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Abstract

Soil compaction is an inevitable consequence of mechanised farming systems whose
machines are degrading soils to the extent that some are considered uneconomic to
repair. A number of mitigating actions have been proposed but their ability to reduce or
avoid damage has not been well tested. The aim of this research was to determine
whether actions to reduce damage have been, or are likely to be effective and to assess
whether the practice of controlled traffic farming (confining all field vehicles to the least
possible area of permanent traffic lanes) has the potential to be a practical and cost
effective means of avoidance. The literature confirmed that soil compaction from field
vehicles had negative consequences for practically every aspect of crop production. It
increases the energy needed to establish crops, compromises seedbed quality and crop
yield, and leads to accelerated water run-off, erosion and soil loss. It is also implicated in
enhanced emissions of nitrous oxide and reduced water and nutrient use efficiency.
Replicated field trials showed that compaction is created by a combination of loading and
contact pressure. Trafficking increased soil penetration resistance by 47% and bulk density
by 15% while reducing wheat yield by up to 16%, soil porosity by 10% and infiltration by a
factor of four.

Low ground pressure systems were a reasonable means of compaction mitigation but
were constrained due to their negative impact on topsoils and gradual degradation of
subsoils whose repair by deep soil loosening is expensive and short lived. Controlled traffic
farming (CTF) was found to be practical and had fundamental advantages in maintaining
all aspects of good soil structure with lowered inputs of energy and time. On a farm in
central England, machinery investment with CTF fell by over 20% and farm gross margin
increased in the range 8-17%.
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CHAPTER 1

1.1. INTRODUCTION

It could be said that in terms of population growth modern agriculture is the underlying
cause of global warming because of its success in moving us from a subsistence agriculture
to one in which thousands are fed through the efforts of very few. As a result, populations
have risen year on year at an increasing rate in line with the teachings of Malthus (1798)
who stated that “population does invariably increase when the means of subsistence
increase”. What Malthus almost certainly didn’t anticipate was the massive effect of fossil
fuels on our means of subsistence increase. It has meant that many more people can now
be supported by the efforts of relatively few, mainly through the high energy density of oil
used in our primary production systems. One could also argue that proving the main
hypothesis of this research will add to the problem of over-population by improving
production efficiency but it will not change the truism which Malthus identified and which
is already impinging on our consciousnesses, as evidenced by the recent conference on
greenhouse gas emissions and food security (The Royal Society, 2011). Equally, improved
production efficiency will use finite resources more sustainably and with reduced
environmental impact but a range of measures will be needed to address the 70%
shortfall in food supply predicted by 2050 (Conway, 2011).

Improving production efficiency has not always been at the forefront of agricultural
development, particularly when crop returns have been high. Practical issues and
reliability are frequently the underlying drivers for change and this has applied equally to
the effects of soil compaction due to field traffic, which only get addressed if work cannot
proceed. These effects will almost certainly have been noted by our ancestors as they
strove to till the soil by hand. Extensive foot traffic will have made digging more arduous
and the results less satisfactory. However, as soon as fossil fuels became widely available
at a low cost and were applied to this onerous task, these effects escaped our
consciousness. Steam power soon became more sophisticated and the machines larger,
(Haining & Tyler, 1970; Spence, 1960) so large in fact that sinkage often precluded their
travel across the land. This practical issue brought about the introduction of winching
systems, meaning that these large machines only needed to traverse the field headlands.
A change to the more efficient internal combustion engine powered by high energy
density oil enabled lighter machines to be designed, particularly when the Ferguson three-
point hitch system was introduced (Ferguson, 1933). A further significant development
was the pneumatic cross-ply tyre, enabling loads to be spread more widely and at lower
pressure. It wasn’t long however before the negative impacts of soil compaction were
noticed again, but in this instance by the levels of energy required and the poor
workability of the soil. Arndt and Rose in their publication of 1966 made the classic
observation that “excessive traffic necessitates excessive tillage “, a negative outcome for
both soils and the farmer. It was from this point on that research on soil compaction and



its effects on production efficiency became extensive, as evidenced by the Strutt Report
(Strutt, 1970) and the literature review forming part of this thesis. Practically all data
indicated negative outcomes, resulting in production losses, high energy demands, poor
seedbeds and loss in soil physical function, but varying enormously according to cropping
systems, soils and climates. Research further identified the processes and mechanics
involved, allowing the industry to take counter measures, mostly in the form of improved
running gear such as radial ply tyres and rubber tracks to reduce contact pressures.
Unfortunately, these advances were offset almost equally by an increase in vehicle mass
despite significant advances in tyre and track designs to reduce soil contact pressures (Fig.
1.1). These predictions are in line with the results obtained by Dresser et al. (2006) who
measured average pressures of around 2 bar at 0.25 m depth with agricultural tyres
inflated to a maximum of 2 bar. On their prepared soil, inflation pressure was the
dominating influence on peak pressures in the soil. In contrast, Botta et al. (2008) found
that it was load rather than contact pressure that had an effect on subsoil compaction.
Subsoil compaction was also identified as a concern as early as the 1990s when a working
group was set up by the International Soil and Tillage Research Organisation (ISTRO)
leading to publications in a special issue of Soil and Tillage Research (Hakansson, 1994).
This was followed by a European Union Concerted Action (Van den Akker et al., 2003) and
an initiative was called for but there is little evidence of any practical action being taken.
Van den Akker further explored the problem on Dutch soils (Van den Akker, 2006) and
concluded that half of the sandy and sandy loam soils in the Netherlands with clay
contents less than 17.5% exhibit over compaction in the top 0.2 m of the subsoil.

Not only is it evident that stresses greater than historic values are now being exerted at
0.4 m depth or more, the area extent of compaction at the surface through greater tyre
volume (other than where track systems are being used) has also increased. With this has
come greater potential for seedbed effects, most of which increase tillage energy
requirements while negatively influencing quality (Chamen et al., 1990; Chamen et al.,
1992a & b). It is evident from the literature that practically any vehicle-related compaction
of cropped areas has a deleterious effect, whether this is upon crop yield, energy inputs
for crop establishment or soil function in terms of the soil’s ability to allow free access of
air and water and to nurture macro fauna. A number of attempts to address this problem
through field traffic management and vehicle design has been made over the generations,
the most innovative by Halkett in the 1850s with his “Guidway Agriculture” (Halkett,
1858).
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This concept was revisited in the 1970s by Dowler (1980) and by research workers in the
1980s (Carter et al., 1988; Taylor, 1991; Chamen et al., 1992a; Chamen et al., 1994;
Chamen & Longstaff, 1995). However, it is only in the early 21 century that the
technology needed to realise “traffic free” zones with existing machines has become
widely available, reliable and affordable in the form of Global Navigation Satellite Systems
(GNSS), the most sophisticated of which provide repeatable dynamic tracking to within +
20 mm. GNSS technology was first put to use for traffic management in Australia, where
the established term “controlled traffic farming” was applied, the aim being to confine
vehicle tracking to the least possible area of permanent traffic lanes (Tullberg et al., 2003).
In Australia it is now used on around 15% of the cropped area where inputs have been
reduced and cropping reliability increased through better interception and more efficient
use of water (Radford & Yule, 1996). Minimising the area of permanent traffic lanes is
governed by:

e the width and number of tyres or rubber tracks used per unit width of operation;
e the degree to which the tracking of this running gear is coincident.

The first of these two aspects relates directly to the vehicles involved in field operations
and the working width of the equipment being used while the second is determined by
vehicle track gauges (the centre distance between tyres or tracks on a single axle) and the



commonality of operation width. If all track gauges are the same, tracked areas tend to
zero with reduction in tyre width and increase in common operating width. Historically
there has been little incentive for machinery manufacturers to consider common track
gauges other than for high value crops whose row spacing led to two common imperial
standards of 60 inches and 72 inches. These are now tending towards their nearest metric
equivalents (1.5 m and 1.8 m) and have been augmented by 2 m, which is now often
found on grain trailers as well as tractors and self-propelled sprayers. The limit on a track
gauge of 2 m, particularly enforced in Germany, is an overall road width of 2.55 m to
comply with The Road Vehicles Construction and Use Regulations (The Stationary Office,
1986). Equally, most countries have flexibility around this legislation, allowing vehicles up
to 3 m wide to travel on roads with only minor constraints. Above this width, stricter limits
are applied but these are accepted by farmers if they are associated with machines used
only for a short season, such as combine harvesters. It is around the issues concerning
combine harvesters however that controlled traffic systems meet one of their biggest
challenges. Most combines now have a track gauges in excess of 2.55 m, often making
these vehicles with 800 mm wide tyres close to 4 m wide on the road. Although matching
this track gauge in Australia is feasible because of lower traffic density and dirt strips on
the edges of most rural roads, it is either unattractive or impractical in Europe.

Controlled traffic systems therefore tend to be compromised or at least burdened by the
additional tracked area of the combine harvester. Vegetable and root crop harvesters
introduce slightly different problems in that their wheel positions are often perverse, with
none of them lining up with each other or being designed to cover the whole area
between the outer extremities of the machine. It can be seen therefore that although the
technology in the form of GNSS is now available, achieving large non-trafficked areas of
soil is not straightforward. For this reason, alternatives to a strict controlled traffic system
have either been sought or used. In the Netherlands and Denmark for example, farmers
do accept wider track gauges for their crop establishment and husbandry (Vermeulen et
al., 2010) but still find it difficult to maintain the system at harvest.

It is evident that the widespread adoption of more efficient traffic management systems is
not guaranteed or experiencing uptake at the speed or on the scale which might have
been anticipated. Lorimer (2011) suggests that the adoption of new technologies in
agriculture is more protracted than in other industries (Fig. 1.2) reflecting less competition
between growers and their individualistic nature. To gain acceptance, new technologies
and ideas not only need well documented and robust economics analyses that show
improved profitability but they also require the support of widespread demonstration of
success and reliability.
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1.2. AIM

The rationale for this thesis is to test whether non-trafficked soils develop better soil
structure, require lower energy inputs and deliver more efficient and environmentally
benign crop production systems than those where soil is trafficked randomly. Traditional
farming systems regularly track up to 80% of field areas each season (Kroulik et al., 2009)
and as natural repair of soil structure takes up to five years at 20 cm depth (McHugh et al.,
2009), there is likely to be little or no arable land that has not been affected by traffic at
any point in time. The aim of the research is to show that low traffic and traffic
management systems can be devised and engineered to deliver practical, cost-effective
and sustainable means of creating improvements compared with existing practice. Such
systems may use a combination of approaches that achieve non-trafficked areas of 80% or
more within any given field but work in harmony with LGP systems and judicious
loosening of the soil. A single hypothesis, with supporting hypotheses was therefore
developed, namely:

Avoiding most vehicle-related compaction on cropped areas is practical and improves
soil structure and crop production efficiency.

The associated hypotheses are:

a. Yields from non-trafficked soils are different compared with those that
have a high element of arbitrary or random traffic.



b. Yields from cropped traffic lanes are consistently lower than from
traditionally trafficked non-inversion or direct drill* systems.

c. Most soils maintain a healthy structure in the absence of traffic and the
intense tillage associated with it.

d. A calcareous clay soil relieved of all traffic and with little or no tillage
acquires a more favourable structure than near identical surrounding soils
managed traditionally.

e. Permanent traffic lanes acting as tramlines for chemical applications can
perform at least as well as those created annually.

f. Controlled traffic systems or close equivalents achieving non-tracked areas
of approximately 75-80% can be attained at zero net cost and are more
profitable than traditional practice.

g. The damage done by grain harvesters running outside controlled traffic
lanes can be minimised by fitting them with rubber tracks or with targeted
soil loosening.

1.3. SPECIFIC OBJECTIVES RELATED TO THE HYPOTHESES

a. To examine the literature as a means of establishing differences in crop yields from non-
trafficked compared with trafficked soils and to supplement these data with results
from both field scale studies and replicated trials.

b. To contrast yields from cropped traffic lanes, non-trafficked and traditionally trafficked
soils using field scale studies in parallel with a search of the literature.

c. To supplement the literature on soils vulnerable to compaction by targeted inspection
and sampling at well established conventionally trafficked compared with potentially
non-trafficked areas.

d. To make quantitative and qualitative assessments of the structure on a trafficked and
non-trafficked calcareous clay soil.

e. To observe and revue the performance and stability of permanent traffic lanes over a
number of years on nine fields within a five year crop rotation on a calcareous clay soil
with supplementary evidence from commercial farms.

f. To assess, using a whole farm model, the net cost and profitability of a commercial farm
conversion to CTF.

! No-till is used as a generic term throughout the thesis to indicate systems that do not employ a specific
tillage pass before crop sowing. It therefore includes systems where there is little or no soil movement as
well as those where considerable soil disruption occurs during the sowing process.



g. To test and contrast, using the literature and replicated trials, the effect of wheeled
compared with tracked harvesters on soil conditions and crop responses on differing
soils.

1.4. OUTLINE METHODOLOGY

The goal of this thesis is to test these hypotheses through a number of approaches. Firstly
through a literature review that divides soil compaction-related effects into a number of
primary aspects impacting soil structure and crop production. The review is supported by
research published by the author starting in the 1980s as well as new work on both a plot
and a field scale. The field scale studies, in the absence of appropriate replicated field
trials, acquired data on soil structure, practicality and traffic lane management from
conventionally farmed fields on contrasting soil types. The plot scale work was funded by
three charitable trusts and investigated an alternative to full traffic management as well
as targeted loosening of the additional tracking caused by combine harvesters on a wider
track gauge and some on rubber tracks. The goal of demonstrating practicality and
improved profitability was to complement the field scale studies with a whole farm
economics study to assess the relative profitability of farms before and after conversion to
a traffic management system.



CHAPTER 2

2. Literature review

2.1. INTRODUCTION

The aim of this review is to identify and assess the factors that deliver to the principal
hypothesis of the thesis, namely that avoiding most vehicle-related compaction on
cropped areas is practical and where it is avoided altogether, improves soil structure
and crop production efficiency. The review therefore has three main themes in the
context of avoiding soil compaction, namely:

e Soil structure and its interaction with the environment

e Crop production efficiency

e Practicality
The overarching focus however is on soil and its management within a highly
mechanised agriculture. The aim is to bring together and draw conclusions from
research targeted at understanding the impact of field traffic on soils and cropping
systems. Soils and their management are therefore a major backdrop to this review and
as such, the first section looks at them in more detail. As a global resource, their
potential in supporting a spiralling population will be assessed as well as the extent to
which “Conservation Agriculture” can act as a means of addressing soil degradation.

The review will also discuss the likely outcome of avoiding all traffic-induced soil
compaction and its implications in terms of soil health and function. The initial approach
was to study published reviews whose role would be to identify those areas of
importance within cropping systems and cereal crops in particular. These areas were
then investigated in more detail by focussing on key papers to provide a more
comprehensive quantification of the effects. Unfortunately, during this process it soon
became evident that there is little or no standardization in research, either in the
manner in which it is performed or reported. This creates enormous difficulty in
interpretation and comparison. For example, some of the work reporting zero traffic
was after annual ploughing, and often this could only be gleaned by inference rather
than direct description. Equally, many papers do not mention site preparation or recent
history leaving the reader uncertain whether the effects or lack of them are due to the
treatments applied or to the initial soil condition. Equally, treatments and their manner
of application are often poorly described, again making interpretation difficult. As a
result and where possible only papers with clearly defined treatments and site
conditions were used as a basis for comment and discussion and particularly relevant
reviews. In addition, the results from these and other papers were entered into a
spreadsheet so that trends might be established by graphing data.



2.2. THE GLOBAL SOIL RESOURCE

The majority of crops produced worldwide are grown on naturally occurring soils and it
is generally recognised that good soil health is a key requirement for optimum crop
growth and environmental well-being, particularly in areas where excess or scarcity of
water is commonplace. So, what are the rudiments of “good soil health or structure”? In
reality, it is the perception of what functions soils should perform and their relative
importance. Primarily it is the wish to maximise production efficiency — producing the
most from the least, both now and in the future. But, soils also have a major impact on
the environment, providing for example, a buffer for rainfall, a source and sink for
atmospheric gases, home for a multitude of animals, bacteria and fungi and as a physical
environment to support crops and our above ground activities.

2.2.1. Global Agro-eco Zones study

Fischer et al. (2002) in their study of Global Agro-eco Zones (GAEZ) used a wide range of
resources to predict the agro-climatic yield potential of crops. Climatic resource data
such as temperature, water and solar radiation were integrated with soil characteristics
that include moisture storage capacity and reference evapotranspiration. For rain-fed
productivity, a water-balance model was used to quantify the beginning and duration of
the period when sufficient water is available to sustain crop growth. Calculated
potential yields were subsequently combined in a semi-quantitative manner with other
constraints to include factors such as pests and diseases related to climate.

The aim of the GAEZ methodology was to assess all feasible agricultural land use for
specific management conditions and levels of inputs, and to quantify the expected
production of relevant cropping activities. Although soil degradation in terms of
compaction was not considered, it should be possible to infer the influence of soil over-
compaction by looking more closely at the factors used for determining the land
productivity potentials. Grower-reported results from Australia for example would
suggest a significant impact of improved structure in terms of water availability in an
area designated primarily as “moderate” in terms of suitability for rain-fed cereals. FAO
has developed procedures for estimating Smax, the soil moisture storage capacity of
soils, and these are an integral part of the Digital Soil Map of the World (DSMW) (FAO,
2001).

The more precise management of soils enabled through systems that avoid traffic on a
large proportion of the cropped area (CTF) may alter the traditionally accepted
constraints mentioned earlier, particularly those of soil depth, fertility, drainage and
texture and in addition, the workability of the soil (Fischer et al., 2002). Thus, the GAEZ
model could be a valuable tool to identify the worth (benefit) of reducing soil
compaction, either regionally or on a global scale. This could be achieved by either
modifying the soil moisture storage classes, or more specifically, by amending the
storage capacity (in mm) of the individual soils listed in Appendix XllI of the report.
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2.2.2. Soil degradation and threats to the environment

In 2006 the European Commission published a communication to other European
Institutions entitled “The Thematic Strategy for Soil Protection” which was a proposal
for action to ensure a high level of protection for soils. As part of its ten year
programme there have been a number of scientific and technical reports and Houskova
and Montanarella (2008) quote from the strategy in identifying soil compaction as one
of the five most frequent threats to soils in Europe. They suggest that compaction
disrupts the soil balance with other parts of the environment and accelerates threats
such as erosion from both wind and water. To determine the problem on a European
level they assessed the soil’s susceptibility to compaction and created a “new actualized
version of the Map of Soil Susceptibility to Compaction in Europe”. Jones et al. (2003)
also identify the extent of risk, dividing this into “susceptibility” based on relatively
stable soil properties such as texture, and on “vulnerability”, based on likely wetness
when field operations might be in progress. Tables 2.1 & 2.2 provide an overview of
some of their data, which confirm that a large number of soils are both susceptible and
vulnerable but equally that more work is needed to identify subsoils in Europe that are
actually vulnerable to compaction. Table 2.2 reveals that Hanslope Association (Hodge
et al., 1984, page 209) soils are amongst the “not particularly” vulnerable class but
“moderately vulnerable” at field capacity.

Sustainable management is a key aspect that impacts on “soil health” and research over
the past forty or more years has gradually become more focused on the soil degradation
caused by increasingly heavy machinery being used to manage the land. Arndt and Rose
(1966) made a crucial connection between traffic and tillage that was embraced in their
observation that “excessive traffic necessitates excessive tillage”. Further concern about
possible soil degradation due to machinery has been reflected in the studies by Jones et
al. (2003) and Canarache & Van den Akker (2003). These databases concentrate
particularly on the effects of traffic degradation or compaction of subsoils, raising
concerns that wheel loads in excess of 6 Mg are now in danger of causing degradation
deeper in the profile. Canarache & Van den Akker’s paper provides links to two
European databases. The first, SOCOLIT, is a literature database on soil compaction and
particularly that relating to subsoil compaction, while the second, SOCODB, is a
specialist database providing details of over 600 field and laboratory experiments on the
subject.
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Table 2.1. Susceptibility and vulnerability of subsoils to compaction in different
climatic zones (after Jones et al., 2003)

Class Climate zone Perhumid (usually Humid Sub-humid Dry
(subsoil state) wet, always A (often wet, | B (usually moist, | (seasonally moist | (mostly
moist) usually moist, seasonally dry and dry) dry)
rarely dry)

Soil PSMD, mm <50 51-125 126-200 201-300 >300

Susceptibility | Field capacity, days >250 150-250 100-149 <100 <40
Very high E° (E)° E (E) V (E) V (V) M
High V (E) V (E) M (V) M (M) N
Moderate V (E) M (V) N (M) N (N) N
Low M (V) N (M) N (N) N (N) N

a
Vulnerability: E = extremely, M = moderately, N = not particularly, V = very.

® Classes within brackets refer to loose/weak topsoil conditions, those outside brackets to firm topsoil conditions

Potential Soil Moisture Deficit (PSMD)

Table 2.2. Susceptibility and vulnerability of some British subsoils to compaction

UK soil World Reference Base Subsoil Clay Subsoil | Subsoil Subsoil Vulnerability | Vulnerability
series texture class | content, | bulk | particle | susceptibility | class at FC* | class at PWP"
% by | density, | density, class (firm) (firm)
weight | Mgm™ | Mgm?®
Naburn | Haplic Arenosol Coarse 6 1.23 1.32 VH E \Y
Newport | Haplic Arenosol Coarse 5 1.43 1.47 H Vv M
Wisbech | Calcaric Fluvisol Medium 6 1.35 1.40 M Vv N
Wick Eutric Cambisol Medium 11 1.36 1.46 M Vv N
Romney | Calcaric Fluvisol Medium fine 15 1.33 1.47 M \Y N
Agney Eutri-gleyic Fluvisol Medium fine 30 1.32 1.59 M Vv N
Hanslope | Calcari-stagnic Cambisol Fine 35 1.43 1.83 L M N
Fladbury | Eutri-gleyic Fluvisol Very fine 45 1.04 1.67 H M N
Evesham | Calcari-stagnic Cambisol Very fine 60 141 1.92 L M N

® Field capacity (5 kPa): ® permanent wilting point (1500 kPa)

a
Vulnerability: E = extremely, H = high, L = low, M = moderately, N = not particularly, V = very.

2.3. CONSERVATION AGRICULTURE

Although there are known and accepted links between heavy traffic and increased
cultivations, many farmers are being urged by science to adopt reduced or no till
systems to conserve organic matter and thereby improve soil health (Komatsuzaki &
Ohta, 2007). The extent of adoption of these techniques was investigated by Benites et
al. (2003). They found that the bulk of the 72 million ha under conservation agriculture
(no-till, cover crops, retention of residues) worldwide is in Latin America, USA, Canada
and Australia. The rest of the world constitutes only 3% of the total. There is also
considerable extra potential in the US, where currently it represents only 20% of the
area, and only 25% is practised on a permanent basis.

A number of authors have studied the effectiveness of these techniques in restoring soil
health. Mullins et al. (1983) concluded that minimal soil disturbance on hard setting
soils (mineralogy dominated by kaolinite clay) can reverse the degradation that causes
this problem. However, Munkholm et al. (2003) in a 3 year study found that a sandy
loam soil converted from mouldboard ploughing to no-till quickly exhibited a higher bulk
density and penetration resistance that perpetuated throughout the trial. The authors
concluded that periodic non-inversion loosening of the lower part of the arable layer on
this soil would be needed to sustain a no-till production system. In complete contrast,
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Dao (1996) working on a silt loam concluded that reduced traffic intensity and lack of
tillage were the reasons for both lower surface and sub-surface density of no-till
compared with ploughing. Unger (1996) also identified traffic as the main contributor to
differences in soil conditions after six years under no-till growing wheat and sorghum.
Penetration resistance was 1.23 MPa under the trafficked furrow but only 1.13 MPa in
the non-trafficked. However, these differences were only significant to 150 mm depth
and the trafficked and non-trafficked furrows could not be differentiated in terms of
bulk density. Botta et al. (2008) in their study of cross and radial ply tyre effects under
long term no-till (9 years) and mouldboard plough tillage found increased penetration
resistance in no-till to 150 mm depth but lower resistance in the 150-300 mm profile
compared with resistance in the ploughed profile. Below 300 mm there were no
differences between treatments but at all depths and with both soil management
options, resistance was always lower in the traffic free areas.

Tebriigge & Diiring, (1999) concluded that no-till had some beneficial effects on
porosity, but although apparent at 120 mm depth, significant increases in percentage of
pores >50 um were confined to around 350 mm depth. Grabski et al. (1995) compared
conventional tillage (chisel ploughing to 20 cm) and no-till for 14 years in a rotation of
soybean and cereals. Although there were few differences in the early years of the trial,
by its completion, soil macroporosity, saturated hydraulic conductivity, plant available
water and water use efficiency were all greater under no-till. Similar changes were
found by Czyz & Dexter (2009) on a silt soil in Poland. After six years of growing wheat
with no-till, soil stability and an “S index” of soil quality had improved after an initial
deterioration.

Bell et al. (2003) studying the soils that support the Australian grains and sugarcane
industries determined that although nutrients and organic matter became stratified into
surface layers the overwhelming effect of traffic with little tillage was increased soil
strength and retarded early growth of crops. Although there was no evidence of
reduced yields there was an increased susceptibility of cereal crops to deleterious soil
organisms. Culik et al. (2002) recorded a change in the density of collembola, with no-till
retaining larger densities than conventional tillage and mulch greater than no mulch.
Deen & Kataki (2003) undertook a 25 year study to determine the differences in carbon
sequestration with different tillage systems. Growing maize continuously for 14 years
and soybean/maize in alternate years for 11 years they determined that soil bulk
density was greater in the 50-200 mm profile under no-till and spring ploughing with
cultivation, compared with spring mouldboard ploughing without cultivation and
autumn ploughing with cultivation. In contrast, soil organic carbon (SOC) storage in the
0-600 mm profile was greatest under the treatments with the highest soil density. SOC
in the 0-50 mm profile was around 12% higher for no-till, but when this was calculated
on an equivalent mass basis, storage in the 0-400 mm layer was unaffected by time or
tillage method. In reality, most of these differences would have been highly influenced
by traffic intensity. Angers (1997) found that carbon and nitrogen storage in the 0-600
mm depth profile were unaffected by no-till, chisel ploughing or mouldboard ploughing
provided these treatments did not affect crop production levels, but the distribution of
C and N were significantly affected by tillage method. Bessam & Mrabet (2003)
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concluded that particulate organic matter (POM) in the 0-200 mm profile was
significantly greater after 13 years of no-till compared with disc tillage, but differences
only became apparent after 5 years. Mrabet’s review (2003) concluded that no-till was a
very beneficial system for the Mediterranean region as it increased soil organic matter,
but there were some socio-economic, weed and other constraints to its adoption.
Karunatilake et al. (2000) concluded that no-till was an economically viable system
provided adequate consideration is given to maintaining soil structure.

Smith in his review (Smith, 2004) of soils as carbon sinks concluded that sequestering
carbon in soil organic matter has a role to play in mitigating its build up in the
atmosphere, but the accumulation is finite. Because historically soils globally have lost
40-90 Pg’” of carbon through cultivation and disturbance, there is good potential for
some restorative sequestration amounting to around 0.9 £ 0.3 Pg C yr'l.

Drawing overall conclusions from these disparate lines of research is difficult, but there
is an underlying trend that mirrors the fundamental physics of soils, albeit with some
modification due to their high biological content. As with any material, soil responds to
imposed stresses and it is evident that initially loose soils quickly compact when traffic is
applied in the absence of remedial tillage. It is also logical and demonstrated from the
research, that when the soil remains undisturbed, even under high loads, some porosity
(and therefore reduction in density) is gained through rooting, biological and fauna
activity. Almost certainly this increased porosity will be dominated by vertical pores,
particularly closer to the surface. Horizontal pores will tend to be closed due to vertical
loads, but even these will increase with time as the structure becomes stronger and
more stable. Slipping wheels and trafficking in moist conditions will have a deleterious
effect on both these and vertical pores, even if they normally withstand high loads. Of
particular interest would be research that documented the relative abundance of
horizontal and vertical pores under different management regimes and this now looks
possible (Mooney & Korosak, 2009). In this methodology, soil is removed undisturbed in
cores of up to 100 mm diameter and 200 mm in depth and are scanned with a three-
dimensional x-ray micro-CT system that shows the distribution of pores and their
guantification on a micron scale.

So, conservation agriculture may have a period of deterioration in soil structure which is
followed by a gradual improvement that leads to a stable condition supporting good
crop growth. Whether this is optimal is uncertain but this aspect will be reviewed in
more detail in the section on crop performance.

2.4. REVIEWS ON THE EFFECTS OF SOIL COMPACTION IN AGRICULTURE

Reviews have been dealt with separately from the rest of the literature in recognition of
their value in identifying many of the key issues related to soil compaction. Although the
reviews cover many different aspects of the soil system, it is possible to divide them
very broadly into physical aspects, crop nutrients and soil biology. Most consider the
effect of these different aspects on crop yield.

*1Pg=1Gt=10"g
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2.4.1. Soil physical aspects

Soane et al., 1980-1982

This review was divided into three separate parts of which the third (1982) is of greatest
relevance. Their review must also be considered in its context of machinery induced
stresses on soils that were significantly lower than they are today. The average mass of
tractors in 1968 was reported to be 4.5 Mg, whereas 20 Mg is not uncommon for a fully
ballasted tractor today

(http://www.deere.co.uk/en GB/products/agriculture/tractors/9030/9030.html,
accessed June 2011). Of concern in 1968 was the compaction occurring on soils
loosened by cultivation and the associated rutting and need for more intense and costly
tillage. Traffic distribution and coverage was also seen as a key factor and percentage
cover from 100 to 400% was not uncommon often as a result of limited widths of
operation. In terms of crop responses, their focus was on seedbed compaction because
it remained for the life of the crop. Effects on yields were variable however, reflecting
either the different soil moisture conditions when the compaction was applied or
through improving the pore continuity in a loose seedbed. Crop responses from regions
of higher soil moisture provided evidence of up to 15% reduction in yields from wheel
traffic. Quoting from Eriksson et al. (1974) there was an estimate that cereal yields in
Sweden would be increased by 6% in the absence of compaction, although research
from elsewhere (Koch et al., 2008) reported no response in wheat yield following sugar
beet harvesting and ploughing. This raises the issue of comparing like with like.
Comparing the outcome of compaction with different traffic intensities without taking
previous tillage into consideration (e.g. shallow, deep or no cultivation) is almost
meaningless (Botta et al., in press). Different depths and intensities of cultivation will
also have different cost and timeliness aspects associated with them and in terms of
crop production efficiency and environmental effects, cannot be ignored. This is where a
standard is needed so that experimental outcomes can be compared on a more rational
basis.

Mention is also made of an equation to relate yield responses to compaction inputs and
this was developed further by Hakansson in relation to subsoil compaction (Hakansson
et al., 1987). Effects of compaction on soil hydrology concentrated on water table
effects and thus drainage systems. Keeping water tables below 500 mm was seen as a
key requirement for reducing compaction risk, which if it were created would reduce
permeability of the soil and increase the risk further. Persistence of compaction was also
a cause for concern, particularly when it occurred within the subsoil because most
research suggested little or no recovery, even after as long as nine years and with
annual cycles of freezing to 1 m depth.

Soane et al. (1982) also devoted a lengthy section of their review to methods of
reducing wheel compaction under wheels. They divided these methods into controlled
traffic, traffic reduction and four categories of uncontrolled traffic including a high mass
category whose access to the field would be restricted or even prohibited. Within the
latter were proposals for reducing vehicle mass but as we have seen from commercial
development of production systems, exactly the opposite has occurred.
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Hakansson, 2005

Hakansson carried out extensive work on the effects of high axle load on subsoil
compaction (Hakansson & Reeder, 1994) and edited a Special Journal Issue on the
subject (Hakansson, 1994). Subsequently he published a book (Hakansson, 2005)
bringing this and more extensive information together on the effects of compaction on
arable soils from which the following information is drawn. Assessing particularly the
effects on soil structure, he concluded that compaction implies a decrease in total pore
volume and particularly affects the larger pores and voids between aggregates. The
continuity of the macropore system is also impaired, leading to poor aeration,
infiltration and transport of water. Resultant tighter bonding between soil particles and
aggregates increases soil strength and this together with poor soil aeration leads to
reduced crop root growth and poorer uptake of water and nutrients. Greater soil
strength also negatively affects seedbed quality and crop establishment. Table 2.3
shows results taken from Arvidsson (2001) following an extreme case where a sugar
beet harvester with around 10 Mg wheel loads had been driven track by track across the
plots four times.

Table 2.3. Dry bulk density and saturated hydraulic conductivity following four passes
of a sugar beet harvester with 10 Mg wheel loads on a loam soil (after Arvidsson,
2001).

Bulk density, Mg m? Hydraulic conductivity, mm ht
Treatment 0.3-0.35m 0.5-0.55m 0.3-0.35m 0.5-0.55m
1996 1999 1996 1999 1996 1999 1996 1999
Without traffic 1.68 1.76 1.60 1.66 7.4 2.3 80.6 23.8
With traffic 1.74 1.78 1.69 1.70 08 033 5.7 4.7
Significancel 1% ns ns 10% ns 5% 10% 5%

1 1%, p<0.01; 5%, p<0.05; 10%, p=<0.1

Considering the effects of compaction in the plough layer, Hdkansson draws on results
from 21 trials in Sweden carried out between 1963 and 1992 representing 259 location
years. Modest wheel loads (by today’s standards) of around 2 Mg were applied just
before autumn ploughing but the intensity of traffic was high (350 Mg km ha™)
compared with conventional practice largely because the traffic was applied uniformly
across the whole plot width. Following the ploughing operation only light vehicles with
low ground pressure tyres were used consistently across all the regional sites, the
bulked results of which are shown in Fig. 2.1. These clearly show that traffic effects were
not mediated by the ploughing operation and that yields took nearly 4 years to restore
to the non-treatment level. In parallel with these trials were others imposing a lower
intensity (120 Mg km ha™), where the yield losses were about one third of those from
the higher intensity trial, suggesting that the effect was influenced by traffic intensity.
Associated with these negative consequences comes a reduction in aeration of the soil
and this can constrain crop growth due to lack of oxygen at the roots as well as
promoting undesirable gaseous exchanges (see section 2.5.1.2). Equally, an elevation in
penetration resistance can constrain root growth and critical values of anything
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between 1.5 and 3.0 MPa have been identified. There is no one constraining value
however, as the level of resistance is affected by a range of variables, including soil
texture, moisture and organic matter content and the particular soil structure present.
Hakansson also recognises that too loose a soil can lead to poorer crop performance
and identifies the concept of “degree of compactness”. This is defined as the bulk
density in the field as a percentage of the bulk density of the same soil after a
standardised compaction treatment in the laboratory using a uniaxial stress of 200 kPa.
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Fig. 2.1. Mean crop yield relative to no treatment compaction (100) from a series of 21
long-term trials in Sweden.

Treatment compaction consisted of annually and evenly applied traffic intensity of 350
Mgkm ha™ (after Hakansson, 2005).

A. Mean relative yield in the compacted plots

B. Yields from year 4 to year 8 as a function of soil clay content

C. Yields following termination of treatment traffic (Year O last treatment)

Maximum crop yields have been shown to occur when the degree of compactness in the
50 — 250 mm depth layer is 87% with some deviation around this value. Hakansson
quoting from Eriksson et al. (1974) provides data relating to the plough layer for spring
barley, winter wheat and oilseed rape, as shown in Fig. 2.2. These show a relatively
higher degree of compactness being optimum for cereal crops but a lower level for
oilseed rape. Hakansson also quotes from several authors on a reduced uptake of plant
nutrients in compacted soils and as a result, an increase in the risk of leaching,
supported by data from an experiment in Germany suggesting a 50% increase in
nitrogen leachate.

Also impacting on nutrient availability is biological activity and number and diversity of
soil fauna. Micro-organisms in particular affect the decomposition of organic matter and
their activity has been shown to decrease with increasing compaction, thus perhaps
enhancing sequestration. If however the lack of nutrients released by organic matter
mineralization reduces plant growth, the net outcome is less certain. More predictable
are the effects of compaction on earthworms which have been widely studied. Results
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from Sweden suggested just a quarter of the biomass compared with non-trafficked
soils and a reduction of 83% in their number. Micro-organisms are also involved in the
fluxes of greenhouse gases and it has been widely shown that soil compaction can
negatively influence emissions of nitrous oxide or the soil’s ability to act as a sink for
methane and these aspects are more widely covered in section 2.5.1.2.
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Fig. 2.2. Relative number of trials on different crops with estimated yield reductions
(%) relative to the yield maximum in the individual trial with varying degrees of
compactness in the plough layer (after Hakansson, 2005).

