbell 2016) This soil hasthe ability to selfmulch as a
consequence of repeated wetting and dryiMgKenzie & McBratney 2001) The
process occurs during drying when these Vertosols fragment to form a thin surface
layer (<50 mm) of water stable aggregates less than §Ahmad 1983; Jutzi1988;
Coulombe et a).1996) However,Vertosol heterogeneity affects the distribution of
soil water through variations in texture, organic matter content, structure and the
existence of macroporosity, all of which affect the fluid transmission and retention
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properties of the soil column (McGgr 1996; Famiglietti et al., 1998). Addtitonally
water holding capacity and drainage are is§@G®sh et a).2010)

In this study, Swc wasxpressednavolumetric basisThe observations revealed that
Swc was higher in October 2016 than in January 2013@ppyoximatelyl3% in the
surface soil aKoarlo, UndabriandYambacully This suggestthat the soil held more
water due to the rainfall evera$the beginning of October 2016 which ledaoe-
wetting of the soil profileecomparedo subsequent periods. The variations in the soil
water between the different depths were highly related to Vertosol heterogeneity, clay
minerals andalow infiltration rate. This was considered to be a major issue in terms
of water stabilisation, and led to abstructionin water movement in the soil profile
(Hillel, 1998 McKenzie 1998; Chinn & Pillaj 2008; Li et al. 2009)

All field experiments showed thahe Vertosol profile was drier in January 2017
(before the rainfalls) than in May 2017 (before and after traffic) for allisitiee 0 30

cm soil depthHowever, the studied areas had different soil textures (Table 3.5) and
irrigation systemsThese resultsay be explained by the fact thvaas because of the

lack of vegetation in the earlier growing stage and increasing temperatures between
October 2016 and January 2017. This alloaé&iyher amount of solar radiation and

dry wind to reach the grountgsuting in more evaporation until January 2017, after
which the rains fell agaifRoberton & Bennet2017) On the other hand, the depth of

30 50 cm showed a slight decline in soil water content, by approxim@elyor

Koarlo and Yambacully, respectively, from January 2017 to May 2017 (before and
after traffic), suggesting that the crop absorbed the water during the growth stages
(Figures 4.1 ath 4.3). Furthermore, there was no significant differenceoihwater
contentthroughout the entire profile for both systems (RINECTF) before and after
harvester traffic in May 201&ampling was done directly before and after traffic)

summary, te key findingsare

1 Rainfall events in early October 2016 resultedrewetting of the soil profile,
which resulted in 3% higher Swc, in the topsoil than subsequent periods at all

sites
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1 The Yambacully siteexperiencednore rainfall in October 2016 hwk the
experimentandhad a higher water content than the other two conventional
traffic sites, by 17% throughout the entire profile

1 The Undabri site was most affected by increased temperatures from October
2016 to January 2017, recording lower Swc ompared to Yambacully in

the topsaoill

1 Controlled traffic farming had a lower sensitivity to seasonal variability. This
was demonstrated by a lower rate of moisture loss (7%) compared to 18%
under RTF at the Koarlo and Undabri sites in the0ém depth fortte period
between January 2017 and May 2107

1 Traffic from theJD7760 regardless ofandom or controlled traffic farming

did not significantly affect soil water contehtroughout the entire profile.

4.3.2.Dry bulk density

In general, thedry bulk density of soilsndicates the soil quality and degreeof

compaction, which have a direct impact on soil properties and crop gfdemaz et
al., 2013; Hugar & SoraganvR014; Vero et aJ.2014) Among Australian soils,
Vertosol is known to havea high clay content and strong shriiskvell capaciy

(Hulugalle & Scott 2008) It is strongly affected by changja the soilwaterduring

the period between cultivation and harvééamara & Haquel1988) Furthermore,
Vertosol has theability to selfrepair after several drywet cycles(Chinn & Pillai,

2008) However jt respondseadilyto compaction at different profile deptfGhan et
al., 2006)