In terms of subsoil compaction, mention has already been made about the dominating
influence of wheel load rather than contact pressure at the soil surface. Hdkansson
provides an equation relating depth of effect (z, cm) and axle load (x, Mg) in the form:

2=22x"cm Equation 2.1
in other words subsoil compaction increases with the square root of the wheel load.

This is only provided as an indicator, because there are many instances when
compaction will not occur, such as when the pre-consolidation stress already exceeds
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the stress applied or when a pan layer protects the subsoil, as may happen in dry
conditions (Spoor et al., 2003). Equally, subsoil compaction has been reported from
relatively light vehicles but with repetitive passes (Botta et al., 2004) and in dry
conditions (Trautner & Arvidsson, 2003).

Hamza and Anderson, 2005

Hamza and Anderson in their review of the nature and causes of soil compaction
confirmed its main sources as overuse of machinery, intensive cropping and
inappropriate soil management. It is also exacerbated by low soil organic matter and
working in moist conditions. Depths of compaction from the surface to 0.6 m were
recorded and the distinction was drawn between the effects of contact pressure, acting
near the surface and wheel load acting deeper in the profile. They also quoted Jansson
& Johansson (1998) whose research showed that wheeled machines left deeper ruts
than vehicles fitted with tracks. There was however little difference in dry bulk density,
penetration resistance, saturated hydraulic conductivity and porosity of the soil, except
in the top 50-100 mm; here tracks caused an increase in bulk density whereas the
wheels caused a decrease largely due to lateral soil flow. They also drew attention to
the fact that although low ground pressure tyres allow larger loads to be carried before
surface deformation occurs, a greater area of the field is trafficked. Quoting Chygorev &
Lodyata (2000, but not listed) they concluded that any machine passage across the soil
makes all soil parameters less favourable. Repeated passes, even with light vehicles can
eventually have damaging effects on the subsoil, as also found by Zhang et al. (2006)
who were only imposing wheel loads of 270 kg. Although Hamza & Anderson’s review
did not attempt to quantify the outcome of soil compaction, they did report increases in
plant available water, reduced run-off, improved water infiltration and reduced
emissions of nitrous oxide when all traffic was removed. Equally they quote Braunack et
al. (1995) reporting no increase in the yield of sugar cane from non-trafficked soil as was
also the case in their study reported in 2006 (Braunack & McGarry, 2006). However,
lodging of the crop may have been a factor in this neutral or even negative response.

Batey, 2009

Batey in his review raises some rather different and more practical issues, such as
effects on crop uniformity. As a precursor however, he relates data regarding the extent
of human-induced soil compaction. This is considered to be widespread, affecting some
33 million hectares in Europe, 54 million hectares in countries in Eastern Europe and 18
million hectares in Africa. Within the detail, it is estimated that two thirds of over 600
commercial potato fields in the UK between 1992 and 2004 had a soil resistance
sufficient to limit root growth. Equally however, research in Scotland has suggested that
many lowland soils have some resilience to compression and there is no clear evidence
of a threat. Batey (2009) also makes the point that the effects of a given level of
compaction (or rather over-compaction) are related to both weather and climate.
Irrigation or adequate rainfall can often mask the effects of compaction when they
might be severe at high moisture deficits. Reporting from a farmer’s perspective one of
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the main issues with compaction is the variation in growth, particularly for high value
crops such as potatoes, beetroot, leeks and carrots. The outcome may be a lower value
or even rejection in what is now a highly demanding market. Batey (2009) also
reiterates the concern about subsoil compaction, quoting data from Sweden showing
adverse effects on yields 11 years after the compaction was applied in soils experiencing
deep over-winter frosts (to below the plough layer (Hdkansson, 2005)). These data
repudiate often heard claims that freezing and thawing will repair the damage.

2.4.2. Crop nutrients

Wolkowski, 1990

In his review of wheel traffic compaction effects on nutrient availability and crop
growth, Wolkowski looked separately at the three principal nutrients involved. He
concluded that loss of nitrogen through denitrification tended to increase with reduced
tillage and was exacerbated by compaction that caused anaerobic conditions when soils
are moist. This was also true of legumes that respond positively to compaction in dry
conditions but negatively when wet. The relative uptake of phosphorous by plants is
reduced as the bulk density of a given soil is increased. In fertilized soil this ranged from
a control of 100% in soil at a bulk density of 1.4 Mg m>, to 62% at 1.7 Mg m™and in
non-fertilized in the same range, to around 90%. The effect is not due to compaction per
se, but to the reduced rooting associated with restricted pore space. Roots that can
grow into a non-restricted layer are able to compensate for their lower intake
elsewhere. With potassium there was evidence to suggest that uptake is reduced when
oxygen concentration is reduced below 10%. Wolkowski commented that the uptake of
potassium is reduced by compaction, but whether the mechanism is poor diffusion in
the soil, low uptake or root growth limitations is difficult to determine. Plant roots for
example can compensate for lack of available potassium or restricted root growth by
increasing their root absorbing power. However, if increases in bulk density restrict root
growth significantly, such compensation may be inadequate to maintain the uptake of
potassium needed. Wolkowski concludes that where aeration is significantly reduced,
nitrogen availability may decrease because of denitrification while potassium uptake
may be constrained if respiration within the root is reduced. Plant growth is probably
adversely affected because of a combination of these effects. Fertilization may
compensate partially for a yield limitation (Marks & Soane, 1987) but subsoiling is
generally unsuccessful.

2.4.3. Soil biology

Beylich et al., 2010

This review on soil biota and biological processes is important because the living part of
the soil contains the drivers of change and usually improvement in soil structure; it is
also critical for the release and cycling of nutrients from soil organic matter. There are
occasions however when an alteration in relative species populations can have
deleterious effects, such as enhanced emissions of nitrous oxide. Soil biota exist on
many scales and Russell (1988) classifies micro-organisms into major divisions, the
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microflora, consisting of bacteria, fungi and algae and the microfauna and fauna,
including protozoa, worms and arthropods. However, there are organisms that cross
these boundaries and the classification is not therefore clear cut, but this detail is
probably of little consequence in this context. Importantly however, the fertility of a
soil is dependent upon either an adequate supply of plant food in an available form, or a
microbial population which is releasing nutrients fast enough to maintain rapid plant
growth. As the micro-organisms in turn need a food supply in the form of organic
matter, soil fertility relies on added nutrients or a healthy population of micro-
organisms and adequate organic material. Any management system that has a negative
effect on these microbes fundamentally undermines the good health of a soil and it is in
this context that the effects of soil compaction on the numbers and distribution of a
range of soil biota are explored.

Beylich et al. (2010) conclude that, “due to the high variability of experimental situations
and conditions in the evaluated papers, especially in papers describing field
investigations, no general effect of soil compaction (on soil biota and biological
processes) was found”. They do however confirm that soil bulk densities of over

1.7 Mg m™ always led to deleterious effects on microbial biomass and C-mineralization,
but only the soils capable of reaching this density, which precludes most clays. To better
understand these conclusions it is useful to explore their review in detail. In terms of
earthworms for example, the authors report that burrowing can be impeded by soil
compaction even if their abundance remains unchanged. In a separate paper, Sochtig &
Larink, (1992) found that numbers were reduced in the bulk density range 1.32-1.49
Mg m but both biomass and numbers were reduced drastically when bulk density
reached 1.52 Mg m?3. The argument against compaction causing a decline is that within
a certain density range, earthworms are able to counteract the effects of compaction by
increasing their burrowing activity, including in wheel tracks and through plough pans,
as is evidential from observation in the field. It is also the case that due to the
randomness of the traffic applied to fields, areas of severe compaction will only occur
across a proportion of any given field, thus allowing populations to survive and increase
in other areas. A further impact on the diversity of results, are the measurement
methods discussed by the authors. Soil microbial biomass for example, measured by the
fumigation method was found to decrease with increasing soil moisture, whereas by the
substrate method, there was no change. Beylich et al. (2010) in their review did,
however, take a very rigorous approach to setting the threshold values. Of 240 peer
reviewed papers on the subject published between 1963 and 2007, 640 data records on
micro-organisms and microbial activity and 332 records on soil fauna were evaluated.
Through a process of rigour that eliminated papers for example because they did not
guote relevant density data or these could not be derived, or there was no control
treatment, the original papers were reduced to 54, of which 22 dealt with soil fauna and
32 with micro-organisms. In analysing their results on soil fauna, the authors conclude
that heterogeneity might not be the only factor involved in the lack of a detectable
correlation between compaction and abundance or biomass. Bulk density was the most
commonly measured parameter to identify compaction effects but several authors
considered this to be inadequate or inappropriate as a parameter that would influence
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soil fauna. Other parameters such as macropore volume might be more appropriate, but
were rarely measured. In terms of microbial assessments, the authors point out that the
threshold values for air capacity of 5% and 7% by volume was only reached by two and
eight experiments respectively, whereas bulk density was greater than the threshold
value in 15 out of the 23 compacted soils. The authors considered that future studies
should include “a more functional characterisation of the soil pore system”, such as
pore size distribution, connectivity and tortuosity. The technique being evolved by
Mooney & Korosak (2009) would appear to be eminently suitable.

2.4.4. Discussion of reviews on the effects of soil compaction in agriculture

A wealth of evidence has been presented on what are almost universally negative
outcomes from vehicle induced soil compaction. Where they are not negative, the
compaction applied has often positively modified limiting conditions, by for example
consolidating too loose a soil condition for trace element uptake or soil/seed contact for
germination in dry conditions. Although yields may not always be negatively affected by
compaction, restorative measures to avoid a reduction have often been time consuming
and expensive.
The reviews have delivered a broad and sometimes detailed assessment of the past and
sometimes current situation relating to traffic compaction in the field. Inevitably
however, most will be at least five years behind today’s commercial practice in terms of
imposed loads and traffic intensity. A visit to any major agricultural machinery show will
demonstrate just how much vehicle mass is increasing, with cereal harvesters now
offering 12 m cutting tables and planned further increases in size that will almost
certainly take individual wheel loads to around 15 Mg.
The review by Beylich et al., (2010) is both recent and seems to be definitive in terms of
soil biota. Their in-depth assessment would need considerable expertise and knowledge
to counter and this review will therefore accept their evidence which found that “due to
the high variability in experimental situations and conditions in the evaluated papers,
especially in the papers describing field investigations, no general effect of soil
compaction (on soil biota and biological processes) was found”. It must be stressed
however that this does not dismiss what are widely recognised and mostly negative
effects of compaction on soil biota and biological processes, only that experimental
constraints have precluded verifiable proof of their existence.
The reviews have provided a valuable overview but some further detail is of interest and
may deliver to some of the sub-hypotheses of the thesis listed in Chapter 1. Further
investigation of research papers was therefore focussed on the three main themes
related to compaction and its avoidance with sub-topics as listed below:
e Soil structure

o organic matter and nitrous oxide

o soil strength and bulk density

o soil pore space, water infiltration and drainage

e Crop production efficiency
O crop responses to compaction
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o fertilizer and water use efficiency
o vehicle and implement performance
O economics
e Practicality of compaction avoidance
o machinery and farming systems
o wheel tracks and erosion

2.5. SOIL STRUCTURE

Soil structure largely determines the nature of the physical processes that occur within a
soil (Dexter, 1988; Kooistra & Tovey, 1994). A good structure is one that exhibits a high
degree of heterogeneity between the different components or properties of soil.
Strength of the soil tends to increase as soil moisture content decreases, but is elevated
by stress-induced increases in bulk density, penetration resistance or shear strength
(Whalley et al., 2008). Elevation of these parameters beyond their natural state is
generally considered to be degradation in soil structure because it reduces
heterogeneity by, for example reducing the size range of soil pores, as well as many
other aspects that will be covered in the following sections.

2.5.1. Soil organic matter and nitrous oxide

2.5.1.1. Soil organic matter (SOM)

Independent of soil texture, SOM is the driving force in the generation and maintenance
of soil structure and as has already been stated, structure determines the physical and
many other processes that go on in the soil (Fig. 2, in Holland, 2004), for example water
retention and/or drainage and gaseous exchange. Organic matter contains the gums
that help build up and maintain structure but not all organic matter is the same and its
effects on structure can differ markedly. However, it is almost certainly the case that
within practical limits, the more organic matter of any sort contained within the soil, the
better is the soil structure. In the case of soil compaction therefore, there is a need to
know whether it has positive or negative effects on the amount of organic matter
contained in the soil.

Reicosky et al. (1999) studied organic matter dynamics extensively on a loamy sand,
both in the presence and absence of tillage and compaction. Results, based on the
generation of carbon dioxide (CO,) as an indicator of oxidation rates, suggested that
compaction per se, has no effect on organic matter. Jensen et al. (1996) however,
working on a silty clay loam, measured a 69% reduction in CO, fluxes with compaction,
suggesting a slowing up in oxidation. Overall however, they too conclude that
compaction has no effect on what they term “microbial biomass”. Breland & Hansen
(1996) looking at a slightly different aspect using pot experiments, found that
compaction reduced N-mineralization and loss of microbial biomass through physical
protection. These findings are in line with the fertilizer effects discussed later in this
document. However, there are specific conditions and instances, such as under
trafficked no till, that soil temperature is reduced, water content is increased and
aeration reduced (Balesdent et al., 2000). In cool, moist regions these conditions may
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lead to little difference in conservation, whereas in warm dry, and particularly in warm
moist areas, they may lead to a greater loss of organic matter (Balesdent et al., 2000).
No till combined with controlled traffic (CTF) improves the situation and thus the
potential for conserving SOM (Balesdent et al., 2000). However, on fragile soils in cool,
moist climates this may not be enough to prevent a rapid build up in soil strength
(Munkholm et al., 2003) that would impact negatively on CO, fluxes.

In the review by Holland (2004), more intense cultivation was cited as one of the
reasons for the decline in SOM. Brady and Weil (1999) support this view, suggesting that
tillage accelerates mineralization of organic matter, but they also propose that its rate
of decay is reduced if it is left at or near the surface. However, both Holland (2004) and
Smith and Conen (2004) express concern that the concentration of organic matter near
the surface in conservation tillage systems can increase denitrification as a result of
compaction and surface waterlogging. Smith (2004) still puts zero/reduced tillage at the
top of the list of measures to increase carbon sequestration, but Smith and Conen
(2004) qualify this by suggesting that the advantages of increased sequestration may be
outweighed by associated increases in nitrous oxide emissions. In contrast to these
findings are those of Deen & Kataki (2003) in their long-term conventional versus
conservation tillage experiment, designed to detect differences in carbon sequestration.
They found only differences in distribution of organic matter rather than total storage.
Principally, organic matter concentration was 11-16% greater with no-till in the 0-5 cm
profile and significantly greater in the 40-60 cm profile compared with any of the
cultivation systems, but equally, it was lower elsewhere. Sisti et al. (2004) mirror these
results in a similar 13-year trial, but observe that no-till compared with tillage systems
only conserves more organic matter when the cropping would result in a positive
balance.

A final consideration of this subject is perhaps provided by Brady and Weil (1999), who
identify the conditions for rapid decomposition that include a near-neutral pH, sufficient
soil moisture, good aeration and warm temperatures — conditions that might easily
pertain to no till in the absence of compaction. As we have seen above however a
crucial aspect of this decay is whether the organic matter is in direct contact with the
soil. Without such contact decay will be significantly slowed, both as a result of
inaccessibility to microbes and because it will tend to remain drier. It is the precise
manipulation of organic matter that could be the key to benefits or shortcomings.

2.5.1.2. Nitrous oxide

A number of papers deal quite specifically with the effect of soil compaction on nitrous
oxide (N,0) emissions (Sitaula et al., 2000; Ball et al., 1999a, 1999b, 2008; Vermeulen &
Mosquera, 2008, Hansen, 2008). All identify poor aeration as the underlying cause of
increased emissions from compacted soils. Vermeulen & Mosquera (2009) worked with
seasonal controlled traffic systems in vegetable production. This system confined all
field traffic to permanent traffic lanes except during harvesting and annual ploughing,
the latter used to mitigate compaction in the topsoil. They measured a 20-50%
reduction in N,O emissions compared with conventional practice, all significant at the
5% level (Table 2.4).
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Table 2.4. Accumulated N,O (kg N ha™*) within a seasonal controlled traffic system
(sCTF) used for vegetable production compared with that arising from random traffic
farming (RTF) (after Vermeulen & Mosquera, 2009)

Crop and year Measuring period  N,0

RTF sCTF
Carrot, 2004 14 July — 17 August 1.41 0.86
Spinach, 2005 28 April—22 June 3.96 2.17

Sown onions, 2004 12 July—17 August 1.78 1.40
Planted onions, 2005 21 April — 15 July 1.85 141

Rochette (2008) reviewed 25 field studies comparing conventional and no-till in relation
to N,O emissions. He concluded that it was poorly aerated rather than well aerated no-
till soils that increased emissions, but these conclusions were based on drainage class
and precipitation rather than the actual state of soils. Ball et al. (2008) also came to this
conclusion but from actual field conditions. They attributed increased and upward
emissions to increased water filled pore space, which also impaired the downward
movement of N,O that would be more likely to be converted to N,. CO, emissions were
also increased in soils with a higher bulk density but only at low water tension (-1 kPa).
Six et al. (2004) in their review recognised the need to improve nitrogen management in
no-till systems. In the short term, no-till compared with conventional tillage increased
the global warming potential (GWP) and this was only mitigated after ten or more years
in humid climates and uncertainly in dry climates after twenty years. Smith et al. (2001)
assessed the carbon mitigation potential of European arable land and also concluded
that of the 40.4 Tg C y'1 that could be sequestered with no-till, there would be 20.5 Tg C
y'1 equivalent in the form of N,O emissions.

Summary: effects of compaction on SOM and N,O emissions

Although cultivated soils were found to contain less organic matter than virgin soils, the
effect of compaction on soil organic matter (SOM) seems to be neutral. Primarily, within
cultivated soils the level of soil organic matter is determined by cropping. Although
there is widespread evidence that tillage increases oxidation of organic matter,
particularly in warm moist conditions, evidence of differences resulting from different
intensities of tillage practised over long periods, is less conclusive. Some experiments
may not adequately account for the redistribution of organic matter through the soil
profile, which even with zero tillage, can be to a substantial depth. Where upper horizon
stratification of SOM occurs, such as with minimum or no till systems, associated
compaction has the potential to increase emissions of greenhouse gases, such as nitrous
oxide and methane. Avoiding compaction in these circumstances can be particularly
beneficial, as can its clear association with lower tillage inputs.

Confining all wheels or tracks to the minimum area of permanent traffic lanes should
help assuage the considerable concern that reduced and no-tillage systems will increase
CO, equivalent emissions, particularly with respect to nitrous oxide. There may be an
elevated risk of emissions from the relatively small area of permanent traffic lanes if
these are not managed appropriately. Quantification of the benefits of reduced
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compaction in terms of nitrous oxide emissions may be possible through the use of well
developed models, employed in conjunction with measured contrasts in water filled
pore space between trafficked and non-trafficked soils.

2.5.2. Seedbed quality

Arvidsson and Hakansson (1996) found that soil compaction increased the strength and
size of aggregates within a seedbed and that greater cloddiness was an underlying
feature of compacted soils. In these conditions, different types of tillage tended to result
in a similar and unsatisfactory outcome. Voorhees and Lindstrom (1984) working in the
USA reported similar effects on a silty clay loam. They found less heterogeneity in the
seedbed, little difference in the outcome from tillage method and also a gradual
improvement in soil structure with conservation tillage (chisel ploughing) compared
with ploughing, both of which were carried out without compaction.

Hakansson (2005) in summarising his many years of work on the subject suggests that
seedbed quality is particularly compromised if the layer is compacted shortly before or
during seedbed preparation. More tillage and extra tractor passes may be necessary and
this tends to compact layers deeper in the profile. In dry topsoil conditions however, the
wheelings themselves may crush large clods and thus improve the seedbed. Chamen et
al. (1992a) working on an Evesham Series clay soil found that after ploughing, and
subsequently after secondary tillage with a power harrow, aggregates were double the
size on trafficked compared with non-trafficked soil (114 mm cf. 56 mm and 45 mm cf.
27 mm respectively). Voorhees & Lindstrom (1984) on the other hand found that
compaction increased the proportion of smaller aggregates on a silty clay loam, but this
was detrimental because it created conditions conducive to capping and poorer
infiltration of water. Cockcroft & Olsson (2000) found that some weakly structured or
hard setting soils exhibited structural decline without compaction in a no-till situation,
albeit with irrigation. Equally, Campbell et al. (1986) found that a soil that had been
classified as unsuitable for direct drilling was perfectly amenable when all traffic was
avoided.

Campbell et al. (1986) and Dickson & Ritchie (1996) were amongst the few researchers
who measured the effect of compaction on soil shear strength. Their measurements on
a sandy clay loam and a gleysol in Scotland showed that vane shear was always greatest
in trafficked systems to a depth of at least 24 cm. An additional consideration difficult to
guantify is the temporary destabilization of soils due to tillage (Watts et al., 1996a&b).
These studies confirmed what many farmers have observed, that heavy rainfall soon
after tillage causes much greater structural damage than similar rainfall some days later.
Imeson & Kwaad (1990) consider that longer-term soil surface degradation is an
evolutionary process in response to wetting. The processes all have an influence on soil
porosity and are affected by the stability of individual aggregates in water. This in turn is
influenced by the manner in which the individual aggregates have been formed. Those
formed under biotic rather than tillage processes are relatively more stable in water.
Avoiding soil compaction will diminish the need for and the intensity of tillage and
should therefore increase the number of these more stable aggregates and reduce the
potential for soil surface degradation.
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Summary - seedbed quality

Soil compaction was found to increase the tensile strength and size of individual
aggregates and thus reduce the aggregate size distribution and ultimately the
heterogeneity of the soil components. Compaction produced coarse platy aggregates
and a massive structure (few fissures and inter-particulate pores). Different types of
tillage in the presence of excessive compaction tend to result in a similar outcome.
Greater cloddiness is an underlying feature of compacted soils and therefore seedbed
and rootbed quality are more assured under a controlled traffic regime.

2.5.3. Soil strength and bulk density

Table 2.5 lists a cross section of results from the research investigating changes in soil
physical properties due to different traffic loads and intensities. Most records showed
an increase in strength-related properties due to traffic, but some were moderated by
differences in initial conditions (e.g. bulk density), soil moisture content and to a lesser
extent soil type. (Anticipated improvements from additional SOM were not well tested).
Yavuzcan (2000) for example noted that the effects of traffic were less noticeable under
a chisel plough, where strength was greater initially, compared with a plough regime.
This is reflected by Hamlett et al. (1990) who introduced traffic following ploughing and
although not using high wheel loads, found that repeated traffic increased bulk density
by 27% and penetration resistance by 100% compared with the condition post
ploughing. Horn et al. (2003) investigated the effect of repeated passes on a Stagnic
Luvisol (FAO, 1988) in a bin at the NSDL in Auburn. Repeated loading with up to 5.5 Mg
continued to increase bulk density in the 35-39 cm depth layer in the range 0 — 10
passes and increased the degree of saturation in this layer from 61% to 89%. Lamandé &
Schjgnning (2010a) compared the effects of two loads (30 and 60 kN) and 560 and 800
mm wide tyres inflated to rated pressure on a non-disturbed soil ploughed 18 months
earlier. At field capacity, stresses were dominated by inflation pressure near the surface
and by wheel load at 0.9 m depth.

Meek et al. (1992) working on a coarse loamy sand confirmed the vulnerability of deep
loosened soil to compaction. They introduced simulated wheel loads of 2.7 Mg, which
increased bulk density by 10.5% to 0.35 m depth and re-compacted the soil to at least
0.65 m, about 0.15 m below the original loosening (see also Chapter 5). In a similar vein,
Meek et al. (1988) aimed to differentiate the effects of harvest wheel loads on no-till
and soil cultivated to 150 mm depth. They found that soil bulk density to 150 mm depth
increased with up to five passes but ten passes were needed to reach equilibrium at
250-500 mm depth. There was no detectable difference in effect with tillage treatment.
Similarly, Unger (1996) noted that increases in bulk density and penetration resistance
within no-till and conventional tillage (discing and disc bedding) production systems for
wheat and grain sorghum on a clay loam, were confined to traffic zones, not tillage
method. The author concludes that non-trafficked zones can reduce the potential for
adverse physical conditions under irrigation and no-till. Botta et al. (2008) also
considered the effects of different wheel loads and ground pressures within no-till and



27

Table 2.5. Summary of the effect of traffic on either bulk density (bd, % or Mg m-3), penetration resistance (pr, % or MPa) or vane
shear (vs, %) for a range of soils, depths, wheel loads and the percentage area of the ground covered by wheelings.

Country  Sail Depth, Max. wheel load, Tillage type % area Parameter Comparative values Paper
cm Mg covered by Trafficked Non-trafficked
wheels
Turkey  Unknown 0-5 1.1 MP*/CP’ 25 bd 110-120% 100% Yavuzcan, 2000
10-15 1.1 25 bd 106-112% 100%
0-10 1.1 25 pr 130-174% 100%
10-20 1.1 25 pr 107-133% 100%
TX, USA  Clay loam 5-45 Conv. Conv/no-till 100 pr 1.23 1.13 Unger, 1996
USA Clay loam 0-60 9.0 MP na bd +0.15 Johnson et al. 1990
1A, USA Silt loam 7.5 c.1.8 100 pr 1.2 0.2 Hamlett et al., 1990
22.5 c. 1.8 100 pr 1.2 0.6
0-20 c.1.8 100 bd 1.4 1.1
RSA Sand 20-40 Conv. MP Conv. pr 3.1 1.2 Bennie & Botha,
20-40 Conv. Conv. bd 1.76 1.66 1986
20-40 Conv. Conv. pr 1.50"
20-20 Conv. Conv. bd 1.66
UK Lawford clay 30 3 MP 115 pr 113% 100% Blackwell et al. 1985
UK Evesham clay 0-45° 3.25 CP Conv. pr 1.22 1.03 Chamen & Cavalli,
0-45° 3.25 Conv. pr 2.06 1.60 1994
0-17.5 3.25 Conv. bd 1.00 0.85
UK Evesham clay 0-20 3.25 No-till/CP Conv. bd 0.782 0.722 Chamen et al., 1992a
20+ 3.25 Conv. pr 182% 100%
UK Evesham clay 0-45 3.25 MP Conv. pr 135% 100% Chamen et al., 1990
0-40 3.25 Conv. bd 106% 100%
UK Sandy loam 10-15 Vibratory roll No-till 100 bd 1.78 1.34 Pollard & Elliott,
20 Vibratory roll 100 pr 2.5 1.75 1978
CA, USA  Sandy loam 15-45 2.7 Tine 100 bd 1.82 1.65 Meek et al., 1992
Australia Vertisols/Red 5-25 Conv. MP 40 bd 1.26 1.22 Boydell & Boydell,
Earths 5-25 Conv. 100 bd 1.40 1.22 2003
25-50 Conv. 40 bd 1.40 1.26
25-50 Conv. 100 bd 1.46 1.26
Australia  Vertisol 7-10 (1x5) then 3 Tine 100 Vs 170% 100% Radford & Yule,
(1x5) then 3 2003
18-33 100 'S 113% 100%

! Loosened wheelway; 2 Date one; * Date two * MP — mouldboard plough; > CP — chisel plough
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conventional tillage regimes on a silty clay loam soil. Other than a greater susceptibility to
subsoil compaction within the conventional tillage regime, tillage had no effect, but they
concluded that wheel load was the dominating factor in subsoil compaction and was
independent of ground pressure. However, topsoil compaction in terms of bulk density,
cone resistance and rut depth was directly related to ground pressure. Ansorge and
Godwin (2007) also found a significant reduction in adverse effect as contact pressure was
reduced and particularly if this was achieved with a larger diameter rather than a wider
tyre. Jorajuria et al. (1997) compared two tractors having an equal contact pressure but
one with a mass of 4.2 Mg and the other just 2.3 Mg. For a given number of passes, the
heavier tractor always produced greater increases in bulk density, but the lighter tractor
was capable of causing just as much compaction with additional passes. Voorhees et al.
(1986) draw a similar conclusion about the load on a wheel and go on to suggest that its
damaging effects may not be mediated by decreasing surface pressures or even over-
winter freezing to a depth of 70 cm.

Botta et al. (2006) also found that multiple passes with a lighter tractor (1 Mg maximum
wheel load) had serious consequences in direct drilled topsoil, rendering it unsuitable for
seedling emergence. With 10 — 12 passes of this tractor compaction effects (increases in
penetration resistance and bulk density) reached to 600 mm depth in the same profile.
Diaz-Zorita & Grosso (2000) also working in Argentina found that the susceptibility of soils
to compaction was reduced when organic carbon levels were elevated, regardless of soil
textural class in the range loamy sand and loam to silty loam. Carter et al. (1991)
measured a significant increase in penetration resistance on a coarse loamy sand in
California when traffic was applied. Working on fragile soils on flood irrigated land they
measured reductions in bulk density and penetration resistance with controlled traffic and
also observed that these soils did not consolidate when flood irrigated in the absence of
traffic.

The persistence of soil compaction on sandy loam soils was demonstrated by Pollard and
Webster (1978) using concrete tracks to support traffic loads. The soil was initially
loosened to 250 mm depth (Pollard & Elliott, 1978) and then compacted in layers from
170 mm depth upwards by a vibratory roll at a moisture content appropriate for
maximum compaction. Two years later the concrete tracks were again used to thoroughly
loosen the soil to 250 mm depth, following which bulk density measurements were
conducted. These showed a 10% greater density (P<0.05) on the compacted soil between
200 and 300 mm depth compared with the non-compacted control. Chamen & Cavalli
(1994) working on an 80% clay soil to determine the cause of an 18% reduction in mole
plough draught found large differences in penetration resistance on trafficked compared
with non-trafficked soil in both moist and dry conditions, but differences in bulk density
were only apparent in moist conditions (Table 4). This was almost certainly due to the high
shrinkage coefficient on this Evesham clay soil.

Bennie & Botha (1986) studied the effect of introducing controlled traffic following deep
loosening after plough and tine cultivation using random traffic. Penetration resistance
was reduced by over 60% but bulk density by only 6%. Loosening of the controlled traffic
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lanes after planting resulted in an intermediate effect but was beneficial for crop rooting
(see section on crop responses). Boydell and Boydell (2003) working on a commercial farm
noted changes in bulk density after the farm had been in controlled traffic for four years
and where the original traffic operations had compacted 40% of the area on an annual
basis. The maximum reduction in bulk density (11%) was experienced at between 250 and
500 mm depth. McHugh et al. (2003) investigated how long it would take a Vertisol to
recover from 50 years of conventional farming with random traffic. After three years with
no traffic and a rotation of winter cereal, a legume and lablab, cone penetration
resistance had fallen from greater than 2 MPa to between 0.2 and 1.0 MPa in the depth
range 0-400 mm and at the same moisture content. Stewart and Vyn (1994) carried out
some similar research on a London loam soil with a 60% silt content. The effect of zero
tillage and autumn chisel and mouldboard ploughing (both to 18 cm depth), in
conjunction with the annual post harvest application of 6 Mg wheel load to 100%, 25% &
0% of the plot area was investigated. Soil bulk density, penetration resistance and maize
yields were studied for 3 years on a site where maize had been grown continuously with
ploughing and annual manure application for the previous 7 years. Zero traffic was
achieved with a wide span tractor (FPU) but a plot combine of less than 4 Mg axle load
was used to harvest these and the other plots. The plots receiving the 6 Mg wheel loads
received loads from other machines during normal cultural operations, but the axle load
of these did not exceed 5 Mg. Surprisingly, only in the third year was there any consistent
evidence that bulk density had been reduced by zero traffic and only in the 50-100 mm
depth profile but little is reported about the extent of the harvest traffic. This suggests
that unlike the Vertisol studied by McHugh et al. (2003) this silt soil had little natural
ability to reduce its density when traffic was removed. Cone resistance, in contrast, was
consistently and significantly lower under the zero traffic treatment in the 0-200 mm
depth profile. This contrast in bulk density and cone resistance response to applied traffic
was also seen in experiments by Taboada et al., (1999) where no-till was compared with
conventional tillage. Cone resistance on a sandy loam and on a silt loam rose by factors of
5.5 and 1.7 respectively while there was no detectable difference in bulk density.

Graphing of research data from Table 1A of Appendix A

As mentioned in the Introduction, a large number of papers were investigated, particularly
in terms of bulk density and penetration resistance and results were tabulated in a
spreadsheet. This information is too extensive to be included here, but the relevant
worksheets have been copied and are shown in the Appendix A, Tables 1A - 3A, while Figs
2.3-2.5 provide an overview. In terms of bulk density, there is a limited trend towards an
increase with wheel load in the 0-0.2 m profile, suggesting many other factors that seem
to have had a stronger influence, for example contact pressure and soil moisture content
and unfortunately these data are not consistently provided. In addition for both the bulk
density and the PR data, some include operations in moist conditions, on ploughed and
non-ploughed soils and up to ten machinery passes, which gives some plausibility to the
large percentage changes indicated with relatively low wheel loads. There is even less
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Fig. 2.3. Change (%) in bulk density with different wheel loads across different cropping
systems and soils in the depth range 0 — 0.2 m.
(see Table 1A of the Appendix for sources)

60
250 - . EDepth0.2- 0.6 m
§ * #Depth0-0.3m
T 40 A
< Depth0-0.48m
2
%] u .
= | PN
—20 1
4]
%
210 - u
g o L

0 I T T T T

0 2 4 6 8 10

Wheel load. Mg

Fig. 2.4. Change (%) in bulk density with different wheel loads across different cropping
systems and soils in the depth range 20-60 cm.
(see Table 1A of the Appendix for sources)



31

consistency as far as the penetration resistance data are concerned (Fig. 2.5), with
responses being almost random when plotted against wheel load. As most of these data
are derived from the same experiments as those for bulk density this is perhaps not
surprising, particularly if one considers the close relationship between bulk density and
penetration resistance afforded by Ghildyal and Tripathi (1987). They attribute soil
strength (in the static sense) to the resistance to increase in bulk density and thus the
force required to displace particles. The factors that affect the stress-density relationship
are water content, particle size distribution, fluid polarity, cation species and its
concentration and the clay mineral involved. Ghildyal and Tripathi (1987, page 134) show
a clear linear relationship between the energy of penetration resistance and bulk density
with strength increasing at a given moisture content in a given soil.
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Fig. 2.5. Change (%) in penetration resistance with different wheel loads across different
cropping systems and soils in the depth range 0.2 - 0.5 m.
(see Table 1A of the Appendix for sources)

Summary - soil strength and bulk density

Almost exclusively, research showed that bulk density increased as a result of imposed
wheel loads rather than naturally, even when flood irrigation was involved. This suggests
that susceptibility and vulnerability of soils are key factors that determine the level of
damage rather than wheel loads per se. This is unsurprising given that responses rely on
initial soil condition, the ground pressure of the applied loads and the soil water content,
few of which were constant between soil types. Depth of effect is also determined by
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these factors and is particularly increased by subsoil loosening and by high wheel loads.
Although heavier vehicles cause greater stresses in the soil per pass, lighter vehicles when
used repeatedly can cause just as much damage. There was some evidence to suggest that
high wheel loads can damage the subsoil even when this has a high pre-compression
stress and the soil above it is dry.

2.5.4. Pore space, water holding capacity, infiltration and drainage characteristics

The size range, distribution and interconnectivity of pores within the soil are the basis for
all water and air movements within the profile. There is probably no one ideal pore
structure that is optimum for crop growth and soil function but rather a range outside
which these aspects are negatively influenced. Of increasing importance across the globe
is achieving a soil structure that maximises crop water use efficiency (see GAEZ study) and
papers on this aspect will be explored in particular as well as those providing evidence or
not of traffic effects on pore structure.

In terms of water use efficiency (WUE, defined as biomass or grain yield per unit of
evapotranspiration), Radford et al. (2001) applied compaction annually over five seasons
with treatments consisting of 10 and 6 Mg axle loads on a wet Vertisol following an initial
compaction with a 10 Mg axle load. Compared with a control receiving neither the initial
nor the annual loads, maize grown in the fifth year of the trial was most affected by the 10
Mg load with its WUE being reduced from 14.3 t0 9.7 kg ha™ compared with the control.
Bennie and Botha (1986) carried out a more extensive trial with maize and wheat on an
irrigated fine sandy soil in South Africa. Their treatments consisted of:

1. 250 mm deep mouldboard ploughing, harrowing and tine cultivation with random

traffic.

2. was as 1, except that deep loosening to 400 mm followed the first harrowing and

all subsequent operations were with controlled traffic.