As mentioned the densityof Vertosol issignificantly affected by wedry cycles, in
particular, soil density increasm dry conditions due to shrinkage, while it decreases
under wet conditions due to swel (Virmani et al, 1982; Novara et gl2012) In

this study,the field resultshowed that rainfall events earliarOctober 2016 had
cleareffect onPbat all sites. Thealuesweresignificantlylower in October 2016 than
January 2017or Koarlo, Undabri and Yambacully in the surfdagers (Tables 4.1,

4.2 and 4.3)A possible explanatiofor thisis that rainfall recharged the water profile
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and increased soil water content before the soil samples were taken, thereby resulting
in swelling, which consequently decreased dry bulk density and providechstumna
remediation(Bennett et aJ.2017) On the other handhe surface soshowed higher

dry bulk densi in January 2017 than in May 2017 (before traffic), by approximately
6%, 9% andb% for Koarlo, Undabri and Yambacully, respectivdlfaiis was because

from October 2016 to January 2017, soil temperature gradually increaseitingin
moisture loss until the next rainfall events. This led tdistributed particle volume

in thetopsoil which caused soil particles to move indepengesiteach other due to
shrinkage. Thus, soil pores decreased Bhdncreased as a resuMcKenzie &
McBratney 2001; Newton2014)

Furthermorethe JD7760 cotton picker trafftausedsignificant compaction, which
resulted in increased diyulk density in Koarlo,Undabri and Yambacully at the
surface soil This suggeststhat the heavier harvester regardless of random or
controlledtraffic, wasakey source o$oil compactionresultingin anarrowing of the
soil pores and increasdtb in both surface and stdurface layerg¢Braunack edl.,
2012 Jobbagy et 8l2014; Bennett et gl2017; Ungureanu et aR019) Overall, it

wasfoundthat:

1 The topsoil exhibited high sensitivity to the wh cycles which resulted in
significant changes iRb values under both CTF and RTF

1 Rainfall events irearly October 2017 and May 2017 (before traffic) resulted in
swelling of the Vertosolwhich led tosignificanty decreasedPb and provided
somenatural remediationin the topsoil underboth RTF and CTFrelative to
January 2017

1 Increasedemperature@lue toseasonal variabilityffrom October 2016 to January
2017) resulted iVertosolshrinkagenhich led tosignificanty increasedPbin the

surface soil at all fieldsx comparison to May 2017 (before traffic)

9 Harvester traffic caused significant compactioficli resulted ira significant

increase in dry bulk density in the surfdagerfor both RTF and CTF
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9 Traffic from the CTF harvester induced lower soil compaction on the overall field
compared to traffic by the standard JD7760 configuration

4.3.3. Soil penetration resistance

The relationship between soil penetration and compactiooftambe usetb estimate
soil compaction(Perumprgl 1987 Costantinj 1995) Cone index isgenerally
connected to soil type, bulk densigndsoil water contentlt has a linear correlation
with Pbwhen the soil is at the same moisture condit{@snnie 1988) However,Pb
does not havea key impact osoil penetration resistance in the shierm(Van Quang
& Jansson 2012) Consequentlysoil water contentcan be an important factor
affecting SPR Penetration esistance ranges between 3.2 MPa whenSwc is
approximately1l6% (Jobbagy et al2014)

The results of this study showd#thtthere was a strong negative correlation between
soil penetration resistance and soil@vatontent, whiléherewas a positive correlation
between soil penetration resistance Bbdn depth of @70 cm at all sites. The values

of soil penetratiorresistance wersignificantly lower in October 2016 than in January
2017 in thetopsoilunderboth farming system@RTF andCTF). It was also lower in

May 2017 (before traffic) than in January 2017, by approxima@dy, 44% and 28%

for Koarlo, Undabri and Yambaculigpsoil respectivelyAs indicated in the previous
section, this could battributed to the rainfall events during the early parts of October
2016 and in the period between January 2017 and May 2017 (before traffic). These
rainfall events recharged the water profildha soil and increase®wvc. The mcrease

in Swccaused theal to swell and provided some natural alleviation of compaction,
leading to lower soil strengitiRadford et al.2000; Junior et §l2014; Bennett et al.
2017) Significant moisture loss due #&mincrease in temperature occurred between
Octdber 2016 and January 20Xcausingthe Vertosol to shrink. Shrinking led &m
increase in the cohesive strength and frictional resistance of the soil, thus, the
significantly higher soil penetration resistance in January Q0dridsberg et §12003;
Wilson et al, 2010; Farzaneh et a2012; Van Quang & Janssd@012)
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Traffic from the JD7760egardless ofhe farming systemRTF or CTF), resulted in
increagdsoil penetratiomesistancen the surface soil. This suggests theld traffic
wasthemajorsource osoil compactior(Horn et al, 1995) In general, the main results

are

1 Increasing soil water content due to rainfall caused the Vertosol to swell,
providing some degree of natural compaction alleviation and decreasing soil
penetration resistance in October 2016 relative to subsequent periods f&FBoth
andCTF

1 Vertosolshrinkage due to dry conditions resultedhisignificant increase in soil

penetration resistance in topsoil at all sttemughouthe soil profile

1 Both traffic systems showed a higlsail penetration resistan@dter one pass of

the harvester

1 Harvester traffic on the site under CTF had the lowest soil penetration resistance
in the @ 70 cm depth relative to RTF at both Koarlo and Undabri

4.4. Conclusion

The behaviour of Vertosol in response to factors such as rainfall, seasonal variability
and harvster traffic under two different cotton farming systelR$KE andCTF) was
monitored in this chapter. First, it was found that the soil resposidadicantly to
variations in the listed factors. This, in turn, affected the potential for plant growth and
yield. Furthermore, it was found that increasBwgcdue to rainfall resulted in swelling

in thetopsoilunder bothRTF andCTF. The higher moisture and the swelling of the
soil led toaslight decrease iRb and soil resistance and provided some compaction
alleviation. This translates positiyeh terms of seed germinati@md plant nutrition.

The CTF site at Yambaculxperienceanore rainfall in October 2016, leading to a
significantdecrease itompaction impacts compared to the other two conventional

traffic or RTF sites.
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On the other handor all sites dry conditionsrelatedto seasonal variability resulted

in a significant increase ifPb and soil penetration resistance in the topsoil due to
shrinkage An increase irPb and soil penetration resace result irthe obstruction

of root penetration and plant growthteésunder CTF exhibited lower sensitivity to
seasonal variability which showed a lower rate of moisture loss (7%) in the topsoil for
the period between January 2017 and May 2107, aparath to RTF sites at Koarlo

and Undabri (18%). Moreover, significant compaction was observed after one pass of
the JD7760 in the depth of B0 cm, regardless of the farming systdRii it or CTF).
Compaction due to the CTF7760 harvester traffic in the cultivated ,avess
significantly lower than that of the standard JD7760 configuration. The lower
compaction effect of the CTF7760 is considered desirable for preserving soil quality

and cotton crop performanaeVertosol
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Chapter 5.Results anddiscussions Comparison of
the effect of harvestertraffic on different
individual rows

5.1. Overview

The previous chapter pressrtheresults and discussisrof the impact of rainfall
seasonal variability, and harvester traffic on Vertosols behaivblis chapter
presents results on thpactof JD7760 traffic on soil characteristics in individual
cotton rows and furrows undBTF andCTF. It starts with the results of the effect of
harvester traffic or'swc Pb, and soil penetration resistance followeddaliscussion

of the overall results ahconclusion. The significant and key findings are presented in
the digussion section of this chapter

5.2. Results

In this chapterthe results of the three study sites, Koarlo, Undabri and Yambacully,
are presented. Random traffic farming (RTF) was practtéue Koarlo and Undabri
study sites, while controlled traffic farming (CTF) was adpoted at the Yambacully site.
Figure 5.1 shows: (1) row and furrow positions under RTF and CTF; and (2) the wheel
track of the JD7760 standard configuration and the CTER@6vesterThe letters R1,

R2 and R36 and 8n the figuresepresent Row 1, Row 2 and Row 3, while F1, F2,

and F3 represent Furrow 1, Furrow 2 and Furrow 3, respectively
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(A)

Travel direction

(B)