3. was as 2, except that the compacted traffic lanes were deep ripped after planting.
Irrigation was applied with a high density micro-jet at 200 mm h™* at 50% plant available
water. Rooting depth was determined every 2 weeks by identifying the deepest visible
root. Their results suggested that deep ripping and controlled traffic (treatments 2 & 3)
led to a significant increase in total cumulative evapotranspiration (ET) and WUE for both
crops compared with treatment 1. Table 2.6 provides an outline of their results.
Interesting to note here were their data for the loosened wheel tracks, which were more
in line with treatment 2 than treatment 1, suggesting that repair of the traffic lanes with
no further compaction had been very beneficial.

Boydell & Boydell (2003) working on a vertisol compared a random traffic system (which
tracked around 40% of the field area annually) with a controlled traffic system. Plant
available water (a probable indicator of WUE) on the non-trafficked soil was around 6%
greater while effective infiltration rose by 84% in the top 0.5 m of the soil profile.
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Table 2.6. Cumulative evapotranspiration (ET) and water use efficiency of crops grown
with random and controlled traffic following ploughing and deep loosening (after
Bennie & Botha, 1986)

Maize Wheat
Treatment 1% 2>  3° LSD 1 2 3 LSD
p=0.05 p=0.05
Water applied, mm 781 845 839 50 694 724 721 ns
Total cumulative ET, mm 682 752 742 43 570 638 642 36
Water use, kg seed ha*mm™ 94 114 10.8 1.1 6.8 87 84 0.9
Water use, kg seed ha’mm™ ET  10.8 12.8 122 1.1 83 99 95 038
Seed yield, Mg/ha 74 96 9.1 1.1 48 6.3 6.1 0.6

1250 mm deep ploughing and cultivation with random traffic
2As 1, except 400 deep loosening followed the cultivation and all subsequent operations were with CTF
*As2, except the traffic lanes were deep ripped after planting (see main text)

Sadras et al (2005) also working in Australia, but in a Mediterranean climate on a sandy
loam soil, concluded that reduced growth of crops grown in compacted soil is related to a
reduced ability to capture resources (particularly as a result of reduced rooting of the
crop), rather than reduced efficiencies. Ishaq et al. (2001) measured the WUE of wheat on
a sandy loam soil with compaction imposed at 150 mm depth to simulate subsoil
compaction. In consecutive years efficiency was reduced by 22% and 14% with similar
reductions in nutrient use efficiency but grain yield reductions of 38% and 8% respectively.
Bai et al. (2009) reported on the same trial as Qingjie et al. (2009) after it had been in
place for nine years. During this time water infiltration was around 67% greater on the no-
till full residue controlled traffic system and this provided around 15% more water in the
top 130 mm of the profile compared with the traditional random traffic and tillage system.
Zhang et al. (2006) used a modelling approach to determine the effects of compaction,
fallow length and mulching on the WUE of wheat grown on the Loess Plateau in China.
Using an increase in bulk density of 20% in the 0-450 mm profile, they found that
compaction resulted in the lowest WUE of all the treatments, largely as a result of
increased evaporation of water from the soil surface. Conversely, mulching provided the
highest WUE. Related to this were the results of Li et al. (2001) who found that residue
cover greatly enhanced water infiltration, particularly in the presence of controlled traffic,
which is a positive pre-cursor for improved WUE.

Although Blackwell et al. (1985) did not measure WUE per se, their well planned and
documented study provides a wide range of detailed information about traffic effects on a
clay soil of the Lawford series (Hodge et al., 1984 page 359). Following deep loosening to
350 mm depth and a crop of winter oats in which no wheelings were applied, winter crops
were established by direct drilling. Compaction treatments were applied for the first two
years of the four year trial using maximum wheel loads and tyre inflation pressures of 30.1
kN and 220 kPa respectively. Wheels were run side by side with an overlap of 15% in soil
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moisture conditions where the matric potentials varied between -16.1 and -3.0 kPa.
Results showed that:

e Air filled porosity of the wheeled soil was 5% v/v less than the non-wheeled soil on all
occasions of measurement. These differences were less below 200 mm depth.

e Overwinter, the wheeled soil had a tendency to become less dense, whereas the non-
wheeled soil increased in density, but from a lower base level.

e The air permeability just below seed depth in the wheeled soil was about 3 times less
than in the non-wheeled soil.

e There were around 3.5% & 4% more macropores (>60um) in the non-wheeled soil at
150 & 250 mm depth respectively but 2% more in the wheeled soil at 50 mm, all
deduced from water release characteristics.

e Free water was more commonly detected in the compacted soil, particularly in the
depth range 50-250 mm.

e Differences in mean redox potential suggested the volume of poorly aerated soil was
greater on the wheeled soil. At 150 mm depth, redox potential on the non-wheeled
was around 300 mV greater than on the wheeled soil but these differences varied
during the growing season.

e The thermal time above 0°C was less for the compacted soil but this was not
consistent with time. Wheeled soil tended to both cool and warm more rapidly than
non-wheeled soil.

e The redox potentials were often low enough to permit denitrification, especially in
the wheeled soil.

e Water release characteristics showed some advantage to the crops on the compacted
soil (3% v/v more water available at 25 cm depth)

These data provide consistent evidence of greater aeration in the non-wheeled soil and

importantly, less tendency for it to waterlog. The small increase in macropores at the

surface on the wheeled soil may have been a fracturing effect of the lugs on the tyres. The
thermal characteristics tend to support these data through the greater insulating
properties of more air in the profile. Wagger and Denton (1989) found similar contrasts on

a fine sandy loam soil growing maize, with total porosity in tracked areas being 21% less

than non tracked and saturated conductivity some 90% less. These researchers were also

some of the very few who recorded bulk densities greater than 1.7 Mg m~, which
occurred in the trafficked inter-row. According to Beylich et al. (2010), discussed earlier,
this is likely to impact negatively on soil biota. Meek et al. (1989) were also in this
category on a coarse sandy loam, which even without traffic, reached a bulk density of

around 1.7 Mg m™. With traffic, these values increased further, especially in the top 300

mm of the soil profile. Qingjie et al. (2009) compared controlled traffic using no-till and

shallow tillage for wheat, both with full residue cover, with random traffic traditional

tillage and partial residue cover. In addition to lowered bulk density in the 100-200 mm

profiles of the controlled traffic systems, there was also an average 9.4% increase in soil

water content in the 0-150 mm profile.
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Chamen & Longstaff (1995) determined that hydraulic conductivity at 0.8 m depth was
just 12 mm day " on a clay soil that had been regularly trafficked with 3 Mg wheel loads
compared with 30 mm day ™’ where all traffic had been avoided for four years. Alakukku
(1996) also working on a clay soil found that passes with wheel loads of around 4.5 Mg
could still be detected nine years after the event by up to 98% reduction in saturated
hydraulic conductivity and 70% reduction in macroporosity (pores >300 um) at 0.4-0.55 m
depth.

An indication of improved drainage on non-trafficked beds was provided by Hamilton et
al. (2003) who reported no waterlogging compared with trafficked soil alongside. Li et al.
(2001) working within a typical grain production system, also in Australia on a similar soil,
measured the impact of a 2 Mg wheel load on a soil that had been in no-till and no traffic
for five years. This wheel traffic significantly reduced the time to ponding, the steady
infiltration rate and the total infiltration compared with non-wheeled soil, regardless of
residue cover. Non-wheeled soil had 4-5 times greater infiltration rate than wheeled soil
and the residue cover had a greater and more positive influence on infiltration. Rohde and
Yule (2003) show similar effects on a cracking clay but also record soil loss, which with
repeated annual compaction and some tillage, was double that resulting from no-till and
controlled traffic. McAfee working in Sweden on a clay applied 0.5 to 1 Mg wheel loads
with a maximum inflation pressure of 200 kPa prior to sowing spring oats on soil ploughed
the previous autumn. Total porosity of the soil was reduced by 6%, mostly through a loss
of pores >60 um, while water retention was increased and soil oxygen decreased, the
latter to a level that was considered likely to reduce crop growth. Air permeability on the
compacted plots was up to 190 times less in the 100-150 depth layer than that on the
non-compacted plot. These conditions led to slower drying of the topsoil in the spring and
quicker wetting up in the autumn.

Schafer-Landefeld et al., (2004) compared the effect of high axle loads (15-25 Mg) applied
to the soil surface on fields which exhibited severe plough pans from decades of
ploughing. Covering 100% of the area or more, these loads reduced the air capacity in the
150-200 cm deep soil profile by an average of 57% in the range 17.5 to 2.8 m® 100 m™. Air
permeability was reduced significantly on seven out of the ten sites studied and by an
average of 88%. On most sites the subsoils exhibited only minor changes but at one site
which had been subsoiled a year earlier using rigid tines fixed beneath the plough shares,
signs of severe compaction were evident. The author’s conclusion that “this study
produced little evidence of widespread and pronounced subsoil damage due to traffic
with heavy farm machinery with axle loads up to 20 Mg” seems to have courted some
controversy. In a letter to the Editor from Ehlers et al (Soil & Tillage Research, 80: 251-254)
it is pointed out that although changes at subsoil depth (380-430 mm depth) were small,
they were significantly detrimental in terms of air permeability (5 cases), bulk density (4
cases) and air capacity (2 cases). The correspondents suggest that in some important
respects Schafer-Landefeld et al.’s article is misleading and perpetuates the view that
these types of machines uphold the standards related to soil quality, whereas they go
against the innovative soil protection law enacted in Germany in 1998. This raises the
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issue of permanent traffic lanes which will be discussed in a later section in the thesis.
Schafer-Landefeld et al.’s study was followed by further work reported by Koch et al.
(2008) in which sugar beet harvester wheel loads of around 10 Mg were applied side by
side over three consecutive years in the presence of mouldboard plough and shallow
mixing tillage. Incidental to the treatment compaction was other equipment with
maximum wheel loads of 5 Mg which traversed the plots as required by cultural
operations, including a combine harvester which travelled at right angles to the direction
of the compaction traffic. As might be expected there was relatively little contrast in the
penetration resistance between the treatment wheeled and non wheeled plots, except in
the 150-250 mm profile when the wheeled plots exhibited a higher resistance. The largest
contrast was between ploughing and shallow mixing tillage, with the ploughing exhibiting
a low resistance to around 350 mm, below which there was no consistent difference
between the force traces. Of the other measures, which included air filled pore volume
and biopore numbers, only air permeability showed any consistent trend and this was
elevated on the non-treatment wheeled plots at most depths in the profile, but
particularly from 0.4 to 0.6 m under both tillage treatments.

Ankeny et al. (1990) provide a range of infiltration measurements on a silty clay loam in
lowa, taken within and without the trafficked inter-rows of a maize and soybean rotation
(Table 2.7). These data are from quite extreme traffic conditions but of particular interest
are the large contrasts even under no-till where the traffic intensity is likely to have been
modest. The most significant data probably relate to zero tension which is likely to occur
during prolonged rainfall and could mean the difference between severe run-off or none.
However even the highest infiltration rates measured here equate to little more than 1
mm h™ and are therefore unlikely to be able to withstand other than very low intensity
rain before run-off occurs. Hamlett et al. (1990) also working in lowa, but on a silt loam
record greater infiltration on soil not trafficked after ploughing (870 mm h™) compared
with 30 mm h™ following compaction with a 5.9 Mg and a 2.7 Mg tractor.

Still on the theme of assessing the effects of traffic on ploughed soils, Campbell et al.
(1986) considered both this condition and also the effects under direct drilling. Working in
Scotland on an imperfectly drained sandy clay loam they found that wheel by wheel
compaction (followed by light tillage, other than with the direct drilled treatment) with up
to six passes of a relatively light tractor caused transient water-logging of the soil after just
two passes of the tractor. This occurred on both the ploughed and direct drilled soil but
the latter technique was found to be suitable in the absence of traffic despite this soil
being classified as unsuitable for direct drilling.

Lamers et al. (1986) in their classic experiment on controlled traffic farming in the
Netherlands, measured saturated water permeability in their light clay soil. Permeability
on the non-trafficked soil was 3 m day™ compared with 1.5 m day™ on the trafficked soil
with similar contrasts in the oxygen diffusion rate at 120-170 mm depth. Pore space was
also around 7% greater on the non-trafficked soil, a slightly greater contrast than the 4%
increase with a similar experiment on a loam. Vermeulen & Perdok (1994) report an
average 35% increase in topsoil air-filled porosity in non-trafficked compared with
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conventionally trafficked soil. This compares with an average increase of just 3% with a
low ground pressure system imposing surface pressures averaging less than half those
imposed by the conventional system. Vermeulen & Perdok’s inflation pressure limit for
low pressure traction tyres was 80 kPa, which would allow around 5 Mg to be carried on a
900 mm wide tyre (Michelin, 2007).

In a synthesis of research reported by Chamen et al. (1992b) which involved a range of
tillage and traffic treatments from four sites across Europe, there was an almost universal
increase in pore space on the non-trafficked soils which ranged from sandy loam to clay
(Table 2.8).

Table 2.7. Unconfined infiltration on a silty clay loam from trafficked and non-trafficked
inter-rows within a maize and soybean rotation (after Ankeny et al., 1990).

Treatment Tension, mm H,O Infiltration um st ocv rate, %
Non-trafficked, no-till 0 232.5 47
30 53.2 46
60 31.5 35
150 9.6 35
Trafficked, no-till 0 22.5 53
30 6.7 35
60 4.7 37
150 3.1 31
Non-trafficked, chisel 0 292.6 44
30 53.8 21
60 34.4 16
150 12.5 28
Trafficked, chisel 0 9.8 65
30 4.4 46
60 2.9 37
150 2.2 32

Table 2.8. Summary of the range of differences in pore space in non-trafficked soil
relative to conventional traffic and tillage (100%) (after Chamen et al., 1992b)

Crop % soil pore space, v vt
Cereals 98-116

Sugar beet 105-110
Potatoes 107

Ryegrass 112

McHugh et al. (2009) working on a vertosol (vertisol) studied its natural amelioration after
conversion to a no-till controlled traffic system following over 50 years using traditional
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traffic and tillage. Within four years, available water capacity rose from 10.2 mm to 15.4
mm per 100 mm depth, bulk density decreased from around 1.40 to 1.25 g cm™ at 100
mm depth while macropore density improved by up to 50% from marginal values. This
natural amelioration of swelling/shrinking clay soils was also experienced on a Hanslope
clay, results of which are reported elsewhere in this thesis. However, the timescale for
amelioration at depths greater than 200 mm were likely to take at least five years as also
reported by McHugh et al. (2003).

Of particular interest is the paper by Pagliai et al. (2003) who compared the effect of one
and four passes of a rubber tracked and a four wheel-drive tractor on soil which had been
mouldboard ploughed to 400 mm depth (this is Italy!) and lightly harrowed three months
prior to the treatments being applied. Moisture content at the time of compaction was
30% (dry basis) on a clay soil classified as a Vertic Cambisol. The maximum load on the
wheels was 765 kg with a corresponding contact pressure of 60 kPa. The tracked vehicle
weighed 3.08 Mg total and exerted an average pressure of 35 kPa. Macroporosity in the
0-100 mm layer decreased from around 36% under the control to 16% following one pass
of the 4-wd and to around 7% following one pass of the tracked vehicle. Four passes
reduced each of these values by around one third. In the 10—20 cm profile, porosity was
not decreased significantly by one pass of the wheeled tractor from the 13% of the
control, but was significantly reduced by a single pass of the tracked vehicle and by four
passes of both vehicles.

Summary - soil pore space, water holding capacity, infiltration and drainage
characteristics

On all soils compaction had a detrimental effect on the infiltration of water. Without
wheel compaction, infiltration increased by 84 to 400% alongside increases in plant
available water. In greater weather uncertainty, this not only reduces the risk of flooding,
but also enhances rainfall interception where the risk of drought is high.

The most important and generally deleterious effect of subsoil compaction is a reduction
in hydraulic conductivity. On clays, loams and organic soils, wheel loads of 4 to 5 Mg can
reduce saturated hydraulic conductivity in the 0.4—0.5 m profile by as much as 98%. On
sandy loams, these detrimental effects can by induced by much lower axle loads. Heavily
compacted topsoils can experience a 4-5-fold decrease in saturated hydraulic
conductivity. Raised beds with controlled traffic have overcome winter waterlogging
problems and significantly improved access and timing for spring cropping.

Decreased infiltration and conductivity lead to increased rainfall and irrigation runoff (44%
greater) from both surface and subsurface flow. The further consequence, and as
reported by a number of studies, is an increase in soil erosion, soil loss and transport of
nutrients and applied chemicals (40% less with zero traffic & soil cover). Off-farm and
catchment level consequences of these pollutants, whose concentration with controlled
traffic were also up to 30% less, are increased costs of potable water supplies and danger
to health.
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Water use efficiency by crops may be reduced by compaction as a result of impaired
rooting, both in extent and depth.

Excessive traffic necessitates excessive tillage, and tillage is the main cause of water loss
from seedbeds. Dry seedbeds delay crop germination and growth and as a result, reduce
crop yields. Excessive tillage can also exacerbate infiltration problems due to a higher
percentage of fine aggregates.

Vehicle-induced compaction universally reduced the porosity of soils. This occurred
particularly in moist conditions and through a reduction in macropores (up to 70% at 0.5
m depth). Typically the reduction in pore space was in the order of 10% averaged over the
0-0.2 m depth profile, but it could be far greater with repeated passes and nearer the
surface. Reduced porosity creates an unfavourable soil structure for crop growth largely as
a result of reduced oxygen diffusion and relative diffusivity. Controlled traffic can
therefore provide more favourable conditions for no till.

2.6. CROP PRODUCTION EFFICIENCY

2.6.1. Crop responses

Soil compaction can have a direct and an indirect effect on crop performance. The direct
effect is the degree to which compaction interferes with the crop’s ability to extract
water, nutrients and air while the indirect effect is associated with timeliness — the
additional time it may take to prepare a seedbed, and the quality of the seedbed, once
prepared. The latter will be considered elsewhere, but the energy (including time) factor
will be addressed under the section on machinery.

The reviews considered earlier provided extensive evidence of the almost universal
negative influence of compaction on crop yields but also suggested a relationship between
soil compaction and crop yield that may be described by an optimum curve (Boone &
Veen, 1994). Many of the papers on the subject were cited in those reviews, but further
have been published in the intervening years, some of which are considered here.

Of particular importance when assessing yield responses to CTF systems is the comparison
when conducted in the presence of no-till because many farmers adopting controlled
traffic systems also adopt no-till, or something very close to it. Unfortunately there is a
dearth of literature that addresses this very particular comparison, so to gain some insight
into the effect of no-till, literature including trafficked situations has been included
separately in this section.

The research methodologies used to compare yields under compacted and non-
compacted conditions vary widely, but two main approaches are common. The first is to
look at compaction of the whole profile using conventional equipment in a conventional
manner compared with no compaction or “controlled traffic”. Obviously the weight,
pressure and frequency of vehicle use differ markedly between experiments, but the
principle remains the same. The other approach is to study subsoil compaction in
particular. High wheel loads (3—12 Mg) are used to achieve this, either annually or as a
once off operation, and are followed subsequently by conventional vehicles (that never
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exceed the lowest of the high experimental loads) and tillage to a range of depths. The
easiest way of presenting the majority of these results is by tabulation, and Tables 2.9a&b
summarise the relevant yield data in as simple a form as possible. More detail is given in
Tables 2A and 3A of Appendix A.

It was recognised some time ago that crop responses to soil over-compaction had a
marked interaction with weather (Soane et al., 1982). Voorhees (1987) also recognised an
optimum level of compaction for each crop, season and soil. Many of the eastern
European countries have produced data that provide an optimum range of bulk densities
for crops grown on different soils (Rousseva, 2002; Medvedev et al., 2002a; Lipiec, 2002).
Rusanov (1991) working on a loamy black earth suggests a yield loss of 15 kg ha™ for every
1 kg m™ increase in bulk density above an optimum of around 1.25 Mg m™ in the 0-0.3 m
depth layer, and 8 kg ha™ for a similar increase in the 0.4-0.5 m depth layer. Rousseva
(2002) and Lipiec (2002) suggest that fertilizer could not counteract the effect of soil over-
compaction. Additional nitrogen simply went to waste. Javurek (2002) estimated that due
to soil over-compaction, there was an average winter wheat yield loss of 8% from the
centre of fields and 14% from field headlands. Using information from the Czech Republic
Office of Statistics, it was estimated that on a national scale this was equivalent to an
annual loss of 128,000 t (0.16 t ha™) of wheat alone.

A series of 24 long-term subsoil compaction trials were carried out with international
cooperation in seven countries in northern Europe and North America (Hdkansson 1994 &
2005). Results suggested that wheel loads of 5 Mg caused a permanent 2.5% reduction in
yield. Alakukku & Elonen (1995) carried out a trial of this nature comparing the effect of a
tandem axle load of 19 Mg in year 1 on a clay soil (Vertic Cambisol, FAO, 1988) with no
treatment traffic. Effects on spring cereal yields averaged over the following nine years
was a 1% reduction following a single pass of the load in year 1 to a 4% reduction due to
four passes. These reductions were attributed to subsoil damage. Some mitigation of
these wheel load effects was possible by reducing ground pressures, as reported by
Vermeulen & Perdok (1994). Crops showed yield increases of between 1% and 6%
compared with conventional practice but not as great as zero traffic, which, other than for
wheat, increased yields by between 8% & 10%. For wheat, a reduction of 3% was recorded
suggesting that the soil condition was sub-optimal. In contrast, Graham et al. (1986)
recorded a 6-7% increase in wheat yield due to low ground pressure traffic compared with
conventional and zero traffic on a silt loam soil.

Li et al. (2007) working in Australia on a vertosol (vertisol) that had not been trafficked for
twelve months, assessed the effect of a single annual pass of a 100 kW working tractor
imposing a wheel load across the entire plot of around 2.2 Mg with tyres at an inflation
pressure of 100 kPa. Yield of summer crops (sorghum, maize and sunflower) averaged
7.3% more where there had been no wheelings. A similar comparison with winter crops
returned an average vyield increase of 12.2%.
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Table 2.9a. Yields of a range of crops grown with zero traffic and shown as a percentage
of yield from conventionally trafficked soil

Crop Yield as % of Exp. type’, profile or Country Paper
trafficked soil subsoil: soil type
Cereals 91-115 Profile: cIayz, loam?, UK, NL, Scot.,, Chamenetal.,
sandy loam?, loam? D 1992b
Wheat 119 Profile: fine sand of South Africa Bennie & Botha,
Annandale series 1986
Wheat 118 Profile: cIay2 UK Chamen et al.,
1992a
S. Barley 116 Profile: clay’ UK Chamen et al.,
1994
Wheat 126 Profile: clay® UK Chamen &
Longstaff, 1995
Wheat 100 Profile: silt loam* UK Graham et al.,
1986
Wheat 136 Raised beds: sands, Australia Hamilton et al.
Barley 144 loams® 2003
Oilseed rape 133 as above
Wheat 120 Profile: clay loams? USA Voorhees et al.,
Maize 127 1984
Soybean 119 as above
Wheat 107 Profile: loam Netherlands  Lamers et al., 1986
Barley 100+ Profile: sandy clay Scotland Campbell et al.,
loam 1986
Cereals 145 - 5 Australia Radford & Yule,
195 Profile: clay loam 2003
Subsoil: cIay5 as above
Cer.eals & 112 Profile: Red Brown Australia Sedaghatpour et
grain legumes earth® al., 1995
Wheat 100 . 5 Australia Radford et al.,
Profile: clay
2000
Barley 124-162 Subsoil: sandy loam® UK Pollard & Elliott,
1978
Cereals 105-115 Profile: various Ukraine Medvedev et al.,
2002a
Cereals 82-130 Profile: various Poland Lipiec, 2002
Oats 141 Profile: clay Sweden McAfee et al.,
1989

! See text: * Soil Survey Staff, 1999: * FAO, 1988: * SSLRC, 1997 ° Stephens, 1953:
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Table 2.9b. Yields of a range of crops grown with zero traffic and shown as a percentage
of yield from conventionally trafficked soil

Crop Yield as % of Exp. type’, profile  Country Paper
trafficked soil or subsoil: soil type

Oilseed rape 190 Profile: sodic clay’ Australia Chan et al., 2006

Spring cereals 120-126 Profile: clays Sweden Hakansson et al.,
1985

Spring barley 119 Profile: gley® Scotland Dickson & Ritchie,

Spring osr 125 Profile: gley® 1996b

Winter barley 115 Profile: gley® ditto

Cereals 114 Profile: clay’ Australia Tullberg et al., 2001

Spring cereals 105 Subsoil: clay® Finland  Alakukku & Elonen,
1995

Average from 122

Tables 2.9a and

2.9b

! See text: ? Soil Survey Staff, 1999: > FAO, 1988: * SSLRC, 1997 ° Stephens, 1953: °gley, a
waterlogged grey colour soil lacking in oxygen

In a seven year trial in China, Qingjie et al. (2009) compared controlled traffic using no-till
and shallow tillage for wheat, both with full residue cover, with random traffic traditional
tillage and partial residue cover. In addition to improved soil properties they measured a
6.9% increase in wheat yield compared with the traditional system. Bai et al. (2009)
reported on the same trial as Qingjie et al. (2009) after it had been in place for nine years.
During this time the mean yield of wheat was around 11% lower from the traditional
system. It is possible to assess the effects of no-till and shallow tillage in the presence and
absence of traffic from the work of Chamen et al. (1990). In their Table 7, no-till yields in
the presence of normal and low ground pressure traffic were reduced by an average of 2%
compared with shallow tillage whereas in the absence of traffic they increased by just
over 1%. These differences were not significant but could indicate a trend over four years.
Reintam et al. (2009) assessing the effects of soil compaction on spring barley used a 4.84
Mg tractor to apply one, three and six passes track by track across each plot. Most effects
were experienced with six passes, resulting in an 80% reduction in barley yield in the first
year after the single compaction events, around 60% in the second year and no detectable
difference by year three. Recent work by Whalley et al. (2008) and Whitmore et al. (2010)
suggested a negative trend in wheat yield as soil strength increases, regardless of whether
the increased strength arises from compaction or drying.

Koch (2009) reports on a long term experiment with sugar beet looking at the effects of
harvester wheel loads of 11.7 Mg on subsoil compaction while other loads were applied
during normal cultural operations, including mouldboard ploughing to 300 mm depth.
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The loads were applied in a sequence of three years and Fig. 2.6 shows the results from
four measurement dates on each of the artificially created “fields”.
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Fig. 2.6. Average performance of sugar beet harvested in 2004, 2005 and 2006 from
three fields growing a rotation of sugar beet and winter cereals.

The three fields had a preceding history of mouldboard plough (MP) and shallow mixing tillage
(SM). Maximum treatment wheel loads of 11.7 Mg and non-treatment loads of 5 Mg. See text for
further details. (after Koch, 2009).

Taproot yields all tended to be higher on the “non-wheeled” treatments, but differences
were only significant in June, July and August. However, what seems to have been
completely ignored in this work is the cumulative effect of 5 Mg loads applied at the
surface and unknown weights applied by tractor ploughing in the furrow at 300 mm
depth. As the latter had been conducted for many years, it’s likely that the subsoil would
have been severely compacted but there is no mention of deep loosening to alleviate this.
Below 350 mm, penetrometer traces for the different treatments merge, suggesting that
the subsoil had indeed reached a maximum strength.

Sheesley (1978) questioned whether controlled traffic could boost alfalfa yields in
California, and concluded that if tracked areas could be reduced from their present 70% to
20%, forage yields could be increased by 20%. Gtgb and Kopec¢ (2009) studied the effect of
repeated compaction on the yield of meadow fescue on a silty loam soil in Poland. Only
after six passes of a tractor weighing a total of 2 Mg was there any consistent reduction in
yield, averaging 1 Mg in 20 Mg over three years and some of which was attributed to
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physical damage to the crop. This small difference almost certainly reflects the light
wheeling compared with the weights that are now applied between grass cuts within a
season (slurry application in Denmark for example with 59 Mg distributed across five
axles, see
http://www.controlledtrafficfarming.com/downloadssecure/Denmark%20CTF%20in%20F
orage%20Grass%20Workshop%20Report.pdf, accessed March 2011).

Stalham et al. (2007) in their study of commercial potato production surveyed over 600
fields, in two thirds of which they found soil conditions with a penetration resistance
greater than 3 MPa in the top 0.55 m. This compaction, largely associated with spring
planting operations, was predicted to constrain root growth to <2 mm day™ and cause
problems with nutrient uptake and water utilization. The practice of stone separation
increased the risk of compaction and is considered both time and energy inefficient.
Delaying planting to allow soils to dry would, they considered, be a more cost-effective
approach.

2.6.1.1. No-till crop responses in the presence of traffic

The most extensive data set was one from Scandinavia provided by Rasmussen (1994)
who concluded that reduced tillage was most successful when growing winter wheat. Also
tabulated in this work were data from 129 crop harvests where the average grain yields
from no-till compared with plough tillage were 6.4% less. Results were also quoted from
20 harvests of oilseed rape and differentiated between those from coarse sands and from
sandy loams. On the coarse sand, yields were 11.1% less for no-till compared with
ploughing and 4.1% less on the sandy loams. A study in the UK quoted in a recent report
to the Government Chief Scientific Adviser (Spink et al., 2009) suggests that in the case of
OSR, direct sowing led to a 13% reduction in yields compared with mouldboard ploughing.
In Australia Grabski et al. (1995) reported from replicated trials growing soybean and oats
with chisel tillage to 200 mm or no-till for a period of 14 years. Soybean yields were
significantly lower under no-till in the first two years but by year four were equal and by
year six were consistently and mostly significantly greater than those from chisel
ploughing. In complete contrast are their data for a single oat crop where yield increased
by over 100% for no-till compared with chisel tillage.

Surprisingly, the work of Baker & Saxton (2007) does not mention any yield benefits, only
improved production efficiency. Kosutic et al. (2007) demonstrated an increase in wheat
yield with no-till while Akbarnia et al. (2010) showed a significant reduction. Similarly in
the research by Yalcin & Cakir (2006) they found that the yield of no-till corn (Zea mays L.)
for silage was reduced in the first two years by 10-40%. Variation in no-till yields is also
evident from the work of Patterson et al. (1980) whose long term experiments at three
sites reported both a significant increase with no-till but equally, significant reductions
compared with plough based tillage but often comparable yields with non-inversion
tillage. Evident from the research was rather better performance of the no-till system on
heavy soils in the dry UK season of 1975/76 and this is reflected in research by DeFelice et
al. (http://www.notill.org/LE Articles/V5N2A3 defelice.pdf accessed, March 2011) who
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found improved performance in drought stress areas of the US but rather poorer yields
than conventional practice in areas of cold and wet. These latter data align with anecdotal
evidence from farms converting to no-till in the cooler climate of the UK (Reynolds and
Buckingham, personal communication, 2011) and a widely held view that yields are
depressed in the first few years of conversion to no-till. Carter (1990) working with spring
crops in Canada on a fine sandy loam found that although yields of no-till spring barley
were not reduced compared with traditional systems of establishment, including
mouldboard ploughing, deep loosening the soil prior to direct sowing raised the yield
above that of ploughing. He concluded that the key to no-till yield increases would be if
the system allowed earlier drilling in the spring.

Summary — crop responses

Soil compaction by vehicles had a significantly negative outcome on crop yields. These
negative outcomes were not confined to specific crops, soils, climates or farming systems.
Negative responses to compaction for 15 different crops ranged from 2—-81% with wheel
loads from 1 to 10 Mg. There were only 3 instances in a total of 79 when a positive
response to compaction was recorded, and this ranged from 8—15%. There was evidence
that firming the seedbed with a roll or equivalent had a positive effect on crop
establishment and yield.

Deep loosening prior to the introduction of controlled traffic was generally beneficial and
reduced the timescale for and increased the level of benefits. Equally, some soils classified
as unsuitable for direct seeding can sustain this technique in the absence of traffic
provided some very shallow loosening is periodically applied.

A number of East European countries have developed equations that relate crop yield to,
for example, traffic intensity, soil clay content and time since a compaction event. Ranges
of optimum bulk density have been specified from 1.1 to 1.5 Mg m™.

The factors associated with compaction that reduce the growth potential of crops include
oxygen supply, volumetric water content and vulnerability to denitrification. Poor rooting
of the crop due to excessive soil strength may exacerbate these influences.

It is unlikely that additional fertilizer will overcome the negative effects of soil compaction
on yield.

Yields after converting to no-till in the presence of traffic tend to fall in the first few years,
sometimes by as much as 40% but generally in the range 4-10%. In the long term, yields
recover and can exceed those associated with tillage.

2.6.2. Fertiliser use efficiency

Clarkson (1981) questioned whether the large amounts of energy consumed in fertilizer
production could be economically sustained. In 2006 the implications of water pollution
caused by the movement of fertilizers into ground and other waters and the likely
implementation of legislation around the EU Water Framework Directive
(http://www.environment-agency.gov.uk/research/planning/33106.aspx accessed on 11
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Jan 2011) became very apparent. In 2011, the rapidly rising cost of fertilizers also put the
subject of fertilizer use efficiency firmly in the minds of growers.

In response to 1981 concerns about energy use in fertilizer production, Clarkson (1981)
asked whether crop species could be better adapted for the efficient exploitation of
nutrients in the soil and what is meant by efficiency in this context? He also stated
“species which produce roots that are coarse, unbranched or which lack root hairs exploit
soil phosphate ineffectively. Quoting from Bayliss (1972) he also reported that phosphate
extraction from phosphate deficient soil with a variety of species was directly related to
the size of their root/soil interface. The roots of oilseed rape (Brassica napus L.) for
example were found by Bole (1973) to have few root hairs and experiments showed that
plants compensate for this by taking up relatively more phosphorus per unit length for
example, than roots with root hairs. In effect, the presence or absence of root hairs has
little effect on phosphorus uptake and this does not conflict with the statement of
Clarkson, but it does have implications in terms of availability within the profile. Forbes
and Watson (1992) shed more light on phosphorus uptake, suggesting that because of its
relative scarcity, immobility and poor diffusion, plants access phosphorus through root
growth and a symbiotic association with mycorrhizas. The importance of root growth in
the process of phosphate uptake is therefore firmly established and is constrained by poor
root proliferation. Access to potassium is mostly through diffusion, so lack of root
proliferation will constrain uptake.

Accepting that root proliferation and fertilizer use efficiency are closely related, a more
fundamental approach to root response to differences in soil structure was taken by Goss
& Reid (1981). Firstly they confirmed earlier research showing that roots cannot reduce
their diameter to enter smaller spaces; they rely on expanding existing pores. They also
found that the volume of root axes was little affected by a reduction in intercellular space
(as a result of compaction), as was also the total root volume. However, longitudinal
extension was severely curtailed, meaning that overall there were more short fat roots in
response to a reduction in pore space. Depending on pore diameters, only root axes might
be affected, for example in barley, pore diameters of between 150 and 450 um would not
restrict root laterals and these would compensate for a reduction in growth of the axes. It
is also apparent that plants develop internal compensation for restricted root growth by
increasing the rate of nutrient uptake per unit of root, but this compensation is limited by
the supply of nutrients from the restricted volume of soil that can be explored. Overall
they concluded that roots need a soil structure with adequate vertical and continuous
pores that are just larger than their diameter or that will readily expand. Forbes and
Watson (1992) graphically display evidence of the ability of plants to explore volumes of
soil that are accessible and contain more nutrients and/or water. They draw on the work
of Weaver (1926) who showed the roots of sugar beet responding to clay layers in a sandy
soil by significant extra lateral branching and growth in these layers.

There was widespread evidence of a poorer uptake of nutrients (N, P & K) on trafficked
compared with non-trafficked soils (Ball et al., 1999a; Fulajtar, 2002; Wolkowski, 1991 &
1990; Torbert & Reeves, 1995). Wolkowski (1990) concluded that the smaller uptake of N,
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P & K was the result of poor crop rooting and lack of oxygen (see Reviews section), the
latter reducing uptake (particularly in the case of K) and increasing denitrification. The
improvement in recovery with zero traffic was supported by recorded higher
concentrations of nutrients post harvest in both the topsoil and subsoil of compacted
plots (Fulajtar, 2002). Differences in uptake were often associated with particular ranges
of bulk density (Medvedev et al., 2002a; Wolkowski, 1990). Medvedev et al. (2002b)
concentrate on the effects of different levels of soil compaction at different depths in
relation to nutrient uptake (N, P & K) in a “heavy loam soil”. Specifically they relate
efficiency of uptake to differences in depth of placement of fertilizers as a means of
compensating for soil over-compaction. In terms of compaction, the greatest effect on
nutrient uptake and yield were when density exceeded 1.4 g cm™. This differential in
uptake was more consistent in the 15 - 30 cm depth layer for all the nutrients but depth of
placement did not appear to effect final yield. Consequential loss of N & P through
sediment loss was halved by a combination of no till and CTF. No till and CTF on the other
hand can lead to a concentration of nutrients (especially potassium), when crop rows
remain in the same place from year to year (Mengel and Hawkins, 1994).