Travel direction

9m

Figure 5.1.The wheel track of the JD7760. (A) represehtsstandard configuration
under 1.0 m row spacin@®TF), and (B) represents the controlled traffic configured
CTF7760 (1.5 m row spacingJhe letters R1, R2 and R3 represent Row 1, Row 2

and Row 3, while F1, F2, and F3 represent Furrow 1, Furrow 2@amnow-3,
respectively

Source:Schematiaesigned by the researcher
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5.2.1.Soil water contentasinfluenced by John Deere 776@affic
5.2.1.1. Koarlo site

The esults presented in Figure Si2owthat soil water content (Swc) was significantly
lowerin Row1 andRow 3 than Row 2by 6% in the toplO cm layer of the sqilwhile

no significant difference was observed between Rowl and Row 3 in the surface soil.
This was because Row 2 was located between the inner and outer wheels of the front
dualwheels of the JD7760 drexperienced some compression from the wheels as
shown in Figure 5.3. This led #oreduction in pore size distribution and decreased

porosity, thus restricting water movement.

The statistical analysis shows .05)mthe¢ t her

Swc of Furrow 1, Furrow 2 anduFrow 3 in the top 20 cm deptRigure 5.4) However,
Furrowl had a lower Swc than Furrow 2 and Furrow 3 in the topr$isl was because

the JD7760 wheel traffic in Furrow 2 and Furrow 3 induced significantpaction

which caused changes in the structural arrangement of the soil and resulted in a decline

in Swc relative to Furrow.1
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Figure 52: Comparisorof volumetricsoil water content between individual rows in
soil depths at the Koarlo site after Waster traffic
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Figure 53: Row 2 as influenced by inner and outer ewakel traffic ofJD7760
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Figure 5.4 Comparisorof volumetricsoil water content between individual furrows
in soil depths at the Koarlo site after harvester traffic

5.2.1.2. Undabri site

Soil water content in th@ 20 cm depth was significantly higher in Row 1 than in Row
2 and Row 3, by approximate®®o. No difference in Swc waoundbetween Row 2
and Row 3 in thei®0 cm deptl{Figure 5.5). There waadsono significandifference

in SwcbetweerFurrow 1,Furrow 2 and Furrow B the 0i 30 cm depth (Figure 5.6).
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Volumetric soil water content (%)
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Figure 55: Comparisorof volumetricsoil water content between individual rows in
soil depths at the Undabri site after harvester traffic
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Figure 5.6 Comparisorof volumetricsoil water content between individual furrows
in soil depths at the Undabri site after harvester traffic
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5.2.1.3. Yambacully site

As shown in Figure 5.7, soil water content was significalotlyer in Row 1 than in

Row 2 and Row 3, b§% in thedepth ofLO 30 cm There was no significant difference

in Swc when comparing Row 2 and Row 3 throughout tt8) @m depthThis was
because Row 2 and Row 3 were adjacent to a permanent traffic lane under the CTF
system, anthesides that faced the wheels of the cotton picker were usually subjected
to traffic. This resulted in an increased rut depth that increased the effective surface
areaof the row exposed to sunshjreausing greater evaporation from the row. Thus,

theSwc d Row 2 and Row 3 were lower compared to RowdeFigure 5.8).

No significant difference in Swc was observed between Furrow 1 and Furrow 2 in the
top 40 cm layer. Both Furrow 1 and Furrow 2 healdwer water content than Furrow

3, by abouB% throughot the 0 40 cm depth{Figure 5.9) This was because Furrow

1 and Furrow 2 were not subjected to harvester traffic under CTF and therefore
experienced no soil structural damage due to traffic (Figure 5.1 B)
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Figure 57: Comparisorof volumetricsoil watercontent between individual rows in
soil depths at the Yambacully site after harvester traffic
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R
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Figure 58: Rut depth afteia singlepassby the CTH7

7

60harvestein Yambacully
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Figure 59: Comparisorof volumetricsoil water content between individuatrows
in soil depths at the Yambacully site after harvester traffic
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5.2.2.Change in dry bulk density due to harvester traffic

5.2.2.1. Koarlo site

Figure 5.10 shows variations in dry bulk densi)(between individual cotton rows

at different profile depths. Row 1 showed a lowérthan Row 2 and Row 3, by 8%

and 6% respectively in the depth af30 cm. Dry bulk density measured in Row 3
was significantly lower than that of Row 2 by approximately id%he topsoil As
mentioned in the previous section, Row 2 was compacted by the inner and outer dual
wheel traffic, which led t@ changed sa@l structural arrangement and increa&ixl
relative to Row 1 and Row &igure 5.11).