Avoiding all traffic compaction reduced nitrous oxide (N,O) emissions from the soil (see
Section 2.5.1.2). As would be expected, losses from compacted soils increased with the
application of N fertilizer and particularly in moist conditions (Sitaula et al., 2000; Ball et
al., 1999a). Some reduction in N losses could be achieved by light firming of the seedbed
(Ball et al., 1999a). This restricted emissions to the atmosphere and also to the subsoil.
Subsoil compaction seems to have been the catalyst for the reduced nitrogen intake
reported by Alakukku & Elonen (1995). Their work (see section 2.6.1) suggested that
nitrogen uptake (determined from dry matter yield x nitrogen content of seeds) was
reduced by 9% and 4% on clay and organic soils respectively. This was in the nine year
period following a single application of four passes of a 19 Mg tandem axle load. Other
work (Ball et al., 1999b) showed evidence of increased carbon dioxide (CO;) and methane
(CH4) losses from compacted soils.

Where chemicals were transported off-site due to poor infiltration, their concentration in
the absence of compaction, were found to be up to 30% less (Silburn et al., 2002).

Given these data suggesting constraints on rooting and fertilizer use efficiency with
increase in soil compaction, the manner of crop rooting under controlled compared with
traditionally trafficked plots is of considerable interest. Changes in root growth in
response to soil compaction also prompt the question, “what price has the plant paid in
terms of final yield for compensatory or retarded root growth?”

Summary - fertiliser use efficiency

Other than very light firming of seedbeds, compaction has a negative impact on nutrient
supply and mobility. Nutrient uptake is impaired through restricted crop rooting, lack of
oxygen and greater losses (denitrification) from the soil system that can lead to diffuse
pollution. Denitrification is greatest in wet conditions when fertilizer is applied to heavily
compacted soils. Sediment losses triggered by compaction and associated poor infiltration
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increase the consequential loss of P & K in particular. Compaction is also likely to increase
losses to the atmosphere in the form of carbon dioxide and methane. Overall, avoiding
compaction can increase nutrient recovery by up to 20%.

2.6.3. Vehicle and implement performance

As reported in the section on seedbed quality, compaction tends to increase the strength
of a given soil at any given moisture and SOM content and this has a direct impact on the
draught force needed to pull implements, the strength of the aggregates produced and
wear on the implements used. This section deals with these specific aspects.

Arndt & Rose (1966) recognised the close link between traffic and the need for tillage.
“Excessive traffic necessitates excessive tillage” was a term they phrased and were already
suggesting confining compaction to specific areas. Lamers et al. (1986) working in the
Netherlands on loam and clay soils reported a 25% reduction in draught in the absence of
compaction. They also suggested a 48% reduction in energy due to lower rolling resistance
on the permanent traffic lanes and a 20% reduction in tillage depth that was feasible with
the system. Tullberg et al.’s (2003) research supported the findings of Dickson & Campbell
(1990) who compared conventional and zero traffic systems over a period of four years on
a clay loam in Scotland. They found that for both direct drilling and ploughing,
conventional traffic increased draught forces by 17%. Dickson & Ritchie (1996a)
comparing conventional and zero traffic systems for a rotation of spring barley, spring
oilseed rape and potatoes for five years on a gley soil in Scotland measured substantial
differences in draught forces and power requirements. Nominal depth of cultivation for all
treatments was 25 cm, but for the cereal crops with zero traffic this was reduced to 20
cm. The conventional system on average required 92% more draught than zero traffic and
82% and 90% more power for primary and secondary tillage respectively. Tullberg (2000)
also concluded that approximately half the total power output of a conventional tractor
used in a random traffic system can be dissipated in the process of compaction and de-
compaction of its own wheel tracks. In contrast, draught differences in dry conditions
were not detectable.

Chamen et al. (1990, 1992a) working on an Evesham series clay soil in England (Hodge et
al., 1984, page 186) and comparing conventional and zero traffic reported a 60%
reduction in draught and energy for shallow ploughing (10 cm) and a 20% reduction in
draught for conventional ploughing (20 cm), both in the absence of traffic. Also recorded
was an 84% reduction in the energy needed to establish wheat, both as a result of
changing from traffic to no traffic and shallow tillage to no tillage and without loss in yield.
Chamen et al. (1992b) in summarising coordinated projects on the effects of different
traffic systems across northern Europe in the early 1980s reported that zero traffic
reduced energy demands within cereal rotations by 29-87%. Following a longer period
without traffic on the Evesham soil, Chamen & Longstaff (1995) reported a 37% reduction
in draught when ploughing 20 cm deep. However, they also reported one instance when
the draught requirement for shallow tillage was higher on the non-trafficked compared
with the trafficked plots. This was with a tine cultivator and may possibly be explained by
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fundamentally different processes in soil failure. On the non-trafficked soil the implement
was working in a moist fine tilth where the tines were causing a stirring action, whereas
on the trafficked soil, the operation was dominated by fracture of aggregates from within
the soil mass. Mouazen (2002) provided a possible explanation for this, albeit in a sandy
loam rather than a clay soil. Cohesion was found to increase in loose soil when the
samples underwent contraction due to shearing forces and conditions in the friable clay
may have been similar. Working deeper in the profile on the same soil, Chamen and
Cavalli (1994) reported an 18% reduction in the draught of a mole plough working at

0.55 m depth.

As controlled traffic practitioners, Boydell & Boydell (2003) report savings in power during
their soil-engaging operations and suggest the possibility of downsizing their tractors.
Spoor (1997) on a similar energy theme shows just how much extra pull is needed when
hauling trailers across differently managed land. Compared with conventional practice, he
found working from a permanent traffic lane reduced rolling resistance by between 24%
and 30% depending on soil type. Williford (1985) working on a sandy loam, albeit with a
cotton crop, measured a 34% saving in energy with a controlled traffic production system.
Friedrich (2003) providing a global review of conservation tillage systems identified soil
compaction as a limiting factor in their sustainability, whose repair costs were high.

There is a dearth of literature on the specific effect of soil compaction on the wear of soil
engaging implements. However, it is well-known that “points” behind implement or
tractor wheels wear out more rapidly because they need replacing far more frequently in
this position. This is confirmed by Owsiak (1999) who observed that the wear of spring
tine points was 40-100% higher in sandy loam soil compared with light clay soil, and that
wear within a tractor wheel track was 17-40% higher than outside the track. Fielke et al.
(1993) reported 55-73% reduction in wear rate when bulk density had been reduced by a
previous pass but also by 40-50% just due to a change in bulk density from one year to the
next. Richardson (1967) also suggests that wear on a particular implement is subject to
the strength of the abrasive material, as also found by Ferguson et al. (1998).

Table 2.10 summarises the draught and energy data from the principal references
consulted.

In the 1980s, Chamen et al. (1990) compared a low ground pressure (LGP) system with
conventional practice and with a “zero” traffic regime. The LGP system employed tyres
inflated to around one third of the pressure of conventional practice but after four years
there was no conclusive evidence that the lower pressures had either increased yields or
reduced tillage inputs, the latter despite the soil having a lower bulk density than
conventional practice to around 0.4 m depth. In more extensive trials during the same
period (Chamen et al., 1992a) using reduced ground pressure systems, more favourable
results were reported but the systems were only considered practicable for wheel loads of
up to 5 Mg.
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Table 2.10. Draught and energy requirements for trafficked and non-trafficked soil.

Description Depth of % reduction, zero Author(s)

operation, compared random

mm Draught Energy
Tine cultivation 100 51 Chamen et al., 1990
Shallow ploughing 100 60 Chamen et al., 1992a
Ploughing 200
Cereal rotations various 20 29-87 Chamenetal.,, 1992b
Ploughing 200 37 Chamen & Longstaff,

1995

Mole ploughing 550 18 Chamen & Cavalli, 1994
Ploughing 200" 25 Lamers et al., 1986
Rolling resistance  surface 48
Direct drilling 40 c. 15 Dickson & Campbell, 1990
Chisel ploughing not stated 44 Dickson & Ritchie, 1996

! Depth reduced by 20% compared with conventional practice

Pagliai (2003) compared rubber tracks with tyres using modest loads (c. 1 Mg) and
concluded that the tracks tended to confine compaction to the surface layers as did
Blunden et al. (1994). Ansorge and Godwin (2007) working with much higher loads (12
Mg) came to a similar conclusion. The research around rubber track systems suggests that
they can at least protect subsoils and may therefore have a part to play in overcoming
some of the practical constraints (matching harvester track widths) associated with
controlled traffic systems (see Chapter 5).

Summary: vehicle and implement performance

Removing vehicle-induced compaction from the cropped area reduces tillage energy
requirements as well as the need for tillage per se. Zero traffic reduced the draught
requirements for shallow (10 cm) primary tillage by up to 60% with an average of around
37%. The draught for mole ploughing (at 55 cm) fell by 18% and energy demands for
seedbed preparation by up to 87%. At intermediate depth (20-25 cm), zero traffic
reduced implement draught by up to 44%, while power requirements for primary and
secondary tillage were reduced by 45% and 47% respectively. Energy savings of 29-87%
have been recorded within particular cropping systems. Energy savings include the savings
from fewer operations, shallower depths of operation and lower draught requirements of
the implements involved. With energy savings there are also savings in implement wear
due to less abrasion from lower density soils. Within a controlled traffic regime, there are
also around 13% savings from the improved tractive efficiency and 30% lower towing
forces when running on compacted traffic lanes. Practitioners of controlled traffic in
Australia have responded to these reduced energy demands by selecting smaller rather
than larger replacement tractors.
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2.7. CONTROLLED TRAFFIC FARMING SYSTEMS

2.7.1. Economics of conversion to and maintenance of controlled traffic farming systems

Regardless of the benefits of managing the compaction from field traffic to the least
possible area of permanent traffic lanes, farmers will not adopt the system if the
conversion is too costly or it is not economically viable once established. An integral
element of addressing the hypothesis that managing compaction will improve crop
production efficiency must therefore revolve around the return on investment and
profitability of any new system. Most studies to assess the economics have been
undertaken in Australia, where controlled traffic systems have been adopted on around
15% of the grains cropping area. One such study was undertaken by Bowman (2008) who
assessed the change in profitability of 16 farming businesses moving from fairly rigorous
tillage practices to no fallow tillage and to direct drilling of crops with traffic control. The
latter was an integral part of a change to direct drilling as it was seen as the means of
improving water infiltration and increasing cropping frequency. Also included in the
change was the implementation of high precision guidance to maximise the benefits of
the controlled traffic systems. Although environmental benefits were identified as part of
the change, these were not considered to bring any monetary value to the transition. A
60% reduction in fuel use was predicted on a per hectare basis across the 6500 ha owned
by the farmers involved, not including the savings from improved tractive efficiency. The
analysis included benefits from reduced overlaps (15%), greater cropped area per season
(20%) and savings on maintenance and labour. Machinery was upgraded at the time of the
transitions and 44% of this cost was attributed to the conversion to controlled traffic,
meaning that there was a net cost involved. Results suggested a 17% return on capital
investment with a payback period of 5.9 years and the potential to nearly double the
annual profit for each of the farms converting. A similar study by Strahan and Hoffman
(2009) in Queensland based on two farms also indicated significant improvements with an
average 2.4% increase in return on investment and a 141% boost in profits.

Gaffney and Wilson (2003) carried out an extensive desk top study based on field data
from a number of Australian farms and on research results. Using a steady state analysis
technique they calculated the long-term average costs and returns for four different
tillage systems based on a 5-year rotation of wheat and sorghum with six month fallows.
Two of the four tillage scenarios were different designs of CTF systems, one of which
delivered a tracked area presently closer to those likely to be achieved in Europe. These
are depicted in Table 2.11 alongside trafficked conventional and zero tillage (no-till)
systems. The 2 m CTF system maintained all traffic in the permanent traffic lanes other
than the grain harvester.
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Table 2.11. Three of the four crop establishment systems used in the desk top study of
costs and returns by Gaffney and Wilson (2003)

Conventional Zero tillage Zero till plus 2 m
CTF
164 kW tractor 164 kW tractor 164 kW tractor

8 m chisel plough
10 m scarifier
12 m cultivator

12 m airseeder 10 m chisel 9 m chisel
plough/airseeder plough/airseeder

80 hp tractor 4 wd utility 80 hp tractor

18 m simple boom 18 m boom 18 m boom

The cost of implementing the CTF system, including marking out and reshaping contour
banks plus interest was a one-off charge of £10.40 ha™. In terms of yields the assumed net
benefits compared with conventional practice were:
Zero till +5%
Zero till plus 2 m CTF  +7.5%
Their cautious net benefit of changing from conventional practice to controlled traffic was
£10.2 ha* which assumed:
e areduction in field efficiency from 90% to 85%;
o field level savings of only 5% compared with 10%;
e CTF yield benefits reduced by 15%.
With a full controlled traffic system based on a common 3 m track gauge, the increase in
profit was £20.4 ha™ which allowed for a 15% increase in tractor cost and a 10% rise in
capital invested in implements. These improvements did not allow for any increase in
cropping frequency or improved timeliness. The reduction in field efficiency was in line
with data from Bochtis et al. (2010) who assessed differences between an uncontrolled
and a controlled traffic system applying slurry with an applicator and a support unit, both
with a capacity of around 14 m>. The reduction in field efficiency for two machinery
systems and two fields averaged around 5%.
Mason et al. (1995) also working in Australia conducted a case study based on a farm
property of around 550 ha growing wheat, maize, millet, soybeans and sorghum, of which
around 50% are direct sown each season. They assumed three scenarios, namely:
1. Controlled traffic with no change to existing cropping. Yields would increase by
40% in the worst seasons, by 10% in the average and no change in the best.
2. Change existing system to all direct sowing. Yields, worst seasons +10%, average,
no change, best -10%.
3. Combination of controlled traffic and direct sowing. Yields, worst seasons +40%,
average +10%, best, no change.
Results predicted the net farm margins would be as follows:
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Existing system £141 ha™
Existing cropping but with CTF £163 ha™
Change existing system to direct sowing  £186 ha™
Combined CTF and direct sowing £246 ha!

Based on these results the authors considered that the extra complexity of changing to
controlled traffic only would not be worthwhile but equally, neither would changing the
farm to all direct sowing with random traffic. The most profitable change was to
controlled traffic and direct sowing which represented a 74% increase in net margin.
McPhee et al. (1995a) considered the relative capital costs of a conventional production
system on a cracking clay soil with irrigated double cropping compared with two
controlled traffic scenarios. Conventional practice involved chisel ploughing, discing and
rotary hoeing, while the controlled traffic system adopted either direct sowing following
bed forming or a modest level of tillage. Table 2.12 provides an outline of their results.

Table 2.12. Relative capital and operating costs for conventional practice and two
alternatives based on controlled traffic. (after McPhee et al., 1995a)

Cost element CTF direct CTF with Conventional
sowing light tillage with tillage
Capital, £ 24,320 36,100 77,760
Operating cost, £ ha™ crop'1 18 40 62
Total cost, £ ha™ crop'1 51 127 187

The change to controlled traffic represented around 70% reduction in capital cost and a

73% reduction in total costs.

Chamen and Audsley (1993) working in the England used a whole farm arable model to

compare the profitability of a number of controlled traffic systems, including a number of

wide span gantry tractor systems while growing wheat, barley, beans and oilseed rape.

Research data were used to make estimations of yield responses, wheeling losses, energy

requirements and work rates as a function of the systems. A maximum vyield response of

7% was assumed for systems with no compaction on the cropped area, with yield losses

due to wheelways assumed equivalent to half the area lost.

The main systems investigated were:

1. Conventional. Tractor-based plough system with temporary tramlines at 24 m.

2. 6 mtractor. Tractor-based controlled traffic system using tine cultivation for straw
incorporation. All implements in multiples of 6 m.

3. Gantry system with all operations, including a specialist harvesting unit, with 6 m
four-wheel drive gantries. (Harvesting workrate 2 Mg ha™ less than the other
systems)

e The 6 m tractor system, which was penalised by £57 ha™ due to an assumed increase
in chemical costs in the absence of ploughing, was £18 ha™ less profitable than the
conventional system on medium soil but £18 ha™ more profitable than conventional
practice on heavy land.
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e The full gantry system was just as profitable as the conventional system on medium
soil and £25 ha™* more profitable on heavy soil.
e Inthese comparisons, the zero (controlled) traffic systems rely on a positive crop yield
response to be competitive with conventional practice.
e Removing the harvesting workrate constraint imposed on the gantry system raised its
profitability by between £6 & £8 ha™.
There were two constraints placed on the controlled traffic systems when this work was
undertaken, namely the relatively large proportion of non-cropped wheel tracks which
reduced overall yield by 10.6% and the additional chemical costs for non-inversion tillage
of £57 ha™. The 10.6% reduction in yield resulted in an overall lower yield compared with
conventional practice despite an assumed 7% increase in yield on the non-trafficked beds.
The disparity in chemical costs is now less obvious and the work by Chamen and Audsley
(1993) did not consider how vehicles could return to the same traffic lanes year in year
out. The use of satellite guidance and auto-steer is now common practice, but it comes at
a cost. As will be seen from Chapter 6, these guidance systems bring many other benefits
but with an investment of £10,000-£15,000 per vehicle, they need to be considered
carefully.
In terms of vegetable production, only the paper by Vermeulen & Mosquera (2009)
considered the economics of conversion to controlled traffic, but only in the form of a
seasonal system. Quoting from Vermeulen et al. (2007) they considered that machinery
costs would be greater for sCTF systems but that only a 1.6% increase in yield would be
needed to cover this extra cost and this was set against a predicted 6-10% increase in yield
with sCTF.

Summary of economics

The economics of changing from a conventional random traffic system to controlled traffic
depends to a large extent on the cost outlay, savings in inputs and the level of increased
returns. In the large body of economics research emanating from Australia, the following
factors were the key elements resulting in increased profitability through a change to
controlled traffic:

e up to 60% reduction in fuel use

e reduced overlaps as a result of high precision satellite guidance;

e greater cropping frequency achieved by improved water infiltration rates;

e asignificant reduction in tillage inputs, often to no-till;

e often a net cost of conversion but a high return on capital investment.
Profitability increases ranged from modest (£10 ha™ at 2003 prices) to substantial (£105
ha™ at 1995 prices). More recent research suggested that making full use of all the
benefits associated with a change to controlled traffic would increase farm profit by up to
200% (Bowman, 2008).

In England, a 6 m tractor-based controlled traffic non-inversion tillage system was more
profitable than conventional plough based tillage on heavy land (£25 ha™ at 1993 prices)
but £18 ha™ less profitable than the conventional system on medium soil. Applied
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constraints to the CTF systems may have been excessive but a reduction in field efficiency
may be required based on the work of Bochtis et al. (2010). A 6 m gantry tractor system
was at least as profitable as conventional practice on medium soil but £25 ha™* more
profitable on heavy land. The greatest benefits were associated with controlled traffic and
no till, where machinery costs were reduced by up to 73% and profit improved by 75%.
Although growers changing to CTF find that their investment in machinery is significantly
reduced, future investment in precisely guided implements to maximise the potential of
controlled traffic systems is predicted. These factors are discussed and assessed in
Chapter 6.

2.7.2. Practical aspects of CTF systems

2.7.2.1. CTF machinery and system designs

The literature reported so far has suggested that there are few if any negative outcomes
from avoiding vehicle compaction on cropped areas. Avoiding this type of compaction
altogether in the field is not a practical option, but controlling traffic to the least possible
area of permanent traffic lanes would appear to be a sensible approach, given that recent
developments in guidance technology make this feasible. One of the main questions
therefore is, can this be achieved on a practical scale and can it be sustained? This section
investigates relevant research but also explores documentation about practical
experiences and potential means of achieving controlled traffic systems.
Probably the very earliest literature on this subject is the treatise given by Halkett in the
1850s (Halkett, 1858). Halkett recognised the difficulty of getting the heavy machines of
his day across the field and turned to the rapidly developing “permanent way” technology
in the form of steel rails. These supported a steam driven spanning beam across which
many different operations were performed, as illustrated in Fig. 2.7. He also recognised
the precision and flexibility which a machine of this nature could bring, using in his treatise
texts such as:

e “the implements and their operation are always kept at a regulated height”

o ‘it enables ploughing, cultivating, sowing, hoeing, watering and reaping all capable

of being performed”
e “as the seeds are sown with mechanical precision in lines, hoeing, trimming or
watering can be carried out in between”

This is the first example of what are known today as gantry tractors and a history of these
vehicles is given by Taylor (Taylor, 1994). This includes proposals by Henry Grafton (from
Spence, 1960) to build a machine on tracks and there were many other proposals of this
nature around at that time. However, there is little further mention of them in the
literature until 1977 when Dowler applied for a patent for the “Monotrail” (Dowler, 1977),
which was the first of a number he filed.
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Fig. 2.7. The “Kensington Steam Cultivator” designed, built and operated by Alexander
Halkett in the 1850s. This is the first known mechanised controlled traffic farming
system in operation (after Halkett, 1858)

Hood et al. (1985) also proposed a “straddle frame” spanning around 10 m as an
attachment to a standard tractor (Fig. 2.8). Taylor (1994) also mentions developments in
the former U.S.S.R. in the late 1970s and early 1980s, driven not so much by soil
compaction, whose damaging effects were well documented in the form of yield losses
and aggravated erosion, but from anticipated shortages of labour and energy. Their aim
was a machine capable of ensuring use of electrical energy, non-injury of plants, the
minimum of hand labour and simultaneous

operations, much along the lines proposed and illustrated by Halkett (Fig. 2.7). Similar
goals were proposed by Japanese scientists who built a gantry system operating on
concrete rails spaced at 12 m (Miyazawa et al., 1987, from Taylor 1994). Investigations
were also being carried out in the UK at that time (Tillett and Holt, 1987; Chamen et al.,
1992a) and a commercial 5.8 m spanning unit (the Field Power Unit, FPU) went into small
scale production in Israel in the early 1980s (Ashot Ashkelon Industries Ltd); an FPU has
been used for all but harvesting operations on a farm in Bedfordshire since 1996. Many of
the units were built as harvesting aids for high value vegetable crops (Tillett and Holt,
1987) but few addressed the challenge of small grains harvesting. The exceptions were
Taylor (1989) and Chamen & Longstaff (1995). Taylor also introduced the concept of “zone
management” which recognised three soil-tyre relationships, one of which stressed the
fact that 75% of compaction occurs at the first pass, so reducing number of passes was not
recognised as a benefit.
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Fig. 2.8. The straddle frame proposed by Hood et al. (1985) at Clemson University

Also, and of particular interest was a proposed change in the profile of traction tyres from
what are now basically convex, to concave. This makes them more stable on permanent
traffic lanes, which as a result could be designed to take high loads and was the means by
which small grains harvesting was addressed — they simply picked up a small harvester
and used it as an attachment. Chamen et al. (1994), over a period of about five years,
developed a fully functional grain cutting and separation unit which was able to cut the 12
m bed width by having two positions on the gantry frame (Fig. 2.9). Further work on the
design of a grain harvesting unit was undertaken as part of a commercial contract
(Chamen, 2002), but development was not carried forward.

Fig. 2.9. A three drum and concave threshing and initial separation unit (Metianu, et al.,
1990) were the basis of grain harvesting with this 12 m experimental gantry at Silsoe in
the early 1990s.
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Development of controlled traffic systems based on traditional tractors is first mentioned
in the literature by Cooper et al. (1969; 1983). Williford (1985) reported on work in cotton
production which accommodated a six-row system where all wheel

traffic was restricted to the outside 250 mm of a 2.5 m wide bed. Research reports
including “controlled traffic” in the title are absent in the 1960s, but 25 papers figure in
the 1970s, rising to around 170 in the 1980s but fall to less than 30 in the 1990s and post
2000. It was in the 1990s however that the first farm-based systems are reported by
Tullberg (1997) in Australia. These used conventional tractors but with their track gauge
extended to 3 m to match that of grain harvesters. McPhee et al. (1995b) considered the
machinery required for an irrigated double cropping system in Australia, concluding that
“planting machinery not usually associated with the conventional systems in the area”
would be needed. Although the first adopters used mechanical marking systems for pass
to pass accuracy, maintaining the wheel tracks in the same place from year to year was a
major challenge (Tullberg & Yule, personal communication). The advent of satellite
guidance and particularly the land-based Real Time Kinematic (RTK) correction signal
seems to have been the key enabling technology that made controlled traffic possible and
even easy, with tractor-based systems. The RTK correction is now an almost essential
element, not only delivering a high level of accuracy (x 20 mm) but also non-time-
dependent repeatable positioning, as described by Larsen et al. (1994).

Tullberg et al. (2006) provided an overview of what is now common practice for controlled
traffic systems in Australia, which have been adopted on around 15% of the grain
production area. Most use a 3 m track gauge on their vehicles to match the grain
harvester but a track gauge of 2 m is also common to match existing equipment. In this
situation, the track gauge on the grain harvester is frequently extended to 4 m to fit into
the system. Implements are often multiples of the track gauge but this is not essential.
Most common is a 9 m operating width for tillage, planting and harvesting and 27 m for
chemical applications. Greater widths are also now becoming commonplace with 12 m
and 36 m. An odd multiple is most often used for chemical applications as this avoids an
extra set of wheelings on the headland. Harvester cutting platforms are also invariably
slightly wider than their operating width, to ensure there are no crop misses. Of particular
importance in Australia are field layouts for the controlled traffic systems (Tullberg et al.,
2006), these being designed to ensure efficient disposal of water on soils that rarely
incorporate the underground drainage schemes that are common across Europe. But, the
direction of traffic lanes is important, both from the standpoint of field efficiency but also
in relation to potential erosion and this aspect is dealt with in the next section.

Outside Australia, uptake of controlled traffic systems has been sporadic. They were
constrained initially by poor availability and the high price of satellite guidance systems,
and presently by practical issues as described by Chamen (2005). The latter include
matching the track gauge of all vehicles to the grain harvester because this makes them
impractically wide. There is also an enormous range of implement widths making
matching difficult and in some cases the length of the unloading augers on grain
harvesters will not reach trailers in the adjoining wheel tracks. Most of these issues are
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proving surmountable, even if it is at the cost of a slightly greater tracked area, as
illustrated by one of the most common systems to be employed in the UK (Fig. 2.10). With
this system, the compaction imposed by the harvester can be removed if required by a
two leg subsoiler of an appropriate design.

|

‘ Cereal harvesting |

Cultivator/drill

Grain auger

Trailer

‘ Chemical application ‘
Harvester Narrow
track track

Fig. 2.10. A controlled traffic farming system commonly adopted in Europe known as
OutTrac. The system has two track gauges with a common centre line. The harvester
tracks “outwith” the narrower track of all the other machines.

Another system being employed is known as TwinTrac and was proposed in 2005 by a UK
grower (Shaw, personal communication). This cleverly uses the grain harvester wheel
tracks for all operations but the base implement width is the addition of the two track
gauges, meaning it is limited to around 6 m (Fig. 2.11). A grower in Yorkshire has
optimised this system for growing both grain and potato crops by widening the track
gauge of his grain harvester to 3.86 m. This is exactly double the track gauge used by his
tractors to accommodate potatoes, but it did require small modifications to equipment
because his base implement width is 1.93 + 3.86 = 5.79 m. Most commercial equipment in
this size region is 6 m, so narrowing of implements was required. In terms of the grain
harvester, the most common cutting platform width at this scale is 6.1 m, so it just
requires the guidance system to steer the vehicle at 5.79 m centres. The system is
described by Vermeulen et al. (2010). Included in this case study is anecdotal evidence of
a 50% reduction in fuel use resulting from conversion to CTF and no-till. No-till was not
considered an option without also adopting traffic management in the form of CTF. This
farmer has also confronted the issue of straw baling and with the help of a local
engineering company, now has a pick up system for 0.5 Mg bales which is fitted to the
three-point linkage of a tractor with a reverse drive conversion. Bales are “chased” to the
end of the field with only minor diversions from the permanent traffic lane. Further
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development will allow these “diversions” to be precluded, confirming the fact that most
systems can be engineered to deliver what is required.

Tractor Harvester

Fig. 2.11. The “TwinTrac” controlled traffic system which uses only the grain harvester
wheel tracks by ensuring tractor passes straddle adjacent passes of the harvester.
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Implement width is the addition of the two track gauges, which for practical reasons limits
implements to around 6 m wide (after Shaw, personal communication, 2005).

Further confirmation of fuel savings is provided in another case study available at:
http://controlledtrafficfarming.com/downloads/CTF%20Case%20study%205.pdf (accessed
April 2011) where tractor power on the farm has dropped by 16%, but this includes the
power needed for some contracting operations which they were not doing before. This
conversion to CTF and the running costs are the basis for the economics study undertaken
in Chapter 6. Neither of these systems raised major practical issues but equally, neither
converted without some modification of equipment. A farm that still has a practical
problem to overcome is one operating with a nominal 12 m controlled traffic system.
Minor modifications were needed initially, primarily because the 12 m cutting platform of
the harvester actually cut only 11.96 m, meaning the final implement width selected was
11.66 m to be in harmony with the drill row spacing. The unresolved issue is the length of
the grain unloading auger which does not reach to the centre of the next wheel track. The
manufacturer is unable to address this problem so an extension tube will be fabricated
and trialled by the farmer in 2011.
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2.7.2.2. Wheel tracks and erosion

The permanent traffic lanes are an integral part of avoiding compaction on most of the
cropped area and their installation and management are crucial to the success of any
controlled traffic system. Most research does not consider this aspect but some
information can be gleaned and anecdotal evidence is also reported. Also considered here
will be research addressed at the specific issue of erosion, particularly that initiated by
wheel tracks. It will also assess the impact of recognized differences in infiltration
between trafficked and non-trafficked soil in an attempt to predict likely outcomes of
adopting controlled traffic compared with current practice.

Taylor (1983) was probably the first researcher to recognize the additional benefits
brought to a controlled traffic system by optimising the design of the permanent traffic
lanes. It was well known that the first pass across a relatively soft soil brought with it high
rolling resistance and poor tractive efficiency. However, by the fourth pass, efficiency had
risen from less than 50% to close to 75% on a Decatur silty loam with very similar results
for a sandy loam and a clay soil. At the same time, bulk density under the traffic lanes had
increased by an average of 9% with around 20 mm sinkage. Taylor concludes that
permanent traffic lanes improve tractive efficiency and flotation together with timeliness.
Lamers et al. (1986) also draw this conclusion and quote from Perdok and Lamers (1985),
who reported a 13% increase in the relative tractive efficiency of permanent traffic lanes
brought about by a reduction in rolling resistance and increased coefficient of traction.
They estimated an overall 48% saving in energy from better traffickability and less tillage
demand from the non-trafficked beds. In practical terms the lanes were highly trafficable,
except in very wet conditions, when they became very slippery. The latter problem has
also been reported by farmers using a “seasonal” controlled traffic system where annual
ploughing restores the damage caused by the harvesting of high value vegetable or root
crops
(http://www.controlledtrafficfarming.com/downloadssecure/NL%20CTF%20Workshop%20Report.pdf,
accessed February 2011).

Permanent traffic lanes have also been used as drainage channels in the form of “raised
bed farming”, primarily in the southern states of Australia. Here laser levelling provides a
means of quickly disposing of overwinter rainfall to establish crops more quickly and
reliably in the spring. Hamilton et al. (1998) and Thompson (1995) describe the systems in
some detail and the advantages gained but neither these authors nor several others
writing on the subject (Maynard, 1995, Bakker et al., 1995, Bakker et al., 1998) mention
performance of what are in effect sunken traffic lanes. One can only presume that they
were not a problem either in terms of erosion or traffickability. Erosion would not be a
problem because although these sites are often on quite undulating ground the traffic
lanes and cross drains are on modest grades designed to avoid erosive velocities
(Hamilton et al. 1998). Also to be presumed is that although access would have been
limited to when water ceased to flow, this was ahead of when it would be possible
without the raised bed design.
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Webb et al. (2004, pp. 35-40) propose a number of management options for surface
traffic lanes often left without crop that form the basis of a guidance system for chemical
applications. If erosion or weeds are a problem they suggest “fuzzy, sown or furry”
tramlines, these ranging from crop established by broadcasting (fuzzy) or shallow sowing
(sown) to diverting of chaff during harvesting (furry).

The issue of erosion in traffic lanes was addressed by Titmarsh et al. (2003) working in
central Queensland. Their comprehensive study on a range of soils was carried out in
cooperation with commercial growers and compared up and down slope with across slope
orientation of controlled traffic wheelways. Table 2.13 shows the comparable rainfall
events that initiated both run-off and sediment loss measured at the outlet from contour
bays (in other words, from both beds and wheelways combined). Sediment loss from
catchments tends to be greater with clay soils (there is less likelihood of its deposition
before it leaves the catchment) (Evans, 1990), and rates of erosion from clay soils in the
UK at least are generally small (Evans, 2002). Table 2.14 shows the soil loss via rills for the
same sites.

In addition to these data, Titmarsh et al. (2003) ran a model prediction of the likely
sediment transport from a conventionally managed Catchment close to the McCreath
property using contrasting cover levels. This used a 30-minute 1 in 10 year average
recurrence interval storm as the basis and this predicted 11.2 Mg ha™ loss from a bare
cultivated/young crop situation and 2.6 Mg ha™ from a no-till/high cover condition. The
latter is probably more comparable with the field data, but because no rainfall intensity is
provided it is not possible to make a direct comparison with the controlled traffic systems.
A tentative conclusion is that the loss was significantly greater than that recorded for
controlled traffic at the McCreath site for any of the rainfall events. In considering the
results the authors reason that because the area of the wheelways is relatively small, the
additional runoff from the up/down slope orientation must have been generated by more
than just the wheelways themselves but unfortunately traffic intensity (number of
wheelways per unit width) is not stated in the paper. Tine tillage and/or drilling will almost
certainly have been used and this may have been a contributing factor in terms of small
furrows running up/down slope. The rather different or at least uncertain message coming
from the rills data may also have been an aspect of this. With an across-slope orientation,
if rainfall intensity is such that overtopping of small cultivation furrows occurs in hollows,
this often initiates rills. This is less likely with an up/down orientation where there is not
the equivalent concentration. The authors ultimately conclude that soil loss levels were
relatively low (probably because of high cover levels) with no clear distinction between
traffic orientations. Regrettably there is no direct comparison with a conventionally
trafficked situation.
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Table 2.13. Runoff and suspended sediment loss on three farm sites in central
Queensland for across slope and up/down slope orientation of controlled traffic
wheelways (after Titmarsh et al., 2003)

Across slope Up/down slope
Site Date Rainfall, Runoff, Sus Sed”, Mg Cover, Rainfall, Runoff, Sus Sed, Cover,
mm mm ha™ % mm mm Mg ha™ %
Coggan  27/10/02 425 10.4 3.1 35 42.5 26.4 3.7 40
10/12/02 75.8 1.7 0.2 20 75.8 6.5 0.5 35
15/12/02 29.1 4.5 0.5 20 29.1 12.7 0.9 35
Totals 1474 16.6 3.8 1474 45.6 5.1

McCreath 2/2/02 70.5 2.1 0.002 95 70.5 5.6 0.01 95
5/2/02 24.5 7.6 0.015 95 24.5 11.6 0.03 95
Totals 95.0 9.7 0.017 95.0 17.2 0.04

Aisthorpe 2/01/00 13.6 1.6 0.02 83 13.6 0.0 0.0 77
4/01/00 46.4 14.5 0.12 83 46.4 37.2 0.71 77
19/11/00 20.8 0.2 0.00 70 20.8 0.4 0.01 65
20/11/00 26.0 15.7 0.19 70 26.0 15.9 0.31 65
21/11/00 33.4 28.1 0.34 70 33.4 28.2 0.54 65
Totals 140.2 60.1 0.7 140.2 81.7 1.6

% Sus Sed = suspended sediment

Table 2.14. Soil loss via rills for up/down and across slope orientation of controlled
traffic wheelways (from Titmarsh et al., 2003)

Site Across slope, Mg ha  Up/down slope, Mg ha™
Aisthorpe 1.2 0.3
Gibson 4.8 3.1
McCreath 0.2 1.1

The Grains Research & Development Corporation (2000) carried out a similar trial on a
self-mulching clay soil in Queensland (but again with no conventional traffic comparison).
Rainfall at 755 mm was above the annual average (682 mm) and the across-slope
controlled traffic resulted in 15.1 Mg ha™ loss of soil compared with just 5.2 Mg ha™ for
the up/down orientation, despite only small differences in equivalent runoff (232 mm and
191 mm respectively). The report suggests that this is because of the rill effect mentioned
earlier. They also mention some minor erosion in the permanent wheel tracks with the
up/down orientation, and this occurred at the bottom of slopes as it does with tramlines
in the UK. Results from another trial still in progress have indicated that the up/down
orientation increases soil loss with small rainfall events, but conversely reduces loss under
high intensity rainfall.
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Tullberg et al. (2001) and Li et al., (2001) provide data indicative of the relative potential
for soil loss between conventional and controlled traffic systems. Tullberg et al. (2001)
concluded that zero traffic reduced runoff on a clay soil by 63 mm y™ while Li et al (2001)
reported a 4-5 fold increase in infiltration in the absence of traffic. In the absence of
comparable data for trafficked/non trafficked soils it is interesting to consider the UK
situation on erosion, and erosion from tramlines in particular. Chambers & Garwood
(2000) in their study found that tramlines were associated with 14% of erosion events,
while wheelings and headlands were associated with a further 19% and 8% respectively.
Crop cover and valley features were the other two factors at 22% and 30% respectively.
Rainfall events associated with erosion were in 96% of cases >10 mm day™ and in 80% of
cases were linked with daily rainfall volumes of >15 mm and maximum intensity of >4mm
h™. Erosion with crop cover of more than 15% was usually due to runoff concentrated in
tramlines or wheelings but exacerbated by channelling of runoff by natural features.
Erosion control procedures considered important by Chambers & Garwood (2000) in what
they report is a 150% future increase in risk due to climate change, include the avoidance
of compaction and wheelings. Where controlled traffic systems are being considered in
the UK, non-cropped tramlines spaced at around 24 m are still used, but there are also
intermediate permanent wheelways that are cropped. These, which are usually spaced at
between 6—-8 m centres, due to a lesser demand for tillage, might only receive a drill and
harvester once a year and an occasional grain cart. The paper by Evans & Brazier (2005)
shows just how difficult it is to predict erosion with any degree of certainty, despite robust
field data.