In comparisonthe Pb value was significantlyowerin Furrow 1 (1.37 g/n) than in
Furrow 2 (1.41 g/cr¥) and Furrow 3 (1.51 g/cipfor the 0 20 cm and 070 cm depths
respectively (Figure 5.12). There wasignificant differencen Pb of Furrow 2 by
4% in the 10 40 cmsoil layer in comparison td-urrow 3.This was because both
Furrow 2 and Furrow 3 were subjectedignificant compaction by the inner and outer

dualwheel traffic,leading to anncreasedbin the wheel track (Figure 5.13)
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Figure 510: Change irPb between individual rows in different depths at Koarlo
after harvester traffic
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Figure 511: Row 2 as influeoed by the traffic of the duavheel of John Deere 7760

in Koarlo
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Figure 512: Change irPb between individual furrows in different depths at Koarlo
after harvester traffic
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Figure 513: Furrow 2 and Furrow 3 after single traffic from JD7760 in Koarlo

5.2.2.2. Undabri site

Figure 5.14 shows that traffic from the JD7760 did not indugeificantdifferences

in dry bulk density between cotton rowshboth thesurface and subsurface layers.
However,Pbwasslighty higherin Row 1 than Row 2 and Row 3 in the topsoil. This
result could beattributed to the historical compactidrom random traffic which
seemed to be equial thedifferent rows FurthermoreFurrow 1 had a lower dry bulk
density than Furrow 2 and Furrow 3, by 5% and 9% in the surface layer (Figure 5.15).
The comparison between Furrow 2 and Furrow 3 showed a sigtiitagherPb for
Furrow 3by approximéely 4% at the depth off @0 cm. This suggestisat both Furrow

2 and Furrow 3 were subjectedgmeatercompaction by the dualheel traffic of the

harvestethanFurrow 1
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Dry bulk density (g/crf)
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Figure 514: Change irPb between individual rows in different depths at Undabri
after harvestetraffic

Dry bulk density (g/cr)
1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80
0 | | | | | | |
a,b,c
10
a,b,c
20
= a,ab,¢
5307
S a,a,b
o |
Z40
© a,a,b
'S 504
)
a,a,a
60
a,ab,t
70+
a,a,a
80-

—4A— Furrow 1 —e— Furrow 2 —¢— Furrow 3

Figure 515. Change irPb between individual furrows in different depths at Undabri
after harvester traffic
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5.2.2.3. Yambacully site

Figure 5.5 shows that Pb was significantly lower in Row 1 than in Row 2 and Row
3, by @proximately 10% in the depth of 180 cm. There waso significant difference
betweerthe Pb of Row 2 and Row 3 in the surface lay€his suggestthat the space
between Row 1 antthe permanat traffic lane(CTF)was sufficiem to protect the soil
structure while the permanent traffic lane was between Row 2 and ReeeBigure
5.1B). Consequently, significant compaction occurnesultingin increased soil
strengthin the wheel trackThis effectalsoexpanded to reach Row 2 and Row 3.

Figure 5.17 further showhat there was no significant differencetle Pb of Furrow

1 and Furrow 2 throughout the4D cm soil depthHowever,the CTH760harvester

traffic causedsignificant compactionni Furrow 3 which led taa higher Pb, by
approximately 10% in the 80 cm depthiihan bothFurrow 1 and Furrow 2ZLhis was
because both Furrow 1 and Furrow 2 were not subjected to harvester traffic (Figure
5.18).
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Figure 516: Change irPb betweerindividual rows in different depths at
Yambacully after harvester traffic
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Figure 517: Change irPb between individual furrows in different depths at
Yambacully after harvester traffic

Figure 518: Furrow3 as influenced byhe CTF harvester at Yambacully
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5.2.3.Influence of harvester traffic on soil penetration resistance
5.2.3.1. Koarlo site