Table 2.15 provides a summary of the literature in relation to surface infiltration rates.

As far as rainfall intensity is concerned, the most dramatic events in the UK over the past
50 years have all been within the range 10-100 mm h™* (Met Office, 2005). However,
events that have caused erosion on vulnerable soils (the South Downs for example) have
generally been of a much lesser magnitude, of the order of 30 mm over a period of two
days (Boardman et al., 2003). This is an average intensity of just 0.62 mm h™*. Additional
precursors to erosion are large fields, cultivation of steep slopes, use of rolls, fine tilths
and a soil profile already at field capacity. Most erosion is confined to silts, sands or loams.
The South Downs for example has Lithomorphic soils with up to 80% silt. Ankeny’s figures
(Table 2.15) suggest a 36—200-fold increase in infiltration with CTF compared with current
practice and those of Hamlett et al. and Meek et al., 5-29-fold increase on non-trafficked
soil compared with a compacted wheelway. Critical to the debate about whether
controlled traffic increases the risk of erosion is the extent to which existing tramline
erosion is initiated by runoff from the surrounding soil compared with the extent initiated
by rain falling on and running down the tramline itself. The foregoing data would suggest
that the extent of runoff from the surrounding soil is likely to be significantly less with
controlled traffic.
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Table 2.15. Infiltration data for the top 50 mm of soil taken from literature and from
recently recorded but non-verified field measurements (see Chapter 4)

Soil Tillage Infiltration, mm h™ Paper
Trafficked Non- Wheel
trafficked  -way

Silty clay loam None 0.01 0.36 Ankeny et al., 1990
Silty clay loam Chisel 0.003 0.63

Heavy clay Varied 0.1 6.0 Hakansson, 1985
Silt loam Plough 870 30 Hamlett et al., 1990
Vertisol/ Varied 3.5 11.5 3.5 Boydell & Boydell,
Red Earth Varied 1.9 3.5 0.4 2003

Sandy loam Varied 15 3 Meek et al., 1992b

5 25cm depth

Summary of practical aspects and erosion

Many different means of achieving substantial areas of non-trafficked soil have been
proposed, researched and used over the past 160 years, but only in the late 20" and early
21* century has there been widespread adoption of tractor-based systems by farmers.
Key to this adoption has been satellite guidance and auto-steer capable of delivering
repeatable positioning to vehicles with an accuracy of £ 20 mm. Initial adoption occurred
in Australia where practical constraints were less obvious but it is now gaining ground in
Europe where alternative approaches are being developed. These tend to track a larger
area but still deliver key benefits. Although machine modification is often required, this
can frequently be carried out on farms or by local engineering companies. Those who
have converted are reporting investment, fuel and labour savings.

Trials with across-slope compared with down-slope orientation of controlled traffic
wheelways provided no clear distinction of erosion benefits between directions but rills
were more common with across-slope orientation and suspended sediment loss greater
with the down-slope orientation. There were no comparisons with conventional traffic
systems which precluded quantification of the effect of predicted greater infiltration on
the controlled traffic beds.

2.8. CONCLUSIONS TO THE LITERATURE REVIEW

e In a study of the soil as a global resource it was recognised that it is as vital to our
wellbeing as it is to that of the planet, but it is being degraded. Some of this
degradation is due to over-compaction by machinery and this has a fundamental
effect on models that predict water holding capacity from which global production
potential is calculated. Of particular concern are wheel loads in excess of 6 Mg,
together with high tyre inflation pressures, which are having a negative impact on
subsoils.

e Although conservation agriculture has been shown to have many benefits such as
reducing tillage and therefore energy inputs to the soil, there is concern that the
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lack of tillage in the presence of random traffic is having a deleterious effect.
Retaining residues at the surface helps to protect the soil from raindrop impact
and erosion but dense layers with an elevated organic matter content can cause
increased emissions of nitrous oxide. The case for additional sequestration of
carbon as a result of conservation tillage systems has not been well proven but the
finite potential exists. The dominating influence on the amount of organic carbon
in the soil at any given point on the globe remains cropping.

Reviews on the effects of soil compaction imposed by field vehicles concluded that
it had overwhelmingly negative effects. These effects, outcomes and implications
included:

o Poorer water infiltration, drainage and aeration

o Negative influences on crop yields and greenhouse gases as well as crop
rooting, energy inputs and nutrient uptake by crops.

o Of particular concern was the threat of high wheel loads on subsoil layers
whose condition may already be beyond economic repair. This damage
may already be permanent and having a negative effect on yields and soil
hydraulic properties.

o Restorative measures for soil compaction are expensive and quickly
compromised by subsequent non-controlled traffic. Methods for reducing
these effects were limited within a commercial environment that seems
intent on increasing loads still further.

o Avoidance of soil conditions that are too loose can also have a negative
influence and reveal an optimum that is around 85% of the maximum
compaction level for any given soil.

o Low ground pressure tyres can improve soil conditions (increased porosity
and lowered soil strength) and yields, but their benefits are constrained,
largely due to the greater area they compact on each pass. Equally, due to
their greater width, they are only a practical solution for wheel loads of up
to 5 Mg.

o Crop uniformity can be compromised by the random nature in which
compaction is applied in the field, resulting in either crop rejection or lower
value.

o The effect of soil compaction on soil biota and biological processes is
almost certainly negative, but its significance is uncertain largely as a result
of the high variability in experimental conditions and recording methods.

Soil structure determines the nature of physical processes that occur within soils
and for a given soil texture, is largely driven by soil organic matter. Sequestration
or oxidation of organic matter is itself driven by many different factors but the
direct effect of compaction by vehicles appears to be neutral.

o seedbed quality is negatively affected by compaction which reduces its
required heterogeneity leading to poorer outcomes. The absence of
compaction has exactly the opposite effects.
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e Vehicle compaction increases the strength and density of soils whose vulnerability
is the key factor that determines the level of damage rather than wheel or track
loads per se. Subsoil loosening makes soils particularly vulnerable and susceptible
to all levels of load, particularly with repeated passes and in moist conditions.

e Beneficial air and water movement into and out of the soil is compromised by
vehicle compaction and can lead to water run-off, soil erosion, flooding and
chemical pollution while creating poor water uptake and water use efficiency by
plants whose rooting may be impaired.

e Crop yields are almost universally compromised by vehicle compaction but
responses are strongly influenced by prevailing conditions and crop resilience.
Principally the effects are associated with restricted rooting due to poor soil
conditions that constrain their access to water and/or air and nutrients. Too loose
soil conditions such as those experienced after ploughing, can reduce yields and
are associated with a degree of compactness lower than about 85%.

e \Vehicle compaction increases the energy and need for tillage which when avoided
can reduce inputs by up to 80%. When confined to permanent traffic lanes further
savings are achieved through improved tractive efficiency. These savings manifest
themselves on farms by selection of smaller rather than larger tractor
replacements.

e Lower or more cost effective investment in machinery is a manifestation of
controlled traffic systems that consistently deliver more profitable farming
businesses, often by a magnitude or more. Simultaneously, these systems deliver
environmental benefits that reduce the negative impact of farming operations.

e High precision and repeatable positioning of satellite guidance systems have been
the enabling technology for controlled traffic systems. Uptake of controlled traffic
in Australia was enhanced by acute inefficiencies, poor water infiltration and a
favourable infrastructure. Uptake in Europe faces greater challenges that initially
require a change in the mindset of primary producers but can be engineered, as
have many other developments in the past.

e There is little or no evidence to suggest that erosion in wheel tracks will be
enhanced by the establishment of permanent traffic lanes, largely due to several
magnitudes of increase in infiltration in surrounding soils through improved
structure from compaction avoidance.

e The literature elicited a list of topics for further investigation that confirmed the
validity of attempting to prove the overarching hypothesis of this thesis.

2.9. GAPS IN RESEARCH

The review has identified a number of gaps in research or areas that need further study to
provide guidelines for practitioners of CTF systems, namely:
1. Creation and maintenance of permanent wheel tracks.
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The permanent wheel tracks are a central element of any controlled traffic system which
succeeds or fails depending on their condition. Particular aspects that need to be
considered are:

a. Rutting and traffickability — how can these be avoided and maintained
respectively?

b. Erosion —what are the main drivers for this and how can it be
minimised?

c. Yield from cropped traffic lanes. Many CTF systems will be operating
with tracked areas of 20-30% and to lose this cropped area would be
unacceptable, so optimising the yield of crops sown in these tracks is
essential.

2. Persistence of deep soil loosening in the absence of traffic and tillage.
To what extent will different soils maintain a good structure when both tillage and traffic
are removed? Although the literature has provided some evidence there has been rather
limited work in the UK.

3. The degree to which soil compaction can explain crop yield variability in

commercial farming.

Many farmers now practise “precision farming”, a term used to describe the management
needed to counter variability within fields, particularly in terms of crop yield. Research has
shown a clear negative effect of soil compaction on yield but can this be modelled through
knowledge of the trafficking applied?
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CHAPTER 3

3. Papers published by the author addressing the principal
hypothesis

3.1. INTRODUCTION

The earliest of the literature reports on work that started in 1982 and this was a first
exploration of the then AFRC Institute of Engineering Research at Silsoe into the subject of
soil compaction. Being an engineering institute, a clear objective outlined in the first paper
was to use the results for “the development and assessment of alternative machinery
systems to improve crop production efficiency”. This theme continued throughout the
other papers and manifests itself in the form of engineering the development of a wide
span vehicle system, which was seen as the most practical and cost-effective technology
to achieve non-trafficked areas of at least 90%. The engineering development will not be
focused on here (see Chamen et al., 1994) but the system did provide large areas of non-
trafficked soil upon which extensive research could be conducted, including implement
draught and energy measurements. There is a dearth of measurements of this nature in
the literature reflecting the difficulty of acquisition. The other key objective of the
research contained in the papers was “to quantify soil and crop responses to different
levels of tyre/soil contact pressure”. This objective immediately reveals a lack of
awareness of the role of wheel load which became so evident in the literature review but
this did not constrain the research, which ran with little or no interruption on the same
site from 1982 until 1994. In the first four years the experiment formed a series across
Europe that were part funded by the European Union and whose results are synthesised
by Chamen et al. (1992a). The particular papers selected for review are listed below:

1. Chamen et al., 1990. Journal of Agricultural Engineering Research 47: 1-21.

2. Chamen et al., 1992b. Soil & Tillage Research, 24: 359-380.

3. Chamen & Cavalli, 1994. Soil & Tillage Research, 32: 303-311.

4. Chamen & Longstaff, 1995. Soil Use & Management 11: 168-176.
Although the literature review dealt in some detail with some of the work presented here,
there were many other aspects to these papers that support the main hypothesis and
these will be explored with the aim of eliciting information that might deliver to the
associated hypotheses listed in Chapter 1.

3.2. METHODOLOGIES

Some of the information and methodologies are common to all of the research reported
and principal among these was the experimental site and its preparation. Key to this was
the initial soil condition that had been “restored” to a depth of 400 mm using
simultaneous topsoil cultivation and subsoiling in the form of a rotary digger with integral
subsoiling tines (Chamen et al., 1979). This condition was presented to each of the
experiments with only treatment traffic on the replicated plots. One exception was a
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preparatory cultivation in 1982, following which the soil was loosened again to 400 mm
depth. The plots were 24 m wide by 35 m long and had four replications from 1982-1986
and three in the years thereafter. One of the aims of the experiment was to impose
vehicle compaction in a manner which reflected common practice on farms, i.e. a high
element of randomness, with some areas being trafficked several times while others not
at all for the first year or two. Within the constraint of plots which could only be accessed
along their length, this proved difficult to achieve but was approached by recording the
starting point of every operation and using markers on all machines. This allowed a plot to
be made of all wheel traverses and for subsequent operations to be moved slightly to
spread the traffic evenly across the main plot area. This was assisted by having a cultivator
with two “wings” that could be removed to alter its working width but also by having
narrow discard areas at the join between plots where some overlap of operations could
be accommodated.

The soil was an Evesham Series calcareous clay whose mineral properties are outlined in
Table 1 of the first paper (Chamen et al., 1990, page 2).

3.3. DISCUSSION OF PAPERS

3.3.1. Chamen et al., 1990. The effect of tyre soil contact pressure and zero traffic on soil
and crop responses when growing winter wheat

Several figures are of note in this paper because they address the gap in research relating
to the persistence of deep loosening effects in the absence of traffic. Figs 1 & 2 confirm
the longevity of the loosening effect (4 years) in the absence of vehicle traffic and little
difference between the shallow cultivated (to around 100 mm depth) plots and those that
were direct sown with a disc drill. Also of interest here is the consistently lower
penetration resistance under the low ground pressure system (maximum inflation
pressure 50 kPa) below 100 mm depth. The fact of equal strength and density in the top
100 mm tends to confirm other research that highlights the area effect of low ground
pressure systems based on wheels. These track a much larger area on each pass and
therefore build up compaction in the topsoil more rapidly, confirming the advantage of
tracks that lay down area in length rather than width. Essentially, the significantly
improved conditions maintained under zero traffic deliver positively to the main
hypothesis.

The hydrology of the site was also of interest with the non-trafficked soil consistently
exhibiting lower volumetric water content for a given negative matric potential (Figs 6 &
7), which has been maintained throughout the period of the experiment. This coincided
with greater water extraction on the non-trafficked plots suggesting greater plant
available water (Table 5).

The paper also demonstrates the danger of having too loose a soil profile in which to grow
crops, which in this case triggered a deficiency of manganese in the wheat. This particular
soil was prone to the problem which could only be effectively countered by the
application of manganese sulphate and this was common practice in the area, even
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without traffic control. Yields, particularly in the first year were negatively affected by this
deficiency and this situation persisted for the duration of the experiment and therefore
cannot be considered to support the hypothesis. Lower yields from non-trafficked soil
reflect our inability to achieve the right conditions because they can almost certainly be
compressed to the right degree, if only that degree were known. This compaction may or
may not have an impact on the draught requirement of the tillage operations, which as
will be seen from Table 9 exposed the difficulty of creating consistency and being able to
compare like with like. The significantly different soil conditions on the zero traffic plots
meant that little or no tillage was required to create a seedbed. A Dutch harrow was
therefore used in place of the heavy duty spring tine, which as will be seen from the text
(page 16 of the paper) could not be constrained to the depth required. Although draught
data were acquired, these were not always directly comparable, except in 1985 when
conditions were such that the same cultivator was used across all the plots. Here draught
on the non-trafficked soil averaged 42% less than on the trafficked and the total energy
for crop establishment was reduced by over 70% (Table 10), again delivering positively to
the central hypothesis. Another interesting phenomenon was apparent in 1983, when
very dry conditions leading up to and following harvest created severe shrinkage and
cracking of the soil (Fig. 9). This was recognisably different between the treatments, with
the least cracking occurring on the non-trafficked plots. The reason is almost certainly
associated with the lack of heterogeneity of compacted soil and less variation in soil
strength leading to fewer but larger cracks. The contrast in conditions was exacerbated by
a tendency for friable soil on the non-trafficked plots to fill the cracks which did appear.
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Winter wheat was grown for 4 years on a clay soil subjected to three levels of tyre/soil
contact pressure, in conjunction with direct drilling and shallow tine cultivation. Zero, low
and conventional tyre related stresses were applied to the soil in the course of normal cultural
operations and measurements were made of soil, crop and machinery responses.

Under zero traffic, a deep friable tilth was retained from one season to the next. Cone
resistance and soil density generally increased with tyre contact pressure, but the greatest
difference was between soil stressed by tyres compared with that which remained traffic free.
Porosity was reduced by conventional traffic but saturated hydraulic conductivity at and below
0-5 m depth was unaffected by treatment.

There was no conclusive evidence to suggest a difference in yield related to the traffic
treatments but total yield from the zero traffic plots was lower than from the other treatments
because of manganese deficiency.

Compared with zero traffic, conventional and low ground pressure systems increased
shallow tine cultivator draught by 60% and the energy for cultivations and drilling by up to
250%. Standard traction tyres were effective for low ground pressure operation, but safety
during road use needs consideration. Zero traffic improved soil conditions and a cost effective
means of achieving such a system should be explored,

I. Introduction

Over the past few decades, soil compaction in the topsoil has been identified as one
factor limiting further increases in cropping efficiency.’ This compaction impedes the
movement of liquids and gases within the rooting zone, through a reduction in soil
porosily, and its alleviation requires a regular, energy-intensive, deep-loosening operation
to sustain crop yield. It has also been recognized that a complete absence of soil firming
may lead to a reduction in crop pcrformancc due to nutrient dcﬁc:cncncs and that a
certain degrcc of soil compactness is required for maximum crop yield.* This “degree of
compactness” (defined* as the relative bulk density of a field soil compared with the
density acquired by a prepared unconfined field sample of the soil subjected to a static
pressure of 200kPA) has been shown by Hikansson® to be a more useful measure than
bulk density or porosity in relation to crop performance, because the maximum yield is
obtained at a very similar degree of compactness, regardless of soil type. For a particular
soil however, density, cone resistance, hydraulic conductivity and water content provide
a more precise measure of soil physical conditions that can be related to cultivation
requirements and water movement.

Other factors, including advances in plant breeding, the chemical control of weeds,

1



73

2 GROWING WINTER WHEAT

pests and diseases, and the introduction of improved mechanization systems have led to
significant increases in the yield of many crops. In contrast, the widespread adoption of
high output reduced coltivation systems for winter cereals has, in the U K., contributed to
a build up of soil compaction and to the limitation of full crop potential.

The aim of this rescarch, was to quantify soil and crop responses to different levels of
tyre/soil contact pressure at one site in England and in particular, to assess the effect of
soil changes on cultivation requirements and machinery performance, These results could
then be used in subsequent research, as a basis for operational and cconomics research
studies and for the development and assessment of alternative machinery systems, to
improve crop production efficiency.

2. Description of experiment
2.1. The site

A specific site was selected on the Institute farm at Silsoe, Bedfordshire because it
exhibited the following features; (1) a clay soil typical of those used for cereal growing in
eastern England, (2) homogencity of the soil throughout the site, and (3) the absence of
abrupt textural changes in the soil vertical profile. The properties and classification of the
soil on the site selected are shown in Table 1.

The site was prepared with the aim of eliminating all traffic-induced compaction to a
depth of 400 mm. The site was mole-ploughed in autumn 1981 at 2m centres and at
560 mm depth (new main drains were introduced on the plot headlands in November
1983). This was followed in summer 1982 by combined rotary digging and subsoiling at
depths of 140 mm and 400 mm, respectively and by rotary cultivation to 100 mm depth, A
further subsoiling operation, to relieve the compaction caused by the tractor during rotary
cultivation, was carried out at 400 mm depth using a tracklaying tractor. Prior to 1976 the
cropping was predominantly grass, but this changed to cereals in 1977 and the first
experimental crop was preceded by spring barley. Although some plots were on level
ground, the site generally sloped downwards by about 3° from North-East to South-West.
Plots 24 m wide by 35m long were arranged in a randomized block design with four
replications.

Table 1
Sodl description and textural analysis of the site

Soil: Typical calcareous pelosol of the Evesham Series (Hodge ef ol )°
Description: Clayey. calcareous, impermeable subsoil over gault clay
Soil constituents (% by weight [USDA classification])

Clay 59:5

Sale 235

Sand (fine) 149

Sand (coarse) 2-1

Texture Clay

Organic matter” 54

Calcrum carbonate 77
Lower plastic limit
(% m.c.d.b.) 473
pH 81

2.2, Treatments

Six treatments, consisting of three tyre/soil contact pressures and two methods of crop
establishment, were applied in the experiment for the 4 crop years 1982/1983 to
1985/1986. The three tyre/soil contact pressures were provided by the following means.
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(1) Tractors and equipment which ran at random over the plots using conventional
tyres at between 100 and 250 kPa inflation pressure (*‘normal” treatment, designed
to reflect current farming practice).

(2) Tractor and machines which ran at random over the plots, but which were modified
to accept sufficient additional conventional wheels and tyres, so that all tyre
inflation pressurcs could remain at or below 50 kPa (“'low ground pressure™ (LLGP)
treatment). A pressure of 50kPa is less than that generally recommended for
vehicle speeds above 10 km/h,

(3) A system where the wheels of tractors and equipment were confined to permanent
wheelways (2-4 m apart) and no tyre-related stress was applied to the cropped area
(“zero" treatment),

Winter wheat was established by each of these traffic systems using commercial farm
practice of reduced and zero tillage operations, as follows.

(1) Shallow tine cultivation followed by drilling with a single disc soil opener.
(2) Direct drilling with a triple disc soil opener,

The treatments and their abbreviations are listed in Table 2.

Table 2
Treatments and their abbreviations

Traffic Cultivation

Normal Direct drilled (NDD)
LGP Duect duilled (LDD)
Zeto Direct dnilled (ZDD)
Normal Shallow cultivated (NSC)
LGP Shallow cultivated (LSC)
Zero Shallow cultivated (ZS5C)

Cultivation equipment consisted of a heavy-duty spring-tine (HDST) cultivator, a dutch
and a seed harrow. Sowing was done with & 4 m trailed grain and fertilizer dnill equipped
with cither the triple or single disc openers and with “single” or “dual wheels”.
Agricultural chemicals and granular fertilizer were applied from 12m booms on
three-point linkage mounted machines; and metering of fertilizer was from a ground-
driven metering wheel. To facilitate the necessary tractor changes when operating
these applicators, they were mounted on a specially designed, wheeled carniage. This was
equipped with its own power take-off train and the primary wheels (fixed at 2-4 m track)
could be “dualled™ when necessary,

Harvesting was with a conventional, sclf-propelled, combine harvester having a wheel
track of 2:4 m. Provision was made to dual all wheels. The harvester was equipped with
a small temporary holding tank for grain weighing and sampling, and with a 1-2m or a
4 m wide cutting table. A straw spreader was fitted to the rear of the combine.

3. Crop and soil management

Following harvest of the previous wheat crop, straw spread by the combine harvester
on the experimental area was burned and soil measurements made from the bare surface.
Cultivations for the next wheat crop then began with the aim of sowing during the first
week of October. Agricultural chemicals and granular fertilizer were applied to the crop
at the appropriate growth stages and in line with good commercial practice using
annual/permanent tramlines.
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On the normal and LGP treatment plots, the only wheelings applied were those
required for normal cultural operations and as these were constrained to run parallel to
the length of the plots, steps were taken to ensure their even build up across the plot
width. These steps consisted of recording the position of all wheel passes and planning
subsequent operations, so that wheels were positioned in those areas which either had, in
the carly stages of the experiment, been left uncovered or as the experiment progressed,
been less intensively stressed by tyres. Typically, random wheelings from tractors
amounted to five passes in the shallow cultivation system and two passes in the direct
drilled system. These were followed by about six tractor passes using tramlines and one
set of random wheelings from the combine harvester (using the 4 m wide cutting table).
No trailer wheelings were imposed on the plots but by the time the second crop was
established, no significant area remained unstressed by tyres.

On the zero traffic plots cach pair of 2:4m tracks (was pcrmanent, uncropped
wheelways spaced at 4m centres) was established using the appropriate tractor. All
subsequent traffic used either all six pairs of wheelways (4 m implements) or just two pairs
(12 m implements).

During cultivation, soil engaging tines, which would otherwise hawve cultivated the
wheelways, were removed. Drill coulters were left in place in the wheelway positions but
no grain was metered to them. Harvesting was with both the 1:2m and 4 m wide tables.
(See Section 4.2). This system was devised purely as a means of establishing experimental
unwheeled beds and was not considered a practical farm system.

4. Measurements and records

4.1, Weather and soil

Meterological records from the Silsoe station sitwated 2 km from the site, were used to
calculate potential cvapo-transpiration of the crop using the method of Penman.®

Cone resistance was recorded at random on each plot using a Findlay Irvine *‘Bush
Penctrometer” having a 307 cone of 127 mm?® base area; soil bulk density was measured in
a similar manner with a twin probe, nucleonic, density meter.® Differences in surface
topography resulting from the treatments were recorded using a profile gauge. This was
placed at right angles to the direction of wheelings and its 46 X 20 mm diameter probes,
spaced 50 mm apart, were lowered on to the soil surface.

Measurement of soil water content was made to 2 m depth, using a calibrated neutron
moisture meter (Wallingford type). Surface corrections were made following the
procedure outlined by Harris."™ Matric and hydraulic potential measurements, were made
with tensiometers installed through the walls of permanent access pits, established on the
site in September 1982 using the method described by Howse and Goss."' Similarly,
piezometers were also installed at between 0-5m and 2m depth. These were used to
measure saturated hydraulic conductivity, using the method described by Youngs and
Goss,™ in which the level of water in the manometers was lowered and the rate of return
rise observed. The sites of the 0-8 m diameter X 2m deep access pits on single replicates of
four treatments (NDD, NSC, ZDD, ZSC), ensured that mole drain channels were not
interrupted and were centrally placed between the permanent wheelways on the zero
traffic plots. As data from the neutron moisture meter were to be used to establish water
release characteristics (soil matric potential versus water content), a number of
preliminary measurements were made on this soil. These were used to check the values of
water content indicated by the calibration curve provided with the meter, against those
derived on a volume basis using gravimetric readings. Good correlation was achieved and
the need for recalibration of the meter was therefore deemed unnecessary.
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4.2. Crop

It was the intention during drilling that the depth of sowing and number of seeds sown
should be eliminated as variables in this experiment, Since a2 common depth of seed
placement could be achieved only by appropriate adjustment of the dnll coulters, any
differences in sowing depth which were recorded, reflect an inability to achieve this aim,
rather than a treatment effect. On the other hand, the number of seeds sown per unit area
on cach treatment, remained constant by using the same drill metering device on all plots,
and differences in population were therefore likely to be a depth or treatment effect. The
prewinter plant populations established on each treatment were estimated from 10 counts
per plot, each covering an area of (-21 m*. Similarly, sowing depth was recorded by
measuring the distance between the seed coat and the point of transition between the
white and green stem of 20 plants selected at random on each plot. Dry matter production
was determined, during the most active growth period of the crop, on the replicates being
monitored for soil water use. These data were collected by trimming sample areas
(5 % 0-2m?) of the crop to ground level at the start and the end of the growth period. On
cach of the normal and LGP plots, grain yield was determined from a single, randomly
positioned, full length cut, from cropped areas exclusive of any tramlines or wheelways,
using the 4 m cutting table of the combine harvester. On the zero traffic plots, a similar
cut was made using the 1-2m wide table, placed centrally over one of the 2m wide
unwheeled beds, The remainder of the crop on these plots was then harvested using the
4 m table. Sample weights from each treatment were multiplied by an appropriate factor
to give an overall yield per hectare.

4.3. Machinery

During cultivation and crop sowing, measurements were made of tractor forward
speed, wheel slip and fuel consumption and the depth of work of the implement. Where
possible direct measurements were made of implement draught. The alm during each
machinery operation was to maximize output whilst maintaining work quality, subject to
some constraints imposed by measuring procedures and plot working. Tractor speed was
recorded either manually in conjunction with wheel slip or by a chronometer and radar
distance meter mounted on the tractor. Fuel use was measured with a positive
displacement type liquid meter, installed permanently in the fuel lines of each of the
tractors. Implement working depth was monitored on each plot by measurements from
the undisturbed soil surface. The draught of mounted implements was measured using a
three-point linkage dynamometer.' Information from these transducers was coded on the
tractor and transmitted via a radio link to a receiving vehicle on the field headland. The
signals were then decoded, digitized and analysed by an LSI 11/2 computer following
each run. A minimum of four runs of 10s duration were normally made on each plot.
Following each operation on a given treatment, the measuring equipment and implement
were transferred to the tractor required for the next treatment.

Fuel use data were converted to equivalent power at the tractor power take-off (pto),
using no-load engine speed and fuel consumption versus power curves established for
each tractor. These curves were produced from re adings taken at different engine no-load
governor settings, with the tractor connected o a dynamometer via the pto shaft. This
technique provides a quick and simple method of comparing the power requirements of
different operations on the same tractor, on a particular day, under similar ficld
conditions and when wheel slip and travel speed can be recorded. As a measure of
absolute power, however, it is accurate only when account can be taken of differences in
air temperature, relative humidity and fuel temperature between field and calibration
conditions.
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It 15 also subject to a number of errors when operations are compared using different
tractors, as was the case in this experiment. These include different transmission and
rolling resistance losses and relative differences in fuel temperature on each tractor,
between field and calibration test conditions. Differences in transmission and rolling
resistance losses, can be allowed for by measuring the power required to propel the
tractors across the field unloaded. Differences in temperature on the other hand can only
be corrected for by measurement. The errors from this source are likely to be minimal
however, since a change in temperature of 13°C (fuel specific gravity 0-837 at 15-6°C and
coefficient of expansion = 0-000666) is required before power availability is altered by just
19%. Where implement energy requirements were compared therefore, this was deter-
mined by subtracting the unloaded power and the percentage of wheel-slip loss from the
gross power. This figure was then used together with the implement work rate to compute
energy requirements, and was considered to be accurate to within +5%.

5. Results and discussion

S.1. Weather

Records (Table 3) showed the rainfall, compared with the 30 year mean, was above
average in the autumns of 1982 and 1984 and consistently greater than average in May of
all years, Except in 1984, February was a month of below average rainfall, as were the
months of September and October 1985. Individual monthly mean soil temperatures at
100 mm depth, varied by a maximum of 3-8°C from the 30 year mean (July 1983) and by
4-1°C between years (January 1983 and January 1985). In general February was
significantly cooler and July significantly warmer than average.

5.2. Cone penetration resistance

Differences in cone resistance between treatments became less variable with time, as
would be expected from the way the treatments were applied. In 1985, it was apparent
that the main contrast (significant at the 5% level) was between trafficked and
untrafficked soil™ where, although the difference varied with depth, the average increase
in resistance due to traffic was 35%. An additional set of measurements, taken in March
1986 (Fig. 1) indicated that on average over the depth range measured. the trafficked

Table 3
Rainfall and soil temperature at Sidsoe, 1982-1986

Monthily rainfall, mm {mean soil temperature, *C at 100mm depth)
1058283 198354 198485 198586 Mean 3 year mean

Sept.  472(139)  634(133)  995(129)  174(142)  S69(136)  44-8(136)
Oct, 1105 (9.3) 377 (98) 411 (97)  16:1(10:4)  51.3(9-8) 268 (9:5)
Nov. 693 (6-8) 375 (63) 897 (7-0) 44-3(3-4) 60-2 (5-9) 50-7 (5-3)
Dec. 439 (26) 383 (35) 357 (40)  869(58) 1.2 (4-0) 512 (3-4)
Jan. M7 (47) 636 (1) 377 (06) ST4(21) 483 (2-4) 457 (2-5)
Feb. 261 (I11) 347 (21) 165 (=) 95(02) 20711 358 (2-6)
Mar. 296 (4-4) 375 (34) 330 (32)  S51-7(33) 379 (3-6) 394 (4-1)
Apr. %7 (b3) 89 (69) 133 (81)  609(56) 444 (6-7) 38-5 (7-5)
May  999(10-7)  81-2(103)  46-4(11-3)  562(11:9)  09(11-1)  400(12.0)
June  11-4(166)  454(163)  1W076(144)  134(165)  444(160)  47-9(16-0)
July  315(21-3)  85(186)  S12(182)  389(185)  325(192)  488(17.9)
Aug.  32:3(18-4)  422(178)  I27(14-8)  76-4(149)  459(165)  9-8(16:4)

Total 63 499 L) 529 566 540
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Fig. 1. Soil cone penetration resistance on 24 March 1986. —A—, NDD; —@—, LDD; —m—,
ZDD; --A--, NSC; —-O-—, LSC; —--O--, ZSC

(including LGP) soil had a 26% greater resistance than the untrafficked soil (significant at
the 0-1% level) and a range of differences between treatments from 0 to 62%. However,
in general, cone resistance on the LGP plots was intermediate between that recorded on
the normal and zero treatment areas. On the LGP plots there was evidence (significant at
the 5% level) to suggest, that resistance was greater following direct drilling than after
shallow cultivation.

5.3. Bulk density

Changes in soil dry density over the period of the experiment reflected not only the
tyre/soil contact pressures applied but also the area trafficked for a given load. Hence in
the first 2 years of the trial "' density tended to be greatest on the LGP plots, but by
1984 this trend, except in the top 100 mm of the soil profile, was less obvious and density
on the normal plots became greater.® In 1985, although there was no significant
difference in density following shallow cultivation or direct drilling. the mean values for
normal traffic were significantly higher'” (at the 5% level) than for LGP. In addition, both
the normal and LGP trafficked soils were significantly higher in density, (at the 0-1%
level) than those remaining untrafficked.

In 1986, additional density measurements were made with a high resolution meter'® to
a depth of 400 mm. These showed a very similar trend (Fig. 2), with average differences
between all three traffic treatments, over the whole depth range, being significant at the
5% level. Although there was no difference in soil responsc to shallow cultivation or
direct drilling. average differences in density due to normal and zero traffic, were 139
under shallow cultivation and 6% meaned for both methods of cultivation. More recent
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Fig. 2 Soil dry bulk density meaned for shallow cultivated and direct drilled soil, March 1986,
—A—, normal; = ~O-—, LGP; = -0~ -, z¢ro

work by Douglas' growing ryegrass for silage, showed similar trends in soil density,
despite being on a different soil and under dissimilar climatic conditions.

Interpretation of these and the cone penetrometer results, were also considered, taking
account of the displacement of the original soil surface caused by wheel sinkage and as
discussed by Henshall and Smith.? However, even if this difference in surface level is
taken into account (approximately 70 mm, based on density measurements) an effect of
traffic is still apparent at 0-4 m depth.

Table 4 gives measurements of the soil surface profile on single replicates of the normal
and LGP treatments taken in autumn 1985. Some difference between the LGP and
normal plot surfaces was indicated and histograms of surface depression below an
arbitrary minimum (Fig. 3), confirmed that the normal treatments resulted in a greater
number of larger surface depressions. These measurements, compared with those from

Table 4
Summary of surface depression data relating to u 4-55m
length of surface profile taken from four plots

Depression befow arbitrary minimum, mem

Stardard

Treatment Mean Maxiruon dewarion
NDD 49.9 14 261
LDD 8.7 78 18-5

NSC 40-0 ke 19-2
LSC 3-8 65 1649
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earlier years,''® suggested that as the whole plot area of both traffic systems became
more evenly compacted, less differential sinkage of the wheels occurred, and differences
between treatments became less noticeable,

5.4. Soil water

The soil water measurements were used to provide further information on soil
compaction and its effect on root growth and function, Thus, differences in the drained
water content and of the water table level of the upper profile, provide an indication of
drainage characteristics, i.c. a lower water content and a more rapid fall in water table,
would be compatible with a greater number of larger pores and/or pores of a more
continuous nature. Differences in water table level below the drains and in the depth of
water extraction by the crop, as indicated by the tensiometers, provides information
about crop rooting depth. Very shallow rooting could indicate a physical barrier to roots,
such as a compacted layer, or conversely an adequate supply of water and nutrients in the
topsoil. Interpretation of the data therefore needs to be considered carefully in relation to
the season, to crop growth and to water supply. It should also be noted that errors in
neutron count created by differences in soil density and considered by Holmes®' and by
Cannell and Asbell,** were only of the order of 4%, Similarly, any error due to scattering
of neutrons by the hydrogen content of the soil's organic matter, was unlikely to have
affected treatments differentially and will therefore only have caused an error in absolute
values.
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The moisture release curves for the soil provide more detail about pore sizes,
particularly at low (0 to 10 kPa) matric potentials (the tension with which water is held in
the soil matrix), where a well-structured soil is likely to exhibit a higher water content
than one which is severely compacted. Similarly, if water content changes very rapidly
with a small increase in matric potential, this is indicative of the presence of a large
number of large pores. Matric potentials in the ranges =01 to =5 kPa and -5 to —20 kPa
will empty pores in the size ranges 1500 to 30-5 um and 30-5 to 7-6 um, respectively.
Saturated hydraulic conductivity also provides a measure of pore space and in particular
the presence of continuous pores, which allow water and air movement in the soil.

5.4.1. Water content

Figs 4 and 5 show typical drained winter profiles at the start and end of the experiment.
The initial readings indicate a very uniform water content profile, below the depth of site
preparation cultivation (0-4 m), and a very non-uniform one above it. In the cultivated
layer, water content values were greater even after very limited traffic, compared with
those on the untrafficked and particularly on the untrafficked direct drlled soil. Fig, 5
indicates that by 1986, the uniformity of the readings had tended to extend upwards in the
profile, to a depth of only 0.25 m, above which the trafficked and untrafficked soils still
exhibited somewhat higher and lower water contents respectively, which could not be
accounted for by differences in soil density. Above 0-1 m; although large differences were
apparent, the errors in count rate due to the air/soil boundary make interpretation
uncertain,

The most dramatic change with time was on the zero traffic direct drilled soil, where the
water content at depths between 0-10 and 0-35 m, increased by about 10%, mostly in the
period 1984 to 1985, The reason for this level of change, was almost certainly associated
with the very low water holding capacity initially on this plot and subsequent natural
settling, rather than a treatment effect, since, of all the treatments, this soil had the lowest
number of mechanical forces applied to it.

70 —

Soil water content, *s by volume

40,02 0a 06 08 0 12 4 16 18 20

Soil depth,m

Fig. 4. Typical winter profile of soil water content, January 1983 —A—, NDD; - —A——, NSC;
—@—, ZDD; - -O- -, ZSC
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Fig. 5 Typical winter profile of soil water content, April 1986, — A-~, NDD; - -~ A~ -, NSC;
— @, ZDD; - ~O-—-, ZSC

5.4.2. Water table

The location of the water tables in the midline between mole channels, indicated from
hydraulic potential profiles, generally dropped to about 1-8m below the soil surface
from day 200 (July 19), until about day 325 (November 21), then rose rapidly to remain
at between (-2 and 0-6 m depth over the winter period. Only during short periods after
rain, did the level rise to within (-1 m of the surface. Under the ZSC treatment, the water
table was consistently nearer the soil surface by between (-1 and 0-2 m than on the other
monitored plots, To some extent, this was considered to be a siting problem caused by
disruption of the mole channels, which were both coincident and parallel to the
permanent wheelways over this section of the plot; crop performance as discussed later,
may also have accounted for some of this difference in the water table level. On the ZDD
plot the soil exhibited a tendency to drain more quickly and to a lower level, but this
characteristic became less noticeable with time. The maximum depth of water extraction
by the crop ranged from 1-4 to 2-0m (depending on season) on three of the monitored
plots (NDD, NSC, ZDD) with no evidence of a significant difference between
treatments. On the ZSC treatment plot, the higher water table mentioned above, limited
this range to 1-0 to 1-8 m.

5.4.3. Soil moisture characteristic curves

Volumetric water content was plotted against matric potential at 0-15m depth (just
below maximum cultivation depth) for both 1983 and 1986 (Figs 6 and 7). In general
these show that on any given treatment, the number of relatively larger pores decreased
with time. However, the volume of water extracted over the two ranges of matric
potential (Table 5), was ncarly always greater on the untrafficked plots, indicating a
greater number of relatively larger pores remaining under these treatments. At 0-3m
depth, considerable extremes seemed to exist in 1983, On the untrafficked soil, a large
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Fig. 6. Water release characteristics on the direct drilled plots at U-15m depth. - 0, 1983 ZDD;
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percentage of the water was extracted at matric potentials below — 10 kPa. However, on
the trafficked plots, there was only a steady decline, or as in the case of the direct drilled
soil, very little water extraction until a potential of —8 kPa was reached, following which
there was an extremely rapid decline. By 1986, these differences al 0-3m depth were
much less extreme, indicating that pore sizes equivalent to this range of suctions, were

generally similar on all treatments.
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Table 5

Change in volumetric water content (% by volume) with
decrease in matric potential (kPa) at 0-15m depth

Year Treaiment
1983 NDD
1986 NDD
1983 ZDD
1986 zZDD
1983 NSC
1986 NSC
1983 Z5C
1986 Z5C

13

At 0-4 m depth, more data were available, but only on the direct drilled plots was there

any evidence to suggest a greater number of large pores in an untrafficked regime.””

5.4.4. Sawurated hydraulic conductivity

Fig. 8 shows the saturated hydraulic conductivity profile established from measure-
ments made on 10 January and 8 April 1986. Observations of values from trafficked and
untrafficked soil gave no indication of a treatment effect. The limited range of vanability

in the data confirms the homogeneous nature of the soil on this site.

5.5. Crop performance

Depth of seed placement varled berween treatiments by no more than 20 mim in any one
year and similarly plant populations differed by a maximum of only 70 plants/m” (Table
6). Yields (Table 7), which in the first year on the trafficked plots, also included crop from
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Table 6
Depth of seed placement and prewinter plant populations

Dep;;n of sowing, mm (plant population, plants/m*)
L Z

Traffic .
cultivasion Do SC P SC DD s
198253 45(341) 4X(328) 34(375) 36(375)  3N3IS8) 41(343)
198384 36(290) 35(280) 39(276) 45(286)  46(264) $6(285)
198485 S0(323) 47(315) 9(350) 47(322)  S6(325) S0(336)
198586 33249) 29(275) 39(242) 34(256)  36(269) 32(312)

soil as yet unstressed by tyres (3% of the surface arca on the LGP plots and 22% on the
normal plots) were unaffected by cultivation treatment when meaned over the 4 years,
However, in 1985, there was an unexplained reduction due to shallow cultivation on the
zero traffic plots and in 1986 a small overall loss in yield following direct drilling, which
was attributed to an observed greater incidence of blackgrass." No specific factor other
than treatment could explain the slightly improved yield following the LGP treatment in
1986.

In 1985 and 1986, the pattern of water use by the crop on the four monitored plots
(NDD, NSC, ZDD, ZSC), was characterized by an carly period when it was below the
use predicted from calculations of potential evapo-transpiration,” followed by a similar
period when the estimated potential was exceeded. During the latter period in 1985, crop
on both the direct drilled plots, appeared to use relatively more water than the wheat
established by shallow cultivation. These differences were not reflected by grain and dry
matter yicld, the latter of which ranged from 10-1 to 11-3t/ha in 1985 and 12-5 to
14-6 t/ha in 1986. Differences between treatments were not significant.

The reduction in yield on the zero traffic plots in 1983 was almost certainly promoted
by manganese deficiency in the crop. Paling and limpness of the wheat were observed in
April, particularly on the untrafficked beds but the problem was also apparent in narrow
strips on some of the normal plots. Analysis of crop samples from all treatments,
revealed evidence to suggest that the manganese content of the peduncle and ear was
proportional to crop yield and inversely proportional to the amount of mildew on the flag
lcaf and ear. Crop from the zero traffic plots generally exhibited a lower manganese
content than that from the other treatments, although this difference was not found to be

Table 7
Mean crop yields (t/hu) and standard errors of differences of means for each treatment
(vield corrected to 85% dry matter, from cropped areas exclusive of tramlines and
wheelways)
Traffic N YL Z
cultivaion DD SC $X sCc  bpDp  SC
1983 8-85 8% 867 874 748 729
B-ES 870 739 (N-Z)= 149 £ 0-30***
(L-Z) = 1-32 £ D20+
1984 8-05 799 8-37 8-59 767 T-66
802 848 767 (L-Z) = (-81 £ 0.22**
1985 5-48 5-56 5-41 5-47 563 494 (AILZSC)*
5:52 544 528
1986 046 661 691 7-54 658 717
6-54 7-22 6-87 (N-L) = —0-68 £ (-25*

(P =005), ** (P=001), *** (P =0-001)



86

W.C. T, CHAMEN ET AL. 15

significant statistically. In 1985 and 1986 the crop was treated with manganese sulphate
before any deficiency symptoms appeared,

Manganese deficiency in cereal crops is most often caused by poor uptake at the plant
roots, rather than from a deficiency in the soil. There are a number of explanations for
this problem, but two are commonly quoted. The generally accepted explanation
considers that if soil is compacted in the rooting zone, more carbon dioxide accumulates,
and this lowers soil pH and reduces the amount of oxygen available for microbial
oxidation, a mechanism which converts available manganese into an unavailable form of
MnO,. This explanation is disputed however by Passioura and Leeper,®® who suggest that
insoluble MnQ, is made soluble by a contact reduction mechanism of the roots. This
requires intimate soil/root contact, and hence the need for soil consolidation. In general,
high pH and soil organic matter levels exacerbate the problem.

In view of the fact that in 1983, 22% of the surface area of the normal plots was as yet
unstressed by tyres, it was surprising that this treatment did not also suffer a significant
loss in yield. This may have been associated with the fact that tyres cause more extensive
sub-surface firming of the soil, than is evident from the footprint. The narrow strips of
manganese deficient crop on the normal plots were certainly observed to be of less
significance than was suggested by the surface areas which remained unstressed.

To investigate the effect on crop yield of firming the soil by rolling, a supplementary
trial was conducted in spring 1986 on a number of the unwheeled beds, in conjunction
with the application of manganese sulphate. Analysis of crop yield data showed that the
application of manganese sulphate increased yield significantly, but that no other cffect
was apparent.’® Table 8 provides a summary of these data.

The susceptibility of the crop to manganese deficiency on this soil obviously
confounded treatment differences, particularly when manganese applications were de-
layed or were with less effective materials (chelates). The poor yield in 1985, which in
itself masked differences between treatments, was a combined effect of take-all and foliar
disease, the latter appearing suddenly in late May and persisting despite the application of
Sprays.

Although the trial with rolling failed to identify a beneficial yield effect from this
treatment, many other experiments™ have suggested that some degree of soil firming is
necessary. If this is the case, then further work is necessary to determine the optimum
economic level of soil compactness. This should take account of both the degree of

Table 8
Effect of manganese salphate application and rolling on crop
yield of the zero traffic plots

Crop yield, t/ha (corrected 1o 85% dry matier)
Manganese No manganese

Treatment Rotl  Noroll Roll Noroll Means

DD 7403 658 6-10 6-40 633
Z5C 7400 ™ 6-68 7408 6-98

Means 70 687 6.39 674

604 6-56

Standard error of the difference of means: vertical com-
parisons £0-329, horizontal +£0.329, interactions +£0-323
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compactness identified by Hikansson® for maximum crop yield, and of the energy
requirements for subsequent cultivations, following the appropriately timed con-
solidation.

5.6. Machinery performance

5.6.1. Draught and cultivation

Table 9 shows data relating to draught measurements taken during primary cultiva-
tions. In all years, the HDST was found to be inappropriate on the zero traffic plots,
because of its wide tine spacing (220-280mm). The deep friable tilth retained on
untrafficked soil was only stirred locally and was formed into ridges needing subsequent
levelling. This implement was therefore replaced by a dutch harrow (c., 250 kg/m width),
whose narrowly spaced (50 mm) vertical tines formed a good seedbed in one pass.

Results showed that implement draught was not reduced by LGP operations compared
with normal traffic, and indeced on some occasions it was increased. This was probably
associated with the greater area stressed by tyres with the LGP system. In just two passes
with an implement 4m wide, tyres on the LGP tractor covered an area equivalent to
100% of the soil surface, whereas for the normal system the corresponding figure was
only 43%. Additional measurements were made in 1985 to provide a direct comparison
between the draught of the HDST under all traffic regimes (Table 9). In particular, it will
be scen that on the ZSC plots, draught was reduced by 37% (including an additional
draught component for the two tines removed in the wheelways) compared with that
required on the normal plots. Draught of the dutch harrow on the ZSC plots was
relatively high, largely arising from an inability to control its depth of work. If the
crumble roller was adjusted to suppert all the weight of the machine, it rapidly became
blocked by moist fine soil. The roller was thercfore used in a "float” position which gave
some firming to the soil, but allowed the tines to find their own depth of work. In 1985,
because of these problems, the dutch harrow was replaced by a medium weight seed
harrow (100 kg/m width) having similarly spaced tines but no crumble roller. Although
this performed satisfactorily, its depth of penctration was limited to about 40 mm and was
close to being inadequate. An intermediate weight of harrow would obviously have been
ideal.

Table 9
Implement draught requirement during shallow cultivation
1983 1984 1985
Treamment Depth of  Draught, Depik of  Draught, Depth of  Draught,
and pasy Implement wavk, mm kN work, mm kN work, mm kN
NSC, st HDST o 79(14) gS 22-8(18) 95 &?(Tf
LSC, Ist HDST &) 81{14) RS 19-8(18) s 211 (14)
7Z5C, 1st HDST — — — e 95 115%(14)
ZSC, Ist DH 100 13- 120 17-3 a0 7-3t
NSC, 2nd HDST S0 143 (18) 9% nr 100 10-3(18)
LSC, 2nd HDST =0 13-6(18) 90 6-4(14) 100 12:2(18)

In parentheses = number of tines in 4 m width.
HDST = heavy-duty spring-tine: DH = dutch hasrow.
* draught for 12 tines multiplied by 14/12

T medium weight harrow,

nr not recorded
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~ In autumn 1983, low rainfall resulted in the precultivation soil conditions shown in Fig.
9 The pattern of soil shrinkage cracking varied noticeably between treatments, On the
normal plots it tended to be paraliel to the wheelings, whercas a more random and
extensive pattern was apparent on the LGP plots. On the unwheeled soil, the cracks
tended again to be parallel to the wheelings (permanent wheelways), but had been filled
to a large extent by the friable top soil. Cultivation on the NSC and LSC plots was
difficult in these conditions. Use of the HDST was impracticable, because this either just
scratched the surface or pulled out very large clods. Several alterative implements were
tested for effectiveness, including a soil-driven rotary cultivator, a power harrow, a dutch
harrow and chisel discs. Of these, only the latter could withstand the conditions and

)
'ng. 9. Soil conditions prior 1o cultivation in autumn 1953 a, normal;, b, LGP; ¢, zero
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provide any measure of tilth, albeit with two passes. In contrast, conditions on the ZSC
plots were such that a seedbed was produced by just one pass of the dutch harrow.
Significant rainfall immediately following these trials however, resulted in a complete
change in soil conditions, and the HDST and dutch harrow were both subsequently used
to good effect, on the trafficked and untrafficked soils, respectively. On the direct drilled
plots, large fissures were still present when drilling was due to commence. To prevent loss
of seed down these cracks, all plots were cultivated initially with the dutch harrow.

It is evident that from what appear to be relatively small (albeit statistically significant)
differences in cone resistance and bulk density between treatments, that marked contrasts
in soil workability can occur, Similarly, small changes in soil water content with matric
potential, may have a considerable effect on days available for cultivation, particularly
when extremes of rainfall occur. Although workability was assessed only in the top
100 mm of soil, it is interesting to note that, even though quite extreme levels of
trafficking were imposed, the differences in soil water content between treatments existed
only in the top 0-3 m. It was also noticcable that these contrasts became apparent early in
the experiment and persisted, indicating that trafficking, following deep loosening, very
quickly returned the soil to a “trafficked™ condition.

In the absence of traffic, although the relatively low initial water content of the drained
profile increased with time, it remained below that of the trafficked soil. This was
confirmed by the water release charactenstics. the combined imphications of which were
that in the absence of traffic, this clay soil drained more readily and to a greater extent
than where traffic was present. The potential negative effect that this may appear to have
on sced germination in the untrafficked beds, was not realized. Indeed, the fine tilth
observed in the top 100 mm of soil and the very limited cultivations needed to produce a
seedbed, ensured minimum moisture loss and intimate contact between seed and soil.
Although no shallow cultivation advantage was gained with the LGP system, the relative
absence of soil rutting, particularly following initial trafficking after loosening, may in
practice allow slightly shallower cultivation operations, and reduce the likelihood of
restrictions on travel speed owing to driver discomfort.

5.6.2. Energy requirements and costs

Energy requirements for cultivations were very similar on the normal and LGP plots
and on average were 95% greater than those required on untrafficked soil (Table 10).
When the medium weight, rather than the heavy dutch harrow was used on the zero
traffic plots, this figure rose to more than 500%. Total energy for the shallow cultivation

Table 10
Net energy requirement for cultivation and drilling
Energy, MJ/ha
1983 1684 1985

Tremment Cults  Drilling  Total Cults  Drilling  Total Cults  Drilling®  Total
 NDD 8 33(3%6) 118 M 45(0) 4 = 47(50) 4

LDD 74 27(39) 101 2 34(39) 56 - 40 (39) 40

ZDD 91 23(46) 114 13 39 (56) n - 35(56) s

NSC 187 3(35) 21 175 32(47) 207 145 33{47) 178

LSC 160 33(44) 193 165 28 (47) 193 151 31(47) 182

Z5C 91 25(46) 116 RS 26 (50) 11 24 27(50) 51

In parentheses = depth of seed placement, mm.
*dnll plus seed harrow
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system was, on average, increased by 80% when normal and LGP traffic were used,
compared with zero traffic, and similarly by 253% when the medium weight harrow was
introduced in 1985. Table 10 also shows that the differences in energy for dnlling,
including direct drilling, were to some extent confounded by differences in sowing depth,
but that the energy requirements were generally lower on the zero, compared with the
normal plots. A similar, but less significant increase in energy, was also apparent for the
LGP system compared with the zero system. Total energy requirements for direct drilling
were similar on all treatments and where small differences occurred, these were generally
attributable to changes in drilling depth. Difficulty of coulter penetration, often apparent
with triple disc coulters, was significantly absent on the unwheeled soil, and indced some
problems were experienced in preventing the drill from sowing too deeply. These lower
coulter penetration forces could enable lighter and less expensive drills to be used under
this regime and allow the direct drilling technique to be adopted in a wider range of soil
and climatic conditions.

Hietbrink and Chamen,* using results from this work showed that a system based on a
12m gantry for maintaining unwheeled beds, was significantly more profitable than a
conventional traffic system. Savings in fixed and cultivation costs were the main reason for
increased profitability, as well as the low predicted yield losses from land lost to
wheelways. A 6 m tractor-based bed system had the lowest costs, but was the least
profitable system because of the larger area, and therefore higher predicted yield losses,
due to the traffic lanes.

7. Conclusions

The following conclusions can be drawn from this 4 year trial on a 60% clay content
Evesham series soil.

(1) Cone penetration resistance in the top 250 mm of soil, increases with the tyre/soil
contact pressure indicated by inflation pressure, but the greatest contrast in
resistance is between soil which is stressed or unstressed by tyres.

(2) Soil dry bulk density in the top 400 mm, increases with the tyre/soil contact
pressure indicated by inflation pressure. Differences in density between soils
stressed by tyres at conventional pressures and those remaining traffic-free, can
average 10%.

(3) Because tyres in a LGP machinery system stress a larger area of soil duning each
operation, density and resistance of a loosened soil, tend to increase more rapidly
under this regime, compared with conventional practice. However, under a LGP
system, these properties ultimately stabilize at a lower level than those under a
conventional system.

(4) Soil cone resistance and bulk density are not differentially affected by light and
medium intensities of traffic (direct dnill and shallow cultivation systems, respec-
tively), when subjected to conventional or LGP regimes.

(5) The number of relatively larger pores in a loosened soil profile, as indicated by
water release curves, decreases with time as a result of cultivation and weathering.
At 0:15m depth, conventional traffic further reduces these numbers; at 0-3 and
04 m depth, and where shallow cultivation is practised, the difference between
trafficked and untrafficked soil cannot be differentiated. Under a direct drilling
regime, the effect of traffic on the number of larger pores is still evident at 0-4 m
depth.

(6) At 0-5m depth, traffic has no effect on saturated hydraulic conductivity.

(7) The yield of wheat is not differentially affected by shallow cultivation or direct
drilling, but the loose seedbed conditions under a zero traffic regime, tend to
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trigger manganese deficiency in the crop and lead to a loss in yield. Prophylactic
applications of manganese sulphate can overcome this problem,

(8) Trafficking the soil increases the draught requirement of a shallow tine cultivator
by up to 60% and the energy requirements for shallow cultivation and dnlling by
up to ¢., 250%. In the absence of traffic, soil tilth is maintained from one year to
the next and very little cultivation is needed to establish a seedbed.

(9) Increasing the number of standard tyres on machinery, combined with a reduction
in their inflation pressure, is a practical method of reducing soil rutting. A rapid
cost effective method of changing tyre inflation pressures, while on the move, is
necessary to allow safe operation on the road.

(10) The potential of a zero traffic system, to provide widespread savings in cultivation
inputs and an improvement in soil structure, is considerable. A cost effective
method of providing such a system should be explored,
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3.3.2. Chamen et al., 1992a. Assessment of a wide span vehicle (gantry), and soil and
crop responses to its use in a zero traffic regime

This paper was selected because the work involved many different techniques and
measurements to determine structural differences between trafficked and non trafficked
soils as well as including an assessment of permanent wheelways. It also assessed the
impact of a controlled traffic system in which the harvester and plough tractor were not
included (described in the paper as a partial system). This addresses an identified gap in
research by studying an alternative to a full CTF system and also provides information for
at least one of the sub-hypotheses.

One of the first points to note from the research is the comment about ploughing this
non-trafficked soil. Unlike traditional practice when the plough is required to break up the
soil, it was found that the plough actually created compaction in moist conditions by lifting
the soil too abruptly. A less abrupt lift to the mouldboards may well be more appropriate
much along the lines of the old Lea type bodies (Fream, 1962, page 120) employed for
turning long unbroken furrow slices. It was also recognised that there were opportunities
for a wider range of cultivators to be used, particularly for weed control where soil
conditions were more amenable to the use of sweeps for example. Differences in tilth due
to wheel compaction were very evident on this soil as illustrated in Fig. 5 of the paper but
other substantiation of the effects were only in tabulated form relating to the sowing of
spring oats (Table 6 of the paper). Fig. 3.1 provides an illustration of the effect of these
differences in the field, albeit at an earlier stage in crop establishment than when data in
the table were recorded.

Fig. 3.1. Establishment of spring oats on an Evesham series calcareous clay in spring
1988 to which Table 6 of the paper relates.

Sown on the same day, photographed on the same day and sown to the same depth. Left:
non-trafficked. Right: conventionally trafficked

Although the permanent wheel tracks were used excessively due to the repeated passes
required by the relatively narrow experimental equipment fitted to the 12 m gantry, there
were only short periods when these could not be used and mostly because appropriate
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equipment was not available to manage them. The most difficult regions were low lying
areas of the field or any points into which water tended to run. The main way of
circumventing this was to avoid rutting of more than around 50 mm, but this was difficult
if the areas were already wet. Careful layout of the wheel tracks could help to avoid this
but drainage of the tracks was also recommended. Less aggressive traction tyres were also
tried to reduce break up of the wheel tracks in dry conditions (Michelin “sand tyres”) and
avoid deep lug marks when the soil was wet. However, the sand tyre was found to have
insufficient traction. The worst scenario was to have powdered soil in the base of over-
deep wheel tracks and significant rainfall. This occurred in one field and could only be
solved in the short term by ploughing out the wheel tracks.

Cultivation energy benefits were identified for the partially controlled traffic system
compared with conventional practice. Approximately 10% was saved for ploughing while
the overall energy required to produce a seedbed was reduced by up to 44%. Where a
completely controlled traffic system was employed, energy savings of 60% were recorded
for ploughing while the energy required to prepare a spring seedbed were reduced by
69%. Fig. 5 of the paper also shows a remarkably different soil condition after ploughing
trafficked compared with non-trafficked soil, the latter being much closer to a seedbed.
This observation was supported by measurements of mean weight diameter (MWD,
cumulative percentage of soil aggregates passing through sieves of different diameters) of
the aggregates at different stages of seedbed preparation, all of which showed a
significantly improved tilth on the non-trafficked soil, mostly represented by MWD values
of just 50% of those on the trafficked plots (Fig. 6). Although bulk density was consistently
lower on the non-trafficked soil, these differences were not significant and were both low
as revealed by results of the degree of compactness test (Hakansson, 2005) listed in Table
11. These results highlight what are often large variations in differences between
trafficked and non-trafficked soil, the reasons for which are often the variability of the
trafficked condition. In dry seasons, much less damage may be incurred by trafficking and
the non-trafficked condition may therefore be indistinguishable, but this is the exception
rather than the rule.
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ABSTRACT

Chamen, W.C.T., Wauts, C.W., Leede, P.R. and Longstafl, D.J., 1992. Asscssment of a wide span
vehicle (gantry), and soil and cereal crop responses (o ils use in @ zero traffic regime. Soil Fillage
Res., 24; 359-380,

The adverse effect of s0il over-compaction on crop product:on efficiency was the basis for a pro-
gramme 10 assess soil and crop responses o a zero traffic regime based on a 12 m gantry. The vehicie
and its operating system, together with tasks ranging from fertilizer and spray application to draught
and powered cultivations and cereals harvesting, are described, Resulis indicated that the gantry was
a practical means of separating the cropped and wheeled (zero traffic) areas of a field, Cultivation
draught and energy savings of up to 50% and 70%. respectively, were identified on a clay soil where
traffic was eliminated from the cropped arca. There was also evidence that this regime resulted in
significant improvements to soil structure and crop establishment. The average vield of wheat from
the zero traffic plots in 1989 was 6.8 t ha-', compared with 3.7 t ha™ ' from the conventionally man-
aged soil. In the dry season of 1989-1990, the yield of cats was not differentially affected by treatment.

INTRODUCTION

Over the last few decades. advances in agricultural mechanisation and the
increased cost of labour throughout Europe have led to the widespread use of
tractors and machinery of increasing weight and power. In the Strutt report
(Ministry of Agriculture, Fisheries and Food (MAFF), 1970), it was con-
cluded that a whole range of soils was suffering from the effects of the passage
of heavy machinery over them in unsuitable conditions. Dwyer (1970) also
concluded that it was important to quantify, by experiment, the economic
losses resulting from soil over-compaction. Little has changed over the inter-
vening years other than a greater awareness of the problems and some limited
modifications to machinery practice. Meanwhile agricultural vehicles of
steadily increasing weight and power are being used. In his introduction to
the published proceedings of the Workshop on Soil Compaction (Monnier
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and Goss, 1987) organised by the European Commission in 1985, Monnier
stated that soil compaction resulting from vehicles remained a major contrib-
utor to waterlogging, reduced gas diffusivity, restricted root growth and an
inefficient use of fertiliser. Davies, in his review of 1988 (Davies, 1988),
identified the soil compaction which occurred during wet seasons to be a rea-
son for increased costs. The inflexible use of reduced tillage systems in the
UK in the 1970s exacerbated the compaction problem, and Davies recom-
mended that zero traffic systems should continue to be investigated. In the
recent Priorities Board report (MAFF, 1990), recommendations were made
for research into methods for conserving soil structure and understanding the
processes affecting movement of water through soils.

In response to these problems, experiments were set up nationally and within
Europe (Blackwell et al., 1986; Campbell et al., 1986; Graham et al., 1986;
Lamers et al., 1986; Chamen et al., 1990a,c). Results indicated that consid-
erable improvements to current practice could be achieved by reducing tyre/
soil contact pressures, or by permanently excluding wheels from the cropping
area (zero traffic). Yield responses of up to 7% were recorded for low ground
pressure traffic (Graham et al,, 1986) and, in separate experiments in Swe-
den, yield differentials between zero and conventional traffie exceeded 10%
(Héakansson et al., 1988 ). Substantial savings in cultivation inputs (20-50%)
and improvement in soil structure were also identified with zero traffic (Cha-
men et al., 1990¢), and this prompted the Institute at Silsoe. UK, to investi-
gate a practical means of achieving such a system. A tractor-based arrange-
ment to establish zero traffic for all operations was considered, but because
of the large area lost to wheelways created by the relatively narrow span needed
for harvesting and primary cultivation, this system was not considered prac-
tical for European conditions. In this paper, an altecrnative in the form of a
wide span tractor (gantry) is described, and soil and cereal crop responses to
its use are reported.

MACHINERY AND METHODS
Machinery

The experimental gantry system

Gantries are machines whose implements normally work within the span
of their widely spaced pairs of wheels (Fig. 1). They generally operate by
running backwards and forwards parallel to the longest side of a field, moving
sideways by on¢e means or another after each pass to the adjacent strip of land.
In this way they create single wheelways at a centre distance cqual to their
span. Compared with a tractor system, only half the number of wheel tracks
are produced for a given implement width. If these wheelways are used for
every operation, the controlled or zero traffic concept described by Tavlor
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Fig. |. Nlustration of the basic features of a wide-span tractor or gantry, shown with the drive
wheels in their road mode position.

(1989) is introduced and the wheeled and cropped arcas arc permanently
separated, allowing optimisation of soil conditions for both crops and tyres.
Extensive development of the Institute’s research vehicle has continued
since the purchase of a prototype in 1983. The gantry has a 12-m-wide track
and is powered by a 74 kW engine which drives two wheels through variable-
displacement, axial piston, hydraulic pumps and radial piston motors. The
driven wheels, one at each end of the gantry, can be steered through 120° and
are paired with castor wheels which allow virtually unlimited directional
movement of the machine. In the field, the drive wheels are positioned at
right angles to the lateral axis of the frame, and the vehicle is steered by the
differential speed of the wheel motors. On the road, the drive wheels are
steered in a conventional manner. The driver is positioned on a rotatable seat
at one end of the gantry frame over a line between one of the paired drive and
castor wheels. Implements are attached either on under-frame linkages, or on
a cross-slide three-point linkage capable of operating at any position along the
frame. The under-frame linkages are four separate units which can be raised
and lowered independently or in unison, and they follow changes in ground
contour when operating. A spring-tine cultivator and a set of rolls were de-
signed specifically to operate across the full width of the gantry using these
linkages. The spring-tine cultivator consists of four frames, each 2.8 m wide,
with tines mounted in four rows with an individual spacing of 110 m. The
0.6-m-diameter flat rolls used for firming the seedbed are fully mounted and
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Fig. 2. The experimental gantry with the harvesting unit attached. .

allow up to 500 kg m~"' to be applied to them hydraulically. They consist of
four units mounted via a single rose bearing positioned close to the soil sur-
face. This allows just four hydraulic rams to be used for their operation and
ensures that undesirable loads created by the draught forces are avoided. The
three-point linkage has a 30 kW power take-ofT (pto) drive and a lift capacity
of 30 kN at the end of the lift arms. The vehicle is more fully described by
Chamen et al. (1990b).

For cereal crop harvesting, a 2-m-wide grain-stripping rotor ( Klinner et al.,
1987) was mounted on the rails used for the three-point linkage (Fig. 2).
Material from this was passed to a threshing and straw separation system con-
sisting of three lightweight drums and concaves and a cleaning shoe (Metianu
etal., 1990), Grain was stored in a bin within the gantry frame. The stripped
straw left by this unit was chopped by a system mounted on the gantry. This
employed a conventional combine harvester cutting table and a straw chop-
per mounted one behind the other.

Methods

Assessment of vehicle performance

Performance of the gantry was measured by a range of on-board trans-
ducers. The power developed by the engine while operating in the field was
determined from fuel consumption versus power curves. These were estab-
lished with a dynamometer and fuel meter at a range of no-load governor
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settings before the engine was installed in the gantry (see Chamen et al., 1990¢,
pp.5-6 for further information ). Flow, pressure and temperature transducers
were installed in the hydrostatic drives to measure the tractive effort of the
gantry. A flow transducer was fitted at each wheel, together with a tempera-
ture sensor, while pressure sensors were installed in both flow and return lines
at each wheel. These transducers, together with overall motor efficiency curves,
allowed a measure of motor torque and power to be established to within an
accuracy of +4%. A check on flow losses at the motor could also be made by
reference to rotational speed monitors installed at each wheel. The true ground
speed of the gantry was established from a radar distance meter (mounted
centre span ) and a chronometer. All data from these transducers were either
taped by an analogue recorder on the gantry, or transmitted via a telemetry
link to a vehicle on the headland which was equipped with a data processing
system (Watts and Longstaff, 1989).

To assess the practical performance of a gantry, the operation of such a
vehicle was observed on a 90 ha arable farm, where a 12-m-wide 49 kW ve-
hicle had been in use for applying spray and fertiliser for a number of years
(Dowler, 1980). Measurements were made during the application, by one
operator, of 125 kg ha~' of granular fertiliser with a 12-m-wide pneumatic
spreader mounted as an integral unit on the gantry. The fertiliser (in 50 kg
bags ) was transported and loaded by hand with the aid of a tractor and fork-
lift attachment.

Effectiveness of implements used on the gantry

A number of subjective assessments were made of the performance of a
range of implements when used on the gantry. These included a 2-m-wide six-
furrow shallow plough (100 mm depth), a 1.1-m-wide three-furrow conven-
tional plough (200 mm depth), and a 2.2-m-wide rotary digger (Chamen ct
al., 1979). Other implements investigated for primary cultivation were of the
rolling cultivator design and included conventional discs, ‘Dyna-Drive’,
‘Spintiller’ and ‘Turbotiller’ (Fig. 3). A rod weeder and sweeps were also used
so that their effectiveness in controlling weeds on untrafficked soil could be
considered.

Fig 3. Schematic of the ‘Dyna Drive' (left), ‘Turbotiller’ (middle) and *Spintiller” (right ). All
were soil driven, and rotors of the latter two were normally angled to the direction of travel.
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Soil and crop responses

In addition to the assessments relating to engineering aspects of the gantry,
a number of field trials were conducted with the aim of monitoring soil and
crop responses to limited or zero traffic systems.

In one study, measurements were made on the performance of a system
which confined the use of conventional equipment to primary cultivation and
harvesting, whilst a 12-m-span, 67 kW gantry (Dowler, 1989) was used for
secondary cultivation, sowing and chemicals application. Two sites. both on
clay soil, were used to compare this partial gantry system with conventional
practice during the cultivation and sowing of spring barley. At both sites, con-
ventional practice was simulated by introducing the wheeling intensity re-
ported by Soane et al. (1975) on soil within existing partial gantry beds. A 65
kW tractor was run over 90% of the arca, and tramlines were introduced by
running a 38 kW tractor up and down the 12-m-wide beds four consecutive
times in the same position. On the gantry beds, traffic history was limited to
the annual use of a combine harvester and a small or tracked tractor for pri-
mary cultivation, Both areas for these assessments were ploughed to about
200 mm depth using the 65 kW tractor. At one site a three-point linkage dy-
namometer (Scholtz, 1966) was used to measure the draught of the plough,
and its specific resistance was calculated from the mean of a number of spot
measurcments of depth. In the following spring the plots were cultivated and
sown using the Dowler gantry in one treatment, and a conventional tractor
system in the other. Because no drill was available to fit the gantry, the seed
was broadcast and cultivated into the soil.

The site used for the study of a complete gantry system, in which no traffic
was imposed on the cropped arca. was onc used for an carlier traffic trial
which had been completed in 1986 (Chamen et al., 1990c¢). The Evesham
series clay soil was re-prepared in autumn 1986 with the aim of eliminating
all traffic-induced soil compaction to a depth of 0.4 m. Thereafter, 24-m-
wide % 35-m-long plots were established using a randomised block design with
three replications. These plots were sown with cereals using conventional or
gantry traffic in conjunction with differing tillage practices, but no crops were
harvested from them until the gantry-mounted harvester became available in
1989. In that year winter wheat was harvested either with a combine har-
vester or with the stripping rotor system on the conventional and gantry plots,
respectively. Samples to determine vield, however, were taken from single 2-
m-wide X 35-m-long swaths on individual plots of every treatment using the
gantry harvesting system. The stripped straw left by the harvester was then
cut and chopped by the experimental unit on the gantry, and the straw swath
left on the conventional plots was dealt with by a tractor-mounted chopper.
Measurements of the rate of straw decay following cultivation were made us-
ing the technique described by Harper and Lynch (1981 ).