Figure 5.19 showthat soil penetration resistan(8PR)was significantly lower in
Row 1 than in Row 2 and Row 3, by 25% and 18% in theQ@m deth, while it
was significantly greater in Row 2 than in Row 3, by approximately 15% for the 20
30 cm depth. Thigias becausine dualwheeltraffic resulted in increasesbil strength
underneathhewheel trackwhich expandetb reachboth sides of Row (Raper et aJ.
2009; Braunack & JohnstpR014; Keller et aJ.2015)

Figure 5.20 also shows thatrrow 1 had a lowesPRthan Furrow 2 anéurrow 3,

by 69% and 7% inthe 0 70 cm depth. There wassignificanty lower SPRin Furrow

2, by 16% athe depth of 030 cmascompared to Furrow 3. These were because
traffic from the JD7760 harvester produtsignificant compactionn the trafficked
furrows by the duaWheel, which then resulted in increased soil strength compared to
Furrow 1. At the same time, the rear tyre traffieertedan additionalload after the

inner dualwheel traffic in Furrow 3 which led to a greaterSPR in Furrow 3han

Furrow 2
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Figure 519: Change in soil penetration resistance between individual rows in
different depths at the Koarlo site after harvester traffic
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Soil penetration resistance (kPa)
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Figure 520: Change in soipenetration resistance between individual furrows in
different depths at the Koarlo site after harvester traffic

5.2.3.2. Undabri site

Figure 5.21 shows th#tte SPRvaluesfollowed a similar trend to those in the Koarlo
site.Soil penetration resistance was significantly lower in Row 1 tr@thRow 2 and

Row 3 byabout38% in the 020 cm deptland it was highein Row 2, by 13% in the
depth of 4070 cm compared to Row 3. The results revealed that SPR was significantly
lower inFurrow 1 than ifFurrow 2 and Furrow 3, by 49 and 44&4¢he 0 70 cmsoil

depth (Figure 52). Furthermore, the comparison between Furrow 2 and Furrow 3
showedapproximately 20%greater SPRor Furrow 2 inthe 30 40 cm soil depthThe

reasons were similao thosehighlighted for the Koarlo site (above)
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Soil penetration resistance (kPa)
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Figure 521: Change in soil penetration resistance between individual rows in
different depths at the Undabri site after harvester traffic

Soil penetration resistance (kPa)
700 1400 2100 2800 3500 4200 4900 5600 6300 7000 770C

O | | | | | | | | | |
a,b,b
104
a,b,b
20
= a,b,b
5307
< a,b,b
&40+
E a,b,b
'06) 50
a,b,b
60 | \
A ab,b
70
80

—A— Furrow 1 Furrow 2—e— Furrow 3

Figure 522: Change in soil penetration resistance betwedividual furrows in
different depths at the Undabri site after harvester traffic
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5.2.3.3. Yambacully site

Figure 5.8 shows thaRow 1 hada lowerSPRthan Row 2 and Row 3 by 48% and

67% respectivelyin the0 10 cm and 030 cm depthsRow 2also had26% lower

SPR than Row & theld 30 cmsoil layer,which suggest that the space between
Row 1l andhet raf fi ¢c | ane was sufficient to pro
(seeFigure 5.1). At the same time, the traffic lane was between Row 2 and Row 3.

This means that traffic from the CTF60 harvester caused significant compaction,

which then resulted in increased soil strengtine wheel trackhatexpanded to reach

neighbouring rows.

As expected, there was no significant difference ingailetration resistance between
Furrow 1 and Furrow 2 at thé 80 cm depth (Figure 542. The experiment results
reveal a higheSPRin Furrow 3 than in Furrow 1 and Furrow 2, by 83% and 96% in
the 0 70 cmand @ 60 cm depths respectively. Thigms becausBurrow 3 whichwas
also the wheel traglkwas subjected to significant compaction by the single wheel
traffic of the CTH760harvester, which led tgreatersoil strengththanin Furrow 1

and Furrow 2

Figure 523: Change in soil penetration resistabetween individual rows in
different depths at the Yambacully site after harvester traffic
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