A few comparative draught measurements were made in 1988, but more
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extensive assessments were possible in 1989, and particularly those relating
to the ploughing operation. Bulk density of the ploughed layer was measured
using the technique described by Andersson and Hikansson (1963). This
method involves sinking a bottomless metal box, measuring 0.7 m x 0.7 m, to
the base of the plough layer and measuring the surface profile of the soil within
the box. The ploughed soil is then removed, weighed and sampled for mois-
ture, and a measure is also made of the profile of the exposed surface.

RESULTS AND DISCUSSION
Machinery

Vehicle performance

The general configuration of the vehicle and the hydrostatic drive, with its
associated electrical and mechanical control systems, made the gantry highly
manoeuvrable, both in the field and on the road. In the field, part-width im-
plements could be employed at one end of the vehicle without control prob-
lems, providing sufficient drive torque and traction were available from the
adjacent wheel. In general, the spring-tine cultivator could be used full width,
but peak loads at each wheel were limited to about 20 kN, and these were
sometimes exceeded when the implement was used directly into stubble,
Ploughing in very dry soil with the implement at one end of the vehicle also
created this problem, which was exacerbated by the lack of an adequate depth-
control system. Although mean draught loads in these conditions were only
of the order of 13 kN, peak forces exceeded 20 kN at one wheel. In this situa-
tion, directional stability was impaired by oil by-pass flow and loss of wheel
speed. This problem could be overcome by introducing a four-wheel drive
system, but more sophisticated steering control would be necessary 10 main-
tain the flexibility of movement provided by the castor wheel arrangement on
the existing vehicle.

Gantry field operating system

Figure 4 shows how the 12-m-wide gantry was used to mark out a field. In
this instance a double headland was created to allow for the subsequent use
of a 24-m-wide boom applicator on the gantry. The field was completed at
‘22" (see Fig. 4). The gantry was easy to use and automatically provided a
mark for each successive pass, or bout, in the form of a new wheelway. The
system avoided gaps between bouts and overlapping of bouts except adjacent
to headlands (see the hatched area in Fig. 4). Small ficld size and awkward
shape were not limiting factors in gantry operation. Proximity to the field
boundary was restricted in some circumstances by the height of the driver’s
position (i.e. by overhanging branches), and by any physical protrusion of
the machine outside the line of the wheels. LePori and Chamen (1989) used
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Fig. 4. Schematic of a typical sequence of operations required to set out a field with a 12-m-
wide gantry system. The inner headland was set up on the assumption that a 24-m-wide appli-
cation boom would be used subsequently {sequence in numbered order ).

a computer model to investigate the work rate and field efficiency of a gantry
system. In general, working width and operating speed had far greater influ-
ences on work rate than did field size or working pattern, but efficiency was
mostly influenced by speed, width and field size.

Table 1 shows a breakdown of the activities for the operator and the gantry
while spreading fertiliser in one of the two fields in the farm study. An overall
rate (including time spent travelling to and from the fields which were both
about 500 m from the farm) of 6 ha h~' was recorded for the total 21.9 ha
covered. Forward speed when spreading was approximately 13 km h—'. These
figures may be compared with those for conventionally mounted spreaders
using recognised formulae. The Agricultural Development and Advisory
Service formula (MAFF, 1984 ) suggested that, for a similar tractor system,
an output of 6.7 ha h~' should be possible, but this did not include the time
taken to travel to and from the field. Another formula (Operational Research
Group, 1989). which took account of this travelling time and used a similar
means of hopper filling, suggested an overall output of 5.2 ha h™ . It would
scem therefore that although the gantry is an unconventional vehicle there is
little or no penalty associated with its manoeuvrability during these opera-
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TABLE |

Breakdown of activities for the gantry and the operator when spreading fertiliser

Activity Number Totaltime Proportion of time  Mean time  Standard deviation
(min) (%) (min) (n=1)
Gantry activity
Travel to ficld 1 3.2 2.6 32 0
Travel in field 5 9.1 T3 1.8 0.99
Working 29 535§ 42.7 1.8 0.35
Headland turning 27 9.9 79 0.4 0.13
Filling up 3 209 16.7 7.0 3.29
Travel from fiekd | 4.5 3.6 45 0
Waiting 2 14.6 1.7 1.3 1.30
Miscellaneous 1 0.7 0.5 0.7 0
Headland working i 8.7 7.0 8.7 0
Operator activity
Drive to field 1 24 20 24 0
Walk 1o ficld I 3.0 24 3.0 0
Walk from field I 39 i1 39 0
Ganlry operations k) 110.6 88.3 36.9 51.36
Loading pallet 1 2.5 2.0 2.5 0
Drive from field | 2.7 22 27 0

tions, and the key factor in comparing gantry and conventional system work
rates is the ground speed when spreading. This speed will, to a large extent,
be affected by the prime mover's influence on the stability and performance
of the spreader. The gantry is likely to be able to work at greater forward
speeds than a tractor system but with similar accuracy because its wide track
reduces roll accelerations and the yaw movements caused by steering correc-
tions (Chamen et al., 1986).

Effectiveness of implements used on the ganiry

The abrupt lifting action of the shallow plough worked well, except in moist
clay soils where the furrow slice was compacted and smeared, A similar situ-
ation occurred with the deeper-working plough, and it was apparent that, if
ploughing is necessary in a zero traffic regime, consideration should be given
to re-designing the plough share and mouldboard. On compacted soils exist-
ing designs of plough perform a loosening operation, but on a well-structured
clay, for example, exactly the opposite may occur. On untrafficked soils which
do not recompact under the influence of wetting and drying cycles, the need
is to plough to the minimum depth necessary for inversion and weed control,
and to do this without damaging the existing soil structure.

The rotary digger performed well, although the limited pto power available
on the gantry restricted forward speed to about 3 km h™'. Its inherent low
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draught requirement and ability to mix straw into the profile made it ideal
for gantry operation.

Of the other implements used for primary cultivation, the discs and Tur-
botiller showed the greatest promise for the incorporation of crop residue. If
they were designed with the correct configuration and weight (assuming
downward pressure could be applied by the gantry), a working width of up to
12 m could be anticipated. The Spintiller showed promise in burnt stubble,
particularly with respect to its low draught and high speed capability, but again
downward pressure would be needed to maintain penetration.

For mechanical weed control, the sweeps were simple and effective in a
wider range of conditions than was the rod weeder, but both machines, as in
normal practice, needed periods of dry weather for weed control to be effec-
tive. Working at a maximum depth of 50 mm, the draught requirement of the
sweeps was observed to be minimal. There appears to be potential for the
automatic control of inter-row cultivators of this nature when mounted on
the gantry. Accuracy to within a few millimetres has been shown to be possi-
ble by R. van Zuydam (personal communication, 1990).

For secondary cultivation, where few surface residues were present and the
tilth was not 100 intractable, the spring-tine cultivator ér a medium-weight
(100 kg m~" width) straight-tooth harrow worked well. A heavier straight-
tooth harrow (180 kg m ') also proved satisfactory for producing a seedbed
on untrafficked clay soil following stubble burning. Where more vigorous sec-
ondary cultivation was required and there was little surface residuc present,
a reciprocating harrow was effective. A rotary harrow. although somewhat
over-vigorous in its action, performed well in all conditions. The rolls were
used to firm the seedbed. In general these were effective, but considerable
sinkage occurred in particularly soft conditions and they then ceased to ro-
tate. This could be overcome by increasing their diameter or by modifying
the flat surface of the rolls. The variable-pressure control worked well and
allowed easy adjustment of the amount of firming applied. Care had to be
taken, however, not to transfer too much pressure to the rolls, or the weight
on the drive wheels became inadequate for traction.

Although all sowing and fertiliser spreading was done with conventional
pneumatic machines mounted on the three-point linkage, the performance of
the 4-m-wide seed drill confirmed that the gantry was capable of operating
hoe-type coulters across its full span.

The harvester ( Fig. 2) was used in barley, oats and wheat, and provided an
acceptably clean sample with few losses in the good harvest seasons of 1989
and 1990, Tailings, in the form of partly threshed heads containing small seeds,
were sometimes a problem, and the introduction of a re-thresher may need to
be considered. Qutput, at about 6 t h—', could be improved if the quantity of
chaff reaching the cleaning shoe were reduced.

The performance of the union of combine harvester table and straw chop-
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per with stripped straw varied according to the crop condition. Where a stiff-
strawed crop was encountered, the straws did not feed evenly from the cutter-
bar onto the cross-auger because they had no ears to weigh them down. As a
result, the straw bunched on the cutter-bar until it was forced into the auger
by more crop, and this often caused an overload or blockage. This, and the
fact that some of the material was aligned with the chopping blades, reduced
chopping effectiveness considerably. The straw was also initially less frac-
tured, because it had not passed through the drum and concave of a harvester.

Wheelway design and maintenance

Experience to date suggests that the semi-permanent, soil-based wheelways
should be at a slightly lower level than the surrounding soil (maximum 50
mm ) and, where necessary, they should be drained into the adjacent beds.
The wheelways should be established in relatively dry conditions (particu-
larly if the soil has been deep-loosened just prior to their establishment ) and
preferably at the soil moisture content equivalent to maximum compactabil-
ity. Maintenance of the wheelways can be achieved by spilling soil into them
during cultivation of the bed. Rounding off the edge of a bed should be avoided
because this leads to poor crop establishment by the drill, and reduced per-
formance with implements such as rolls which cannot respond adequately to
hollows. The angled tines used by Spoor and Miller (1989) were also inves-
tigated as a means of maintaining the wheelways, but these imposed quite
high loads on the gantry, and required an additional control system and lin-
kage in an area of the machine where there was little space available.

In low areas of a field, water tended to stand in the wheelways, The extent
of this problem is difficult to assess because, in our experiments, part-width
implements were widely employed and the wheelways were used far more
extensively than would normally occur. Where a gantry system had been in
operation for over 10 years (Dowler, 1989) there appeared to be little diffi-
culty, confirming our observations that the wheelways tended to improve with
time if they were under normal use.

The design of the traction tyres on a gantry has a very significant effect on
the durability of the wheelways. Contemporary designs have evolved against
a background of widely varying conditions, but where a deeply lugged tyre is
essential for work on cultivated or soft soil. On properly maintained semi-
permanent wheelways, this design breaks up the surface and creates a pow-
dery layer which, if it is a clay soil, turns into a slurry when wetted. The treads
of conventional tyres can also leave deep lug marks in the wheelway which
trap water and lead to further softening of the surface. A less aggressive tyre
lug design may therefore be more appropriate and could have the added ad-
vantage of being non-directional, 1.¢. it would allow the gantry to have equal
traction performance in both directions of travel.
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Loss in cereal crop yield from the area lost to permanent wheelways is a
critical factor in the determination of farm profit. If the loss is only equivalent
to a small proportion of the area, or if there is a critical width of wheelways
above which losses rise rapidly, a tractor-based system with narrow tyres or
tracks could be a viable alternative to a gantry, Alternatively, if the wheelway
losses are small, gantry span could be reduced (providing the machine’s sta-
bility for spray and fertiliser application was not compromised ) and this could
allow all full- or half-width implements to be employed (e.g. for harvesting
and primary cultivation ); something which cannot be anticipated with a 12-
m-wide machine. Data from Austin and Blackwell ( 1980); Darwinkel ( 1984 ),
Lamers et al. (1986) and current work at the Silsoe Research Institute (au-
thors’ unpublished data, 1990) suggest that the loss in cercal yields from
wheelways about 0.5 m wide may only be equivalent to about half the area
lost.

Soil and crop responses

Partial gantry system

Compared with conventional practice. the partial gantry system reduced
plough specific resistance by 16% (Table 2). Similarly, this system reduced
the fuel used per hectare ploughed by about 10%. Further savings were iden-
tified for the partial gantry system in the spring. Although three passes with a
spring-tine cultivator were required to form a tilth (compared with one pass
of a power harrow on the conventional plots ), overall savings in specific fuel
usc ranged from 19% to 44% (Chamen and Leede, 1989),

Complete gantry system

Table 3 provides details of some physical and mechanical properties of the
soil on the site used for these trials, and Table 4 shows data collected during
shallow ploughing in autumn 1988. Draught and energy on the convention-
ally trafficked plots was more than double that required on the untrafficked
soil, and a coarser tilth was produced (Fig. 5). Measurements during the pre-
vious spring (following a similar ploughing operation in autumn 1987) also
showed that fewer and less intensive cultivations were required to produce a
seedbed on the untrafficked soil (Table 5), and this treatment also led to the
establishment of a significantly greater number of plants more rapidly ( Table
6).

Analysis of the 1989 yield data showed that differences between individual
treatments were not significant at the 5% level. However, when the treat-
ments were grouped into gantry and conventional traffic, mean yields from
the gantry plots were greater by | Mg ha—' (Table 7).

Assessments on two adjacent plots of gantry and conventional plough treat-
ments showed that there was a slightly greater quantity of straw on the un-
trafficked plot. In addition, because control problems prevented the gantry-
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TABLE 2

Specific draught and fuel requirements and rates of work on conventional and partial gantry plots

System Operation Rate of work Specific fuel
(hah- ') use (1 ha=")
Site 1*
Conventional Ploughing 0.8 274
Power harrowing 0.6 16,2
Dnlling 23 3.1
Total 46.7
Specific plough draughts 117.5kN m~—?
Partial ganiry Ploughing 0.8 257
Spring tining 5.5 24
Broadcasting 10.6 1.3
Spring tining { X 2) 3.2 4.0
Total 342
Specific plough draught = 101.3kN m~?
Site 2"
Conventional Ploughing’ 0.6 28.9
Power harrowing 0.8 16.0
Drilling 29 4.7
Total 49.4
Parual ganiry Ploughing® 0.7 253
Spring tining 1.6 8.0
Broadcasting 15.6 0.9
Spring tining ( x2) i6 4.5
Total 40.3
*Site 1: Clay 42.8%; silt 25.6%; sand 32.7%: moisture content at: primary cultivation, 30.4%; lower
plastic limit, 26.0%,

"Site 2: Clay 60.0%; silt 28.6%; sand 9.4%; moisture content at: primary cultivation, 38.1%:; lower
plastic limit, 35.2%.
“No direct measurement of plough draught was possible.

mounted cutter-bar from being lowered sufficiently, stubble length was also
greater (Table 8). However, the chopped length of straw was similar on both
plots despite the different methods of chopping employed. Results of soil
measurements taken before ploughing (Table 9) reflected the atypical con-
ditions which prevailed in autumn 1989. Summer rainfall had been very low
and soil strength (as indicated by the cone resistance readings ) was, as a re-
sult, very high. Ploughing with a four-furrow conventional plough was difTi-
cult in these conditions. On the conventional plots, additional weight (100 kg
per furrow) had to be added to the plough to aid penetration. Although no
weights were needed on the gantry, the relatively high draught and absence of
an adequate depth-control system created problems of wheel slip. These were
exacerbated by insufficient torque, particularly when the plough was imme-
diately adjacent to one of the drive wheels. Table 10 shows that the depth of
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TABLE 3

Physical and mechanical properties of the site where trafficked and untrafticked soil was maintained
(s01l series: Evesham)

Single adjacent Whole site
ploughed plots {mean)

Constitienis (% by weight)

Clay 688 59.5
Silt 22.6 23.5
Sand 8.6 17.0
Texture (USDA classification) Clay Clay
Moisture content (% dry basis)

Liguid Jimit 84.5

Plastic limit (Casegrande) 454 47.3
Plastic imit (drop cone) 423

Plastic index 39.1

Linear shrankage (%) 21

Organic matter (%) 5.3 5.4
Particle density (Mgm ) 2.46

Reference density (Mgm~—*) 1.185 2

(Erksson et al, 1974)

TABLE 4

Draught and energy requirement of a 2-m-wide six-furrow shallow plough on trafficked and untraf-
ficked soil in 1988

System Depth of Forward Draught Specitic Implement
work speed (kN) draught Cnergy
{mm) (kmh-') (kN m?)~! (kI ha-')

Conventional 95 3.2 23,47 7 117

Ganlry 98 38 5.4 42 47

*¥Difference in draught significant at the 0. 1% level.
Least significant difference (LSD) in draught (£<0.05) « 3.1 kN.

ploughing was limited, and was |7 mm less with the gantry than with the
conventional system. Specific draught, however, was 20% less on the untraf-
ficked soil. (Data from Patterson et al. (1980) suggests that specific draught
varies very little with depth over this depth range.) In addition, the mean
weight diameter of aggregates (a value calculated by summing the products
of the proportions by weight of clods of different mean sizes within a sample
and the respective clod sizes, see Gardner, 1956) collected from the traf-
ficked plot was 114 mm, and these aggregates were of a very blocky nature
compared with the friable 56-mm-diameter aggregates from the untrafficked
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Fig. 5. Soil tilth and aggregate structure following ploughing on trafficked (lefi) and wntraf-
ficked (right ) soil.

TABLE 5

Energy requirernents for spring cultivation and sowing following autumn ploughing on trafficked and
untrafficked soil in 1988

System Fuel energy (MJ ha=")
Cultivation Harrowing Dnilling Rolling Total
spring-tine
Power Seedbed
Trafficked 57.1 108.0 29.1 0.7 298 2547
{conventional)
Untrafficked
(gantry) - - 252 26.6 272 79.0

soil (Fig. 6). However, no significant differences could be detected in the
clod strength or density of these aggregates. A further indication of the supe-
rior tilth after ploughing on the untrafficked plot was provided by a lower
surface roughness value (76 compared with 99, Table 10).
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TABLE 6

Sowing depth and plant population of spring oats (var. Dula) sown on trafficked and unteafficked
soilin spring 1988

System Sample standard deviations
Trafficked Untrafficked Trafficked Untrafficked
Sowing depth {(mm) 24.2 25.2 9.6 8.4
Plant population
{plantsm~?) 581 707 229 252
TABLE 7

Yicld of winter wheat from trafficked and untrafficked soil in conjunction with different tillage/straw
disposal methods in 1989

Treatment Yield (tha~') corrected to 85% dry matter
Replicates Means
Block I Block 11 Block 11
Gantry, straw burnt, cultivated 7.38 5.80 6,53 6.57
Gantry, straw cultivated 6.1% 6.49 6,96 6.55
Gantry, straw ploughed 6.84 7.59 7.18 7.20
Conventional, straw burnt, cultivated 4.70 6.57 6.04 5.77
Conventional, straw cultivated 5.01 5.73 5.55 543
Conventional, straw ploughed 5.46 6.72 5.69 5.96
TraMcked {conventional ) 5.72
Untraflicked {gantry) 6.77%*
LSD (P=0.05) 0.54

Mean yields from individual treatments were not significantly different.
**Yield significantly greater at the 1% Jevel.

Degree of straw burial was less on the untrafficked soil. The straw cover
index (Chittey et al., 1986) was 38 compared to a value of 22 for the traf-
ficked soil, but this probably reflected the slightly shallower depth of plough-
ing and longer stubble, rather than a system effect.

Secondary cultivation on these ploughed plots for both systems was with a
3-m-wide rotary harrow. However, two passes of the machine were required
on the trafficked plot to produce the same tilth made by one pass on the un-
trafficked soil (Fig. 6). The two passes required 23.8 kW and 20.1 kW at the
pto; 26.4 kW was needed for the single pass on the gantry. This represented
an energy saving of 32% on the untrafficked soil. Because of the shallow depth
of ploughing, the secondary cultivations increased the amount of straw on the
surface, This rose to an index of 44 on the gantry plots and 27 on the conven-
tional plots. In practice, a deeper ploughing operation will be required to en-
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TABLE 8

Straw quantity and physical characteristics on single adjacent plots of the trafficked and untrafficked
plough treatments. 1989

Traflicked Untrafficked
{conventional ) {gantry)

Total weight {(1ha~ ') 7.7 8.2

Mean stubble length (mm) 124 207

Chap length analysis (%)

<50 mm 21 12

S0-120 mm 27 i3

> 120 mm 52 55

Median length (mm) 127 130

TABLE 9

Soil conditions before ploughing in autumn 1989 on single adjacent plots of the ploughed treatments

Trafficked Untrafficked Standard
{conventional ) (gantry) error
Soil dry bulk density (Mgm~—7) 0.952 0.916
Maossture content (% dry basis) 26.1 24.1
Cone penetration resistance (MPa) at
S0 mm 1.481 1.017 0.214*%
100 mm 1,753 1.492 0.114%*
150 mm 2.240 2.026 0.116*
200 mm 2.981 2.620 0.189*
250 mm 3.490 2.940 0.229%¢
300 mm . O/L 3411
350 mm O/L O/L

O/ L, overload of instrument,
*P<0.05;*Ps0.01.

surc adequate burial of straw and to control volunteer cercals and weeds
reliably.

Observations following sowing of winter oats at the end of October 1989
indicated very little difference in the rate of crop emergence, and measure-
ments showed that there was no significant difference in plant populations,
which established at about 320 m . Bulk density of the ploughed layer, mea-
sured in January 1990, indicated that the untrafficked soil was about 8% less
dense than the trafficked soil (Table 11). However, in the particular condi-
tions encountered, inserting the 0.5 m* sampling frame could have had some
influence on the sample soil density, and some modification to this technique
may be required if it is to be used in the future. Table 11 shows the data
derived from the samples, and these indicate that both treatments gave low
density and high porosity values. This was not unexpected because the unu-
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TABLE 10
Plough draught requirements and subsequent soil conditions on trafficked and untrafficked soil in
1989
Trafficked Unraflicked LSD
(conventional ) (gantry) (P=0.05)

Depth of ploughing (mm) 130 113
Plough draught (kN) 18.9 12.9%* 1.3
Specific draught (kN m—%) 122 g7 13.6
Encrgy required for ploughing

(MJIha—") 155 106** 8.0
Depth of ploughed soil (mm) 169 137
Increase in volume of ploughed

layer (%) 130 121
Surface roughness of ploughed

layer (mm) 99 76
Dry bulk density of ploughed

soil (Mgm~—’) 0.732 0.757
Dry weight of soil moved

(kgm~*) 124 104

**p<0.01)

1001

2

Cumulative % of soil aggregates
passing through sieves

0 v e

1 10

100

At

Sieve gize mm

Fig. 6. Soil tilth following ploughing and secondary cultivation on trafficked and untrafficked
s0il. { The aggregate mean weight diameter (mm ) are given in brackets) @ trafticked, ploughed
(114); A untraflicked, ploughed (56 ); W trafficked, rotary harrow (45): O untrafficked rotary

harrow (27); A trafficked, rotary harrow second pass (29).

1000

sually dry autumn conditions meant that there was little likelihood of soil

compaction occurring on the trafficked plots.

An analysis of variance of the yield from all plots in 1990 indicated that
there were no significant differences between treatments. However, the slightly
lower yield on the untrafficked ploughed soil (Table 11) may hawe been the
result of loose topsoil conditions. Measurements showed that, despite au-
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TABLE 11

Physical properties of the ploughed layer (25-125 mm ) determined in January 1990, using the tech-
nique of Andersson and Hakansson (1963 ), and crop yield on single adjacent ploughed plots

Trafticked Untrafficked
(conventional) (gantry)
Soil dry bulk density (Mgm~—*) 0.782 0.722
Moisture content (% dry basis) 1.6 523
Parosity (%) 68 71
Degree of compaciness 0.66 0.61
Yield of oats (1 ha~' at §5% dry matter) 5.20 5.03

TABLE 12

Soil cone resistance on single adjacent plots of the ploughed treatments in March 1990

Trafficked Untrafficked Standard
(conventional ) (gantry) error
Soil moisture content at
150 mm depth (% dry
basis) 523 48.0
- Cone penetration resistance (MPa) at
50 mm 0.695 0.686 0.166
100 mm 0,928 0.705 0,164
150 mm 1.352 0.838 0.181
200 mm 1.352 1114 0,127
250 mm 1.753 1.105 0.178*
300 mm 1.667 1.067 0.170**
350 mm 1.692 1.198 0.183¢
*P=0.05**P=0.01.

tumn rolling, the degrees of compaction on both this and the trafficked plot
were very low, at (.61 and 0.66, respectively. This compares with the opti-
mum of 0.85 for maximum yield suggested by Eriksson et al. (1974). Table
12 indicates that cone resistance within the ploughed layer of the two plots
was similar, but below this resistance on the untrafficked soil was signifi-
cantly less.

Measurements of the rate of straw decay suggested that there was no signif-
icant difference in weight loss between treatments, which was 30% in Decem-
ber 1989 and increased to 45% by mid-March 1990, Further measurements
over a number of seasons will be necessary.

CONCLUSIONS

A 74 kW, two-wheel drive, 12-m-span gantry can be used for full-width
light cultivation, sowing and chemicals application. Ease and speed of opera-
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tion are similar to tractor-based systems carrying out equivalent tasks. If higher
draught operations are required (greater than 20 kN at one wheel), it may be
necessary 10 employ a four-wheel drive narrower-span gantry.

If a gantry is only able to replace conventional equipment for operations
other than harvesting and primary cultivation, crop establishment fuel sav-
ings of up to about 40% may still be possible. Where a gantry is used for all
operations on a clay soil, plough draught is reduced by between 20 and 50%,
and its energy requirement by up to 60%. The energy required to produce a
seedbed is reduced by between 30% and 70%. If wheels are excluded from the
cultivated area in this way, the strength and density of a clay soil are reduced
significantly in comparison with conventional practice, and the structure of
the soil is visibly improved. Soil tilth tends to be retained from one season to
the next, and the better seedbed conditions resulting from this can improve
crop establishment.

The yield response of wheat and oats to zero traffic, compared with conven-
tional traffic, is variable. In a dry season when little damage from compaction
occurs, there may be no yield response from the untrafficked soil compared
with conventional practice. In wetter seasons, a zero traffic system can im-
prove yield by up to | Mg ha~'. An anticipated improvement in the timeli-
ness of sowing, resulting from fewer and less intensive seedbed operations
with zero traffic, is more likely to provide a consistent yield response than the
different levels of compaction considered here.
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Of particular interest in this paper are further results from the study involving a controlled
traffic system in which the harvester and plough tractor were excluded, which again
addresses a gap in research as well as some of the hypotheses.

Surprisingly at this later stage of the experiment, the draught and energy requirement of
the ploughing operation when only the harvester had run over the plots, was no less than
for conventional practice and the resulting tilth was actually poorer (Table 2 of the paper).
These measurements were taken in the final year of the experiment, when the trafficking
applied during normal cultural operations would gradually have covered most of the plot
areas. The reasons for the poorer tilth were considered to be, at least in part, due to the
absence of wheels breaking up the soil during post ploughing operations. It was estimated
that on average, wheels impart around 8 kW to the soil during operations of this nature, a
proportion of which goes into compaction, the other into crushing of clods. It was
concluded that there were few advantages to be gained from this system. Also of
particular significance in this paper was the greater draught requirement of the tine
cultivator on non-trafficked soil. This was thoroughly investigated at the time to
determine if there was some anomaly in the measuring equipment or recordings,
particularly as the plough and rotary digger measurements were at complete odds with
these data. They showed for example a 31% reduction in plough draught and a 35%
reduction in specific energy for rotary digging on non-trafficked compared with ploughing
on trafficked soil. It was postulated at the time that it may have been due to differences in
the type of soil failure but as no further evidence of an effect of this nature has been
found in the literature, it can only remain conjecture.

In these experiments, considerable time and effort were concentrated on soil pore space
and its associated water release characteristics. Figs 3-5 showed the effects at three
depths under both tine and plough tillage and led to a number of conclusions. For
example, the non-trafficked soil consistently exhibited a greater number of larger pores
which would lead to a more rapid movement of water to the drains on the non-trafficked
soil. By inference, this also means that the soil would have a greater water capacity at
saturation and greater aeration at field capacity. What it doesn’t provide are data on
water use efficiency by the crop, although yield results would suggest that this was
certainly not impaired as yields from the non-trafficked soil were on average 28% higher
than from the trafficked plots (Table 6 of the paper). However, this yield improvement
was thought to have been caused by better over-winter drainage in a season when rainfall
was 35% greater than the 30 year mean. Aerial photos had revealed a significant advance
in crop growth on the non-trafficked compared with the trafficked plots in April. Further
inspection of the rainfall data for 1994 reveals a very dry period during June and July (47%
of 30 year average), which are critical months as far as crop yield is concerned (Kettlewell
et al., 2003). Fig. 7 of the paper suggests that crop on the trafficked soil was not extracting
water at the rate of the non-trafficked crop. It was also evident that the higher matric
suction on the non-trafficked plots did not fall overnight, suggesting either continued
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demand or poorer re-supply from deeper in the profile. Suction on the trafficked plots fell
dramatically overnight suggesting the opposite but only a greater range of measurements
would have revealed the reasons behind these phenomena.

In terms of soil structure, this paper provides consistent evidence of improved conditions,
with lower bulk density and penetration resistance together with more favourable
drainage and aeration characteristics. Whether these are optimum for this particular soil
is uncertain but they could certainly be termed “more healthy” in that they returned a
higher yield and improved drainage, the latter perhaps of equal significance to cropping as
discussed in the paper on nitrous oxide emissions later in this chapter.
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Traffic and tillage effects on soil conditions and crop
growth on a swelling clay soil

W.CT. Chamen & 1], Longstafl

Abstract. Traffked and noo-trafficked (12 m gastry) crop production systems, which had been
maintained oo an Evesham series &% clay sail since 1986, were used zgain in 1993 duning the
cultivation and sowing of winter whest. After a ane vear set-aside break, mouldboard ploughing, tine
cultivation anxl rotary digging were compared. Measurements were made of tilhige eneryy, soil tith,
cane penetrating resistance, binlogical actooty and crop performance, and on specific plots, sail density,
seedbal tlth and water release chanserstics,

Despite the ooe vear's set-aside beeak, the effect of the previously applied teaffic treatments remaned
mdmulledinnnnlkrspccﬁcphughmimsnd tillage emergy on the non-trafficked soil. Tine
cultivator draught however was greater on the non-trafficked compared with the traficked plots. The
specfic energy requared for rotary digging on non-trafficked soil was similar to that reguired during
the ploughing of sumshar plots.

A measure of indefinite biatic sctivity mdicatad that thes was apparently greater on the non-trafffickad
soil, while soil density was decreased by up 1o 18% in these conditons compared with the tafficked
land. Average cone resistance over the depth range 0 1o 0.5 m was 1.51 MPa on the mafficked, compared
with 124 MPa oe the noa-trafficked soil. Cone resstance also tended o be greater after tine cultivation
wompared with that alver ploughing. Water release curves were i ted as showing moce macropores
wnhm the topsal of the non-traflscked compared with the tratfacked pots. Tine cultivation on trafhcked

il had mare smaller pares than mouddbosed plough colireation. Winter wheat yseld was incressed by
’W (froen 8 o 10 rlh.) on pon-rafficked comparad wich rratficked sodl

Keywords: Scel compaction, no-ullage, ploughing, tines, energy, soil warer retention, clay soils

INTRODUCTION

be increasing wesghe and power of agriculoural sractors

and machinery in response to increased labour costs,
has ked o concern sbout soil over-compaction. In Monnier's
intrxdduction 10 the proceedings of a “Workshop on Sl
Compaction' {Mannier & Gess, 1987) it was stared thar “soil
compaction resulting from vebicles remamed a majar cone
tribator to waterlogging, reduced gas diffusivity, restricted
root growth and ineficient wse of fertilzer’. It s als widely
quoted as being of detriment to many aspects of crop
production (Saane & Van Ouwerkerk, 1994). Davies (1988)
m his review of reduced cultivation idenrified soil com-

ion in wet seasons 35 o reason for incressed costs. In
the UK, widespread and mtlexsble use of minimum tillage
svstemns, nade possible by crop residue burnmg, temded to
exacerbate the problem, particulardy in the topsoil, To assess
the severity of these problems, experiments started at Siksoe
m 1982, Results (Chamen ef of., 1990) mdicated that major
benefits to soil conclitions could anly be schicved if wheels
were completely eliminated from the cropped srea, Further
research was therefore invested m developing and assessing
& ganiry svstem as 3 means of proveding 12 m wide beds of
non-trafficked sail (Fig. 1). This paper brings together the
results of the final two years (1992-1994) of this trial set

Siboe Resemch lmaste. Sod Scence Group, Wrest 'k, Sibae, Bedand
MEAS 488, UK

up in 1986, Its aim was to compare sal and crop responses
w trallcked ad non-trafficked cereal crop production on
an Evesham series clay (mesic Aquic Futrochrepe, (Sedl
Survey Seaff, 19%M4)) (Table 1), Results from earlser years

(Chamen o al.. 1992; Chamen & Aundsley, 1995, Onmtn
el ol 1994; Clamen & Cavalli, 1994) consistenaly revealed
significant and  substantial decreases m tillige energy
aned cone resistance, and improvements in sod tilth, crop
cstablishment and vacdd an non-tralficked compared with
wrafficked sail. These results were smilar 1o those ohrained
by Carter or af. (1988), who used 2 10 m span gantry 1o
produce non-trafhicked conditions on a coarse-loamy, non-
acil thermic Xeric Tornothent, In the irrigated production
of alfalfa (Medivago satiza) and cotton on this soel, eliminat-

Tablde L. Preperties of the sail (0-200 ten) frume the expenmcniad site

Seil comstienenty N by weightt
Clay 595
Sik 238
Sand ($ne) e
Sand (coarse) A8
Testure Oy
Orgasec muster 54
Calicium carbomare 13
Lower platic limst waner cmtest, o dry hasis o3
pH (warer) o

* 5ol Survey Stff, 19%
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Fig. L. The 12 = wide 750W gantry, wmead foe craating and mamtaming non-traficked beds of soil, aperatiog with twe 2 furron plovghs oo the
wxperimental oto

ing traffic from the cropped area approvinerely doubled
water infiltration mates aned reduced soil cone resistance and
bulk density by 40% and 8% respectively compared with
randam matfic, Tullberg & Labes (1989) also demonstrated
the dramanc increase in mmplement dranght requirensenr
brought about by whed compaction. In typical soid con
ditions workmyg 200 mm deep, this amounted to an increase
of 28% compared with pon-trathcked sosl. Lamers e @l
(1986) and Dickson & 2/, (1992) reconded energy savings of
around 307 a5 a result of separating cropped and wheeled
arcws, They abso conduded thar vield respomses (o pon-
mafficked soil were Bkelv 1o be greatest under wes condirions,
mainly a5 a result of increased O, availability in the subsoil
In the final two vears of the tnal reported bere, the am
was to oonfirm some of the carlier results from both this
and other experiments. Ao significant 1o the experiment,
was the sctting up in 1991 of a Linked Rescarch Groap
between Silsoe Research Institute and Sibsoe College, The
ain of the College work was to link the stractural condinon
af the soil, as mfluenced by tillage and traffic, to physics-
hased descriptions of the processes of solute movement in
macroparous soals. Resules of this stody are reported by
Dougherty e @l (1995). The Institare’s part of the work
centred around quantitying the energy inputs associated
with the tillage and traffic teamments, al assessang differ-
ences in soil stractare, as mdicated by water rebease carves,
soil bulk density and cone penetration ressstance. These
measurements were ammed at testmg the hypothesis that

remaving whed taffic froe the cropped area would lead 10
greazer air-filled pocosity and lower soal strength and density.

The last two vears of the wal, 1992 and 1993, were
vonsaderably werter than average, particularly during the
penonds of the main machinery aperatymns. The first of these
wet periods, moautumn 1992, combined with sosl damage
assuciated with the headlands surrounding the experiment,
led to abandonment of crop establishment on the tmal for
that season {(annual see-aside was mtroduced ).

TREATMENTS

The following treatments were applied m a cereal cropping
regime wsing 3 three block cadomized plot experiment
Plgs were 35 m long by 24m wide, with access for
muchinery from both ends.

(1) Tractor plough {TP, Trafhcked), Thas system used a
conventional three furrow moukiboard plough (200 mm
depth) mounted on & 75 kW four wheel drive (4 wd)
tractor. All secomdary tillage and other operations were
with conventioml equspment and random trafficking of
rhe plots

Tractor tine cultivated (TT, Trafficked). A heavy duty
spring tine cultivator with 75 mm wade twsted shares
spacad ar 250 mm centres was used o a depeh of aroand
125 mm. (14 tme implement mounted on 2 75 KW 4 wd
tractor). All secondary tillage and other operations were
with convenbonal equipment as for (1)

-~
~
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{3) Gantry plough (GP, Non-tralficked). Moughing as for
(1) above, but this system usex] two identical 2 furrow
left and righe hand ploughs mounted on a 75 KW gantry
{Fig. 1). All other aperations were zlso carried out with
gantry mounted cquipment to avosd traflicking of the
crapped arca

{4) Gantry tne cultivated (GT, non-trafficked). Cultivabion
as for (2) above, but the 14 tme mplement was splhit
into wo 7 tne implements which were mounted separ-
ately o the gantry. All other operations were also with
gantry mounted equipnent.

(5) Partial gantry (PG, trafficked/ non-tralficked). Ploaghing
and harvesting were carried our with conyentional equip-
ment as for (1)} above, bur all oeher operations were with
gantry mounted cquipment to avoud further trafficking
of the cropped area,

(6) Gantry speculative (GS, noa-trafficked). This treatment
was based oo the gantry, but with the ide that exper-
imental equipenent rather than commercially available
implements could be used. In 1991 and 1993, pramary
tillege was with a power driven rotary degger. All other
operations were with conventional but gantry mounted
equipment,

The gantry usad was an experimental two wheel-drive 12
m span machine (Fig. 1), moee fully described by Chamen
et al. (1994). This machine enabled 12 m wide beds of sail
o be maintaned free of wheel traffic for the daranon of the
experiment (1986-1994), Secondary nllage on both tractor
and gantry plots consisted of a combmnation of dscng and
power harrowmy depending on the conditions Tn 1991,
winter wheat was sown in mid Oczober. Although this crop
was harvested and yield assessments made, wet weather
delayed harvest o such an extent that varable shedding
losses (estmmated 1o be around 2.5 1/ha) made these resales
unreluable, As the wet conditions continued, # proved
impossible to carry out any cultivations, ancl the site was
put into rotativoal set-assde. The aver-winter regrowth was
spraved off with glyphosate in May 1993 and the plots
primary cultivated with the different treatments i July,
followed by secondary tillage and sowmg of winter wheat
in late Seprember,

MEASUREMENTS

During primary nllage, messurements were made of the
farces on the different implements as well as the speed of
operation and depth of work, Data froem these measurcnsents
were transoitted vel 2 telemesry link s desoribed by
Chamen o1 @l (1994). Following seedbed preparation,
samples of sodl rilth were taken from the TP, GP and PG
treatmsents 10 deternaine, by sieving, the mean weght diam-
cter (MWID) of the agpregates. Sosl cone resistance was
measured with a Bush recording penctrometer (Anderson
et al, 1980) on all plots, to a depth of about 0.5 m mn
Septamber 1992 and in Apeal 1993, In March and Aprid
1992, an evaluation was made of a technique {(after Von
Tame, 1990) for comparing the activity of mddfinate baotic
{mcrobial amd zootic) processes within the soll on the
treated plot areas. Ten 20 mm by 3 mm aluminium strips
400 mm Jong with five S mm diameter holes spaced at
50 mm mtervaks bedow a surface marker lme were inserted
at random posstions on cach plot. Each of the holes in the

strips had been filled with pea flour mixed with a dilute
agar solution. The strips were withdrawn after 14 days and
the quantity of pes flour remaining was categonzed ag 0 if
less than 25%% of the floar remained, 0.5 if between 25%
and 75% reonained and 1 if more than 75% was judged o
have remained intact. Profikes of sofl water content w
match the come resistance and biological sampling data were
established gravimetewcally from samples extracted from
appropriate areas in the field.

Foe the work on solute movement, the entire plot area
wis male plonighed in April 1991 w a depth of 055 m at 2
m censres, wsing the winching technique described by
Chamen & Cavalli (1994), bot still in line with conventional
pracrice on clay soils i the Unsed Kingdom (Spoor of ol
1950). Later en the spring, four adacent plots were hydrolog-
ically isolated by mserting polythene sheetmg vertically to
& depeh of | om, Trenches were dug ar the Jower el of the
plots and pipes connecred o the individual mode channeds
through the phistic sheeting. The discharges from each of
the mok: chanses on a particolar plot were then inter-
cannected and piped 4 lower ares of the field. Here, they
emptied intee a ditch via water samplers and Veonotched
weirs, a8 described by Leeds-Harnson ef ol (1992) and
Dougherty o @l (1995). In April 1999 bulk densiry of the
topscil was measured at two positions (2 replications) on
cach of these plots usng the technique described by
Andersson & Hikansson (19%3). This involved sinking a
bottomless metal box, measuring 1.7 m x (.35 m, to approxi-
marcly 200 ey depth. The surface profide of the sud within
the box was defined asing pins spaced st 50 mm on the
square. A layer of soif about 170 mm deep was then removed
and & simalar profile of the expased surface establishad to
give volume by subtraction, Samples for gravimetric deter-
mination of water content were taken from the sail extraczed.
On the same four plots, change in water potential with time
was monitored with parous cup teasiomerers connected 1o
pressure transdwcers and data Joggers. Two sets of tensio-
meters were mstatled on cach af the plots 2t depths of 1K),
150 and 300 i and gravimernc water Qontent nicasune-
ments #t these depths were made daily during a drying
phase of the sul. Subscguently, velumetric water content
was calculated from the density measarensents, bat direct
mezsurements of volumetric water content were also made
dadly with a seeutron probe. This was mserted in permaanently
mstalled singlle tubes on each of the ploes. During February
1993, saturated hydraulic conductivity of the soil was meas-
ured a1 berween 0.8 moand L] m depth with pserometers
mstalled horizonmally wsing the technique described by
Howse & Goss (1982). Hydraulic conductivity and shape
factors for the piczometers were taken from Youngs & Goss
(1988). Crop yicld wis messured on all ploss using the
gantry equapped with its own harvesting unit. This consisted
of 2 3.6 m wade standard cutterbar leeding an expermmental
grain threshing and sepurating mwechandsm, Followng 2
single full lemgth cut an cach plot, grain was unloaded o
a sack whach was waghed and sampled for mosture content
in the field.

RESULTS AND DISCUSSION

Twplervemt performance
Table 2 provades a summary of the implement perloemances
measared daring pricnary llge following the set-aside
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Table 2. Tillage implesscnt pesfonmance, July 1993

Tresmen Fiwswanl P Spoctic Tixh

® spoed, Dpth, l)rndn promwer, emryy, MWD, Labsensr®,
impleroontt m's e w im L hiha
TP/ Pheagh LS 191 78 - 13,58 181 293
GP/ Posgh 0w a7 540 - .55 167 237
PG/ PFongh 105 s mw - 13 % 244 M
T/ Tioes 126 n2 IRy - - “ unj
GT/ Tinex 105 s 148 - e o n7
GS/Rotars 0 o ] o8| s34 " 175
digger p 7o

P Drsught per furmas /tnc.
FDenved from spot e of work

A1 Vadues of energy with Effesent betlers sigiicaraly diierent ot P <OMIL

A Nat vigraficane ot P<005,

" Rooor, Seear mounoed tises

nr s reconded.

1 for bey soe “Teamments” section,

period. The ploagh data, which reveal a similar rend w
previous years, show a decrease both in nilage and
the labour required for the noo-trafficked compared with
the trafficked soil. There was  however oo difference
between the trafficked amd partly trafficked trearments.
Although there were differences m the MWD of the tilths
recorded on the three plough treatments (Table 2), these
were not stanstically significant. Resulis for the PG otrear-
ment sugwested that this had ked 10 the coarsest tilth, which
was in lime with previous observations. The raason for this
omarse nilth wis considercd o be the absence of the effect
of tyres during secondary nllage. On average tractor vres
impurt about 8 kW to the sod and m many instances help
craate @ tilth in addison w0 cusing sail  compaction.
Although secondary nllage was undertaken at higher than
average soll water consents, (H2% dry basis; plstc limic
water vontent 47%, see Table 1) this was sull in the friable
consistency range with s moderare resistance o compaction.

Previously recorded decreases in dranght from the tine
cultivator em non-traffacked soal were absent, the reasvas for
whath were pot evident,

Came resistance, water content awd bulk density
The differences and change in cone resistance with depeh
i April 1993 were similar to those recorded in September
1992 (Fig. 2), revealing a generally lower strengeh following
ploughing compared with tme cultivation and following
non-tratficked compared with traflicked soill. Both of these
differences were significant (72 0.05) ar each depih bedow
150 mm, The average of the autumn and spring resistance
measurements over the fall depth range for the trafficked
{TT & TP) and the pon-traffcked (GT & GP) ireatments
was 151 and 1.24 MPa respectively, Similarly, values for
the PG oand GS systems (see Treatments sectson) were 1.25
and £.23 MPa respectvely. Although the lower resistance
under the gantry treatments woukd be expected, the lower
resistance at and below 200 mm depeh following plmgiung.
on both trafficked and son-rafficked plots, & surprismg.
Differences in soil water contents, which would have had =
marked effect on these results, were measured on all of the
phn at 150, 300 and 500 mm depths in September 1992
and Apail 1993 (Table 3). Results revaaled no significant

differences berween cither tillage or maffic treatments, bat a
dearease with depth. Further more extensive measurements
in Apnl 199, (but restricted to the four hydrologacally
wsolated plots) exhibited a consistent and quite large decrease
of volumetnc water content on the non-trafficked compared
with the trafbcked soil (Fig. 3) and a tendency for the tine

3
254
£ .
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s 11 —— e
054 O ortieed
"o 1w W0 00 400 500
Daogth, mm

Cora resistance, MPa

Depth, mm

Fig. 2. The effext of eraffec and tilage an wnl cune pencteation redstanoe,
Apeid 195
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Table 3. Sumenary of wil water coreent data 3t iferere timex dunng
the rial

Meun ropesd] water consent, 3/ Mtk

Tresmem
Date® w T Gr Gr G GS SED
] 500 437 454 2 " nr 15(NSH
2 495 4.5 444 1.3 450 40 41NS)
i 4K a5 o ane w7 514 24(NS)
4 563 55 50 5ns s 2l 24(NS)
Mesa soel water coatent at Stferent dopehs {rom)

» MO 150 M 250 30 S3W SED LSD
1 43 BT 505 w3 w7 0 15
2 S50 #1812 13
) 541 W2 o824 0N 12

"Duies 15 March 1992 2w 15 Scptamber 1992, 3«23 Apedl 1955
4= 13-21 July 1993

SED. = mandard ervoe of differcnce of means

o el revveded.

NS = net sgnificanr = P 005

LS s owst signidoant difference ar Pw0.05

1 for key v Trestmeni' soction.

culrivated plots 1o be wetter. These contrasts would have
tendded to exacerbate rather than diminish the differences in
cone resistance between the traffickmng and vllage reatments,
anl certainly provide no explanation for the tllage effear.

Bulk density of the four hvdrologically isolated plots was
consistently fower oa the son-trathicked sod {Table 4).
However, under the ploughing regime where annual loasen-
mg to sampling depth had occurred, differences were less
than the deviation of the results.

Water release charactenstics

The volumetnic water contents were used with soil warer
potental measurements 10 desermine the i iy warer release
charactenistics over a period of about 13 days. Unfortunarely
data from the newtron probe vaned randomly and showed
no evidence of a drying phase during the sampling period.
Figures 4 and 5 show the mean warer contents and daily
potentials averaged frum two tensiometers on cach of the
phors. On both the ploughed and tine cultivared soil the
data showed marked evidence of a greater number of larger
pores (smaller water contents at a given potential) oo the
noo-trafficked plots, but the contrasts were less extreme on
the ploughed soil, There was also evidence to suggest that
the differences m this data were greatest ar potentials close
to zero, 1.e. a greater contrast in the number of the largest

Tabde 4. Soil drs buk domswry ver the fove hydroogicadly iselaied ploes
(20-26 Ageil 1704)

Dvy Bulk dersity, bg/m*
(easimn depeh af sampling, )

Flat s
and i 0w « n Seamdand
trosement r GrT ™ P destation
TENIAY)  S01S4) {181 A1)
I3 TN MBI EAT192)
Pt mean TISM157)  SSNIGT) 6T 1Y7)  685(153) 553

1 for by sce “Trestmanls’ soctaom

300 feen Sopen

—— T —— T Qs P b W

s
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Fig. 3. Changes (n volametic water costent wieh time and depth o the
four scally swdatedd phots in April 4944, GT = gamary /ome, T1' =
eracton/tiew, GI' = gantry/phoagh, TF = tracwr/ plough.

pores. This difference is likely to have particulsr bearing on
drzinage characteristics, kadmg to a more rapid movement
of warer 1 the dmins an the non-trafficked soil. Figure 6
shows evidence, an the rafficked plats, of larger pores on
the ploughed compared with the tine cultivated soil. The
results ar 300 mm deprh must however be treated with
caution, since density measurcnxars were extrapobited w
thes depth from the B-200 mm peodile, The third group of
data show the effect of assuming a common density for the
TT and TP plots at this depah, It i hkely that the true
pacture Ises somewhere berween these two extremes. On the
non-trafficked soil, differences between the tillage treatments
were absent ar 100 mm depeh, but there was a tendency for
the tine cultivated soil 1 have a greater water content at a
given potential at 150 znd 30 mm depth.

A further indsctor of differences in soil strocture between
the wraffscked and non-trafficked sl are differences in daily
flectistivn of matric potential. Figure 7 provides 1 smapshaot
of this varataon over a typical 48 hoar period, together with
soil and awr rempersture mesured on an mmediately
adjacent site under grass, These data largely ruke ow
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soil (hess Auctuation with divrnal varitions in
aw-pdt), that the crop was extracting warer from
greater depth oo these plots. It would also suggest that
despire a greater water content for 3 given matric potential
on the trafficked soel, depletion of water by the crop could
not be sustained from the surrounding soil.

Figure § shows results of measurements at four depths on
M&M of the trafficked and non-trafficked ploughed
treatments taken in February 1993, At these comsiderable
depehs there was no consistent treatment effece, but the dacs
coafirm the magnitude of the conductivity a5 being similar
ummrsmtﬁhweby Youngs & Goss
(1988). More extensive measurements were restrcied by
mrmnﬁhmdbynl.dofrsmfmmthe
piezometers,

Fig. 5 Ohanges in sanic poternial @ three deptlo on trafichal and son-
traffacked tive cultivarad seil in Apeil 1994

Bavlogical actroity

Analysis of the results was carnied out taking each depth
anxd locatson within a plot as a benomml el with cither no
flour taken (0), ol flour taken (1), or & condirion half way
between (01.5). Results from the ten strips from each ploc
were added giving a figure between 0 and 10 for cach
treatment, Examimation of the results from the March
sampling, using soil water conrent as a covariate, showed
that the stall differences in soel water content {Table 3) bad
no influence on the results, The effecs of traffic and tillage
were found 1o be statistically significant, bus there were also
other mteractive effects which made mterpretation difficult.
The data were therefore scaled 1o 2 simple proparton and
then mansformed using Berkson's (1933) logistic curve or
logit relationship of the form:

Logit (p)=In (p/{1—p))
where
= bialogical activaty/ 10

The subsequent analysis of varance indicared no interactive
effects, but the effect of traffic and method of cultivation
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remamed sigmificant at the 0.1% level (Table 5). Tt was ako
evident that the level of animal activity diminished with
depth, and the effect was again ssgnificant ar the 0,12 level,
The same analysis of the later sampling showed 3 similar
trend, but omly the depth cffect was sigmficant. The level
of activity was greater in Apnd than in March, and particu-
larly nearer the soil surface. The only animals visible to the
naked eye and tking the food, were worms approximarely
M mm kong and about 1 mm in dameter. Some difficulty
was expersenoed with four bang pulled our of some of the
holes by the moist clay soil 35 the strips were extracted.
Some modification of the strip might therefore be needed
if this technicque were to be used widely m soks of this mature.

Crop respense

Followng the sct-asule perod in 1992-93, there were found
w be no significant treatment effects on the number of
winter wheat plants which had established following sowing
on 23 Septernber 1993, The average November population
was 198 planes/m?®. Table 6 provides more mformatzon on
these dara, in view of the large standard error, Ao shown
are the crop yiekds which, other than for the TT treatment,
cid noe correlate with plant numbers. In this case the effect
of traffc was signaficant ar P<001 and the speculative
weatmnent {GS) led 1o a significantly greater vicld (P <0.05)
than the PGosystem.

Ramfall over the 9 month period September to May was
abour 35% greater than the 30 vear mean (58,7 man
compared with 43.6 mm) and the 253% increase in vield
measured ome the noo-traflicked soil was almost certainly
assocted with better drainage on these plogs. This is
borne owt by the water release curves which showed that
less water was hedd in the profile at low matric potentials
(Figs 4 and 5) on the nun-trafficked plots. Similarty, an
acrial cobour photograph of the site in bre Apnil revealed
move advanced crop growth on the non-trafficked compared
with on the erafiscked soil. The increase in yield, although
considerably greater than m some of the drier years,
compares with an average ncrease of 1% from three
previows harvests.

Treaiment Iremds

Results frons these two vears were beoadly in line with
earlier work. The main deviation was m the increased
draught of the tine cultivator on the non-trafhicked compared
with the mafficked soil. Differences in soal structure and the
pattern of sail failure ohserved with this implement and
experences from carlier years, would kead us to suggess that
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Table 5. Mean values of the trandonmed lological activity data (weieg loge (p) =i {p/1

~pih ard wewan esbees an the

scale roovnded m the Seld (heackered ) for che March 1992 senpdng

Traffcked Noo-traficked SED.
Trafhe (nean of all depeds) -14" a3 o
4 (.5 (34
Paoeghad Tioe caluvansd
Tillage (mean of all depes) 0ot —0 on
(5.5 (36)
Deped, ovm 0 "m 1% bi L} ]
(mean of all rrestments) (BL nie -ott ~01* -4 (30
7.5 (5.0 an (3.5) 23)
S D stiandurd avor of differesce of mrcuns
I alaes with differont letors syificaatly differeat o £ <004,
thes type of cubtivatar is pot ideally swned o the non- CONCLUSIONS

trafficked condition of this soil. Overall, results showed the
nom-traffickg systems to have advantages in terms of Jess
implement draught and soil resstance, smproved nith, betver
drainage characteristics, particularly a1 low marric potentials
and 2 very sgnshcant improvement in vield, averagmng about
15%. The speculative treatment whach employed a draught
newtral rogary digger oo the gantry, and which retumed the
greatest viekd i 1994, was ideally suited to this two wheel-
drive gantry system with it Emited draught capability.

Work rare of the rotary digger, which was only slightly s
than the two passes needed by the tine caltivator, was 26%
greater than with the plough. An ecosomics analysis of
differemt controllid or noa-trafficking systems by Chamen
& Awdsdey (1993), showed a gantry system to be about
L35/ ha mosge proficable than conventional peactice on heavy
“sail, and directly comparable on medium Lind. These results
were based on a 7% mcrease in yield of combinable crops,
which in the light of more reoent wark, must be scen 25 a
conservative estimate, Where a 2006 decrease in cereal prices
was anticipated, the non trafficking systems all impraved
their peofitability compared with conventional practice.

Environmental advantages of the non-tralficking svstem, in
addition 1o smaller energy inputs, are the potential foe
“applying liquid waszes to the soil during wer periods with
less nsk of surface runoff, less risk of nitrate loss through
denitrafication and more eflicient use of nitrogen fertilizer,

Al plogs bad idearical spplications of fertilizer, and it must
theretore be assumed that it was less available or used less
“efficsently by the crop on the trafficked soil, as found by
Dowglss er ol (1992, 1995) in thewr experimsent on grass for
silige producnon.

Table 6. Plest populstions and wnler wheat ang yuld, 1991/%4
Trearmeret
Maswrsment TP TT  GP
Phan/m®* 21 M6
(NS
Yield, ks 555 739 1000 1000 e 1049 A2
NS, = st wgrficare 4t P 0415,

18,10 least apnitiosnt difference ot ()06
1 fior hes see Treatmess’ section.

G Wi GS SEDLSD
1% 20 2% 42

14

Removing wheel-induced soil compaction o this ssre led
a substantal fall in pomary tllage energy requiremsent (up
tw about 40%) and & decrease in both soil bulk demsity and
come penetration resistance compared with convennonally
trafficked sail. These results are in line with those from a
number of other researchers (Lamers of al, 1986; Carter
er al, 1988, Tullberg & Labey, 198% Dickson o o/, 1992),
The non-trafficked treatment also bed to smaller soil warer
contents at low matric potentials, sugzgesting that heavy land
under this regame would suffer less from waterdogping than
if it were managed with conventional traffic. These con-
ditions led t & 25% increase in winter wheat yaeld in 1994
compared  with conventional practice, and an average
tncrease of 15% over four harvesss. In line with the increised
yield and changes in sodl strocture, an assessment of soil
living animal activity suggested thar the conditivns under 2
non-trafheking regime would favour an increase in the
number and/or activity of these animals.

These results are favourable in terms of environmental
factors. Fertihzer wse effhaomey was increased by around
15% and should, for a given ferndizer mput, decrease the
loss of nurrients in the drainage water. A more freely
draming soil may also allow carlier access after wee spells
and for an extended penod during the winter. The appli-
cation of slurries and sewage slodge may also be undertaken
with less risk of surface runoff. Inter-row cultivation rather
than chemical weed control may also be possible, both as a
result of these drier conditions and due w the mproved
friahility of the soil. The economics of gantry systems are
Iikch to be further improved in view of the increased yield

with that anticipated m the study by
Chm\en & Audsley (1993). Overall, the benefits of elimanat-
mg wheel trathc from the cropped area would appear 1o he
considerable.
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3.3.4. Chamen & Cavalli, 1994. The effect of soil compaction on mole plough draught

This paper has been selected particularly because it reveals what appear to be traffic
effects on draught forces in the subsoil created by a mole plough which may be an
indication of subsoil compaction. It also provides some further evidence of the persistence
of loosening effects that were largely absent in the literature. However, the original paper
made no attempt to distinguish between the forces generated on the mole plough by the
leg and the foot, including the expander. Godwin et al. (1981) in their extensive study of
the forces on mole ploughs were able to distinguish clearly between forces on the leg and
forces on the foot as illustrated in their Fig. 2. They determined that the major proportion
of draught is generated by the leg of the mole plough and this proportion increases with
depth. In an alluvial gley soil the leg accounted for around 70% of the total force when
operating at 500 mm depth and this compares with data quoted from Wells (1951), which
suggested around 66%. The depth of operation in the studies being discussed here was
around 550 mm, so with a similar soil (albeit with weaker subsoil layers than the Evesham
used by Chamen & Cavalli) and depth of operation, the data from Godwin et al. (1981)
should provide a reasonable prediction. This is confirmed by their model studies where
the shear force was more uniform with depth and predicted over 60% of the total force
being generated by the leg. The sliding beam component did not need to be considered in
Chamen & Cavalli’s work because the trailed three-point linkage kept the beam clear of
the ground (their Fig. 1).

The outcome of these considerations is that of the 18% reduction in draught of the mole
plough determined by Chamen & Cavalli, only around 30% is likely to have emanated from
the mole plough foot, i.e. around 5%. However, lower strength in the deeper layers above
the mole plough foot, as indicated from penetration resistance data (Fig. 2, Chamen &
Cavalli) of the non-trafficked soil would suggest that this is a conservative estimate,
particularly as this phenomenon was apparent to around half the operating depth of the
mole plough. A key aspect in assessing the overall efficiency of the mole plough operation
includes not only the draught of the mole plough, but the resulting effects, such as mole
channel stability and the soil structure delivering excess water to the these channels.
According to Godwin et al. (1981), weaker soil layers above the mole should allow the foot
to be used closer to the surface without the danger of generating a crescent failure and
thus unstable condition. Reducing the depth of mole ploughing can have a substantial
effect on the energy required, with forces reducing with depth at between 3 and 8 kN 100
mm™ (from Godwin et al., 1981). Mole ploughing will still almost certainly be required on
non-trafficked soils, but there is every indication that this will be a less costly and
therefore more efficient operation.
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Abstract

Conventional and zero traffic systems were mole ploughed and effects on soil physical
properties were compared. Draught of the plough operating at 350 mm depth was mea-
sured while it was winched across plots having a S-year history of different traffic regimes.
Results showed that the draught was reduced by about 18% on non-trafficked compared
with conventionally-trafficked soil.

Cone resistance measurements, | month before and 3 months afier mole ploughing, con-
firmed that the non-trafficked soil had sagnificantly less strength to a depth of about 400
mm. Bulk density measured at 75 and 175 mm depth 1| month before mole ploughing
indicated a similar trend, but clod and bulk densitics at 125 mm and 350 mm depth 3
maonths later, failed 10 show any consistent differences between treatments,

Keywords: Mole ploughing; Soil compaction. Zero traffic, Draught. Cone resistance; Bulk density

1. Introduction

Mole ploughing is widely used to improve the drainage of clay soils (Hudson
etal,, 1962). Although it is inexpensive compared with the installation of a sim-
ilar network of plastic drains, it remains a relatively costly operation because of
its high draught demand and low rate of work. Thus, any soil management tech-
nique which leads to a reduction in mole plough draught could be of considerable
benefit.

It had been observed at the conclusion of an earlier traffic experiment (Cha-
men ct al., 1990) that the draught of a mole plough, as indicated by tractor speed

*Corresponding author,

0167-1987/94/S07.00 @ 1994 Elsevier Scrence B.V. All rights reserved
SSDIO167-1987(%4)00426-9
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and power demand, was affected by the different treatments. Such differences
were therefore measured at a later date on the same site, when mole ploughing
was carried out on a similar trial in April 1991, The objectives of the study were
to determine the differences in mole plough draught requirement between traf-
ficked and non-trafficked soil and to identify the reasons for these differences in
terms of the soil conditions,

2. Methods

Details of the site are given in Table 1. The treatments (Chamen et al., 1992)
consisted of a conventional tractor and machinery system and a zero traffic re-
gime maintained by a 12-m gantry employing conventional implements (Cha-
men et al., 1994). Two primary cultivation techniques were used 1o deal with
either burnt or chopped straw, namely ploughing to 200 mm depth and tine cul-
tivation or discing to about 150 mm depth. The gantry and tractor systems were
introduced in 1986 and continue to be used to establish, maintain and harvest a
rotation of cereal crops. A brief history of the site is given in Table 2. Three rep-
lications of each treatment were laid out in a randomised black design on plots
24 m wide by 35 m long,

To minimise wheel compaction on the non-trafficked plots. the mole plough,
with a 75-mm diameter mole and [00-mm diameter expander working nominally
10 550 mm depth, was mounted on a trailed linkage and winched across the site
(Fig. 1). To ensure identical conditions, the winch was used on both gantry and
tractor plots. During winching, mean values of draught were estimated over the
length of each plot by continuous observation of the analogue dial of a hydraulic
dynamometer. As the wheels of the trailed three point linkage were observed to

Table |
Soil description and textural analysss of the site
Soil constituents Amount (g 100g")

Depth range | mm )

=260 260-400
Clay (<2 um) Ha 71
Silt (260 um ) 23 21
Fine sand (60600 om ) 7 6
Coarse sand (600 gm-2 mm ) 2 p.
Ovganic carbon 39 1.9
Calcium carbonate 1.0 4.1
Moisture content at lower plastic limit 473

Sail taxonomy {USDA, 1975): clayey,
mixed, mesic aquic eutrochrept
Sail series: Evesham
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Tahble 2
Recent history of the site
Year Details of operations Crop harvested
1986 Mole ploughed, subsoiled and rotary dug® Winter wheat
1987 Straw on cultivated plots burnt Spring barkey
1988 Straw on cultivated plots burng Spring oats
1989 Straw on cultivated plots burng Winter wheat
1990 Straw on all plots chopped Winter oats
1991 Straw on all plots chopped Spring barkey
1991 Mode ploughed in Apnl

* Chamen ¢1 al., 1979,

Fig. 1. Winching of the mole plough using a trailed three-poant linkage as a stabilizing drawbar.

create different depths of rut on cach of the treatments, a straight edge was used
to measure the amount of wheel sinkage.

Just prior to mole ploughing, soil cone resistance and bulk density were mea-
sured on each of the plots. Cone resistance was measured to a depth of 350 mm
at 12 positions on each plot, with a Bush recording penetrometer having a cone
with a base diameter of 12.83 mm and semi-angle of 15°, Bulk density was mea-
sured using 75-mm diameter cores taken at three depths: 0~50, 50-100 and 150~
200 mm at two randomly selected positions on each plot. Following harvest of
the spring barley crop, which was accomplished using the traffic treatments al-
ready described, further soil measurements were taken, but to a greater depth
than those recorded previously. The sampling strategy was designed specifically
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to investigate the reasons for the relatively large differences in mole plough draught
observed between the different traffic treatments. Cone penctration resistance
and clod and bulk density measurements were made on the tine cultivated plots
of both traffic treatments. Clod density was determined from ten clods, each of
about 0.2 dm* volume, extracted undisturbed from three positions (in the mid-
line between mole channels ) on each of the sampled plots at approximately 125
mm and 350 mm depth. The clods were coated in Saran resin to determine their
density as described by Brasher et al. (1966) and Blake (1965). Clod volume
was corrected, assuming normal shrinkage (McGarry and Malafant, 1987), to
the value equivalent to the mean moisture content of the complete sample set,
which was 275 gkg~'. Bulk density was measured at depths of 125-175 and 325-
375 mm.

Cone resistance was measured as before but 20 sets of readings were taken on
cach plot to a depth of 450 mm.

3. Results and discussion
3. 1. Soil density

April 1991 measurements of dry bulk density and water content are presented
in Table 3. The effects of traffic and depth were significant at P<0.01 for both

density and water content, but there was an interaction (F<0.01) between cul-
tivation and traffic as far as density was concerned. The differences in water con-

Table 3
(a) Soil dry bulk density water content in April 1991
Depih (mm ) Bulk density Water content (gkz™ ')
(kg m~?):
mean of all Gantry Tractior Mean
Lrealments
25 247 241 367 RIE
5 9356 420 470 45
175 1005 432 483 457
LSD (F<0.05) 47 a0 30

(b) Dry bulk densaty according to treatment (kg m~7)

Traffic Cultivaton

Ploughed Cultivated
Gantry & 832
Tractor 966 1041

LSD (F<0.05) 46
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Table 4
Clod dry density and water coatent in September 1991
Depth (mm ) Density (kg m—*) Water content (gkg=")
125 1804 284
350 1625 261
LSD (P<0.05) 93 I
Table 5
Soal dry bulk density and water content in September [991
Depth (mm) Bulk density (kgm~—") Water content (g kg=')
150 1215 289
350 1300 258
LSD (#<0.05) 62 147

tent were confined to the change between 25 mm and 75 mm depth, with no
further significant increase between 75 and 175 mm depth. However, bulk den-
sity increased significantly between all depths and between gantry and tractor
traffic, but the limited depth of measurement meant that it was difficult 10 relate
these data with the draught of the plough (see later section ).

Differences in clod density and water content in September were confined to
the effect of depth (Table 4). This was surprising and it was postulated that the
earlier differences between the treatments were due to a dissimilarity in macro-
porosity or structural cracks between clods which would not have shown up in
the clod analysis. To check this hypothesis, nine cores were taken from 100-200
mm and 300-400 mm depths on single plots of each of the two treatments. Re-
sults (Table 5) again showed that only the effect of depth was significant
(P<0,001). Tt was concluded therefore that wetting and drying cycles of the soil,
together with its drier state in September, largely masked the differences that had
been found ecarlier in the year.

3.2 Soil cone resistance

Cone resistance data were analysed as a split plot design over all depths and
treatments. In April (Fig. 2) resistance increased significantly (P<0.001) with
depth and on average was significantly greater ( P<0.05) over the whole depth
range on the tractor compared with the gantry plots (1.22 compared with 1,03
MPa respectively, LSD=0,01 MPa), There was no evidence to suggest that type
of cultivation had an effect. As soil water content on the gantry plots was less
than on the tractor plots (Table 3), this would have increased cone resistance on
the non-trafficked soil. Therefore the contrast between trafficked and non-traf-
ficked soil was likely 1o have been greater than was actually recorded.
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Fig. 2. Soil cone resistance for trafficked {tractor) and non-trafficked (gantry ) phots in Apeil and
September 1991,

The September measurements of cone resistance (Fig. 2) exhibited a similar
trend to those in April, but to a greater extent, with all differences being signifi-
cant at P<0.001. The mean resistance on the tractor plots was 2.06 MPa com-
pared with 1,60 MPa on the non-trafficked soil (LSD=0.20 MPa). On this oc-
casion there was no significant difference in the soil water content between
treatments but there was a significant change with depth (Table 5).

These results were in contrast to those of clod and bulk density taken in Sep-
tember, and it was postulated that differences in cone resistance could have been
caused by the small but non-significant differences in soil water content. To test
this hypothesis, the following relationship between cone resistance and soil water
content derived by Utomo and Dexter (1981 ), was assumed:

April InQ, =a+bw, (1)
September  InQ, =a+bw, (2)

where Q, and Q, are the mean cone resistances and w, and w, the mean water
contents at 125 mm depth recorded on the different dates. Values of 1.474 and
~3.181 were obtained for @ and b respectively, These values were then used in
the same equation with the cone resistances measured in September for trafficked
and non-trafficked soil, to predict the soil water content. Taking cone resistances
of 2,099 MPa for the trafficked and 1.491 MPa for the non-trafficked plots, the
predicted water contents were 230 and 338 g kg ' respectively. The mean differ-
ence in water content between traffic treatments was only | g kg~ ', showing that
the differences in cone resistance could not have been accounted for by the vari-
ation in water contents that were observed.

3.3, Mole plough draught

Draught of the mole plough on the tractor plots was significantly greater than
on the gantry plots (#<0.01, Table 6 ), but cultivation method ( ploughing or tine
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Tablke &
Dragght requirement and variation in nominal depth of a mole plough when operated on trafficked
(tractor) and non<trafficked (gantry ) soil a1 S50 mm depth

Traffic Draught (KN) Wheel sinkage (mm )
Ganiry 253 447
Tractor 296 225
LSD (FP<0.05) 2.1 7.7

cultivation) had no effect. The mean effect of traffic was a 14.5% reduction in
draught for the non-trafficked compared with the trafficked soil. This is a con-
servative measure of the difference between the treatments, because the wheels
of the carriage sank to a greater extent on the gantry plots (Table 6). This led to
a 22.2-mm increase in depth of operation for the non-trafficked compared with
the trafficked soil. According to Godwin et al, (1981), the draught of a mole
plough tends to increase as the square of the depth of work. If the draught of the
mole plough on the gantry plots is corrected to the equivalent depth on the tractor
plots (550+22.2 mm), the value on the non-trafficked soil is reduced to 24.3
kN. This represents a 17.9% reduction in draught compared with the conven-
tional treatment. If an allowance for the increased rolling resistance of the car-
riage on the zero traffic plots were to be included, a further reduction in draught
for mole ploughing would result,

The relationship between both clod and bulk density and mole plough draught
was inconsistent. In April, the bulk density of the non-trafficked soil was about
150 kg m~ less than the trafficked soil, reflecting the differences in mole plough
draught recorded, but in September bulk and clod densities for the different treat-
ments were indistinguishable. It is apparent therefore that the density of the soil
is not always a good indicator of soil strength. This is probably associated with
changes in the structure of the soil, whereby a similar density can exist, but where
the pore size distnbution is very different, Watts and Dexter ( 1994 ), working on
this site, found that the geometric mean diameter of aggregates on the gantry
plots was smaller and the macro-porosity greater'than on the trafficked soil. How-
ever, these data only relate to the top 150 mm of soil. and the soil conditions
which are likely to have had an effect on the mole plough would almost certainly
have existed at a depth of at least 300 mm. It can only be postulated therefore
that the dissimilar soil structural conditions near the surface persisted 10 this depth
in the profile.

Below a moling depth of about 300 mm, the leg forces on a mole plough tend
10 predominate over those from the foot and expander and, in a cohesive soil, the
resultant force tends to move up the leg with increasing depth of operation ( God-
winetal., 1981). At 550 mm depth, it is estimated that the resultant force would
have been approximately 350 mm deep. As the depth effects of compaction on
this soil had in the past generally been confined to the top 300 mm, the magnitude
of the differences in draught force between treatments was unexpected. However,
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the rigorous approach to the results of the cone resistance measurements con-
firmed that real differences in strength existed at the depth of the resultant draught
force. It would appear. therefore, that cone resistance measurements provide a
good indication of differences in draught force.

The draught data recorded in this experiment were very similar to that pub-
lished by Godwin et al. (1981). In their work on an Evesham soil with similar
propertics, the total horizontal force recorded with a 100-mm expander operating
at a comparable depth was 29.2 kN. No mention, however, was made of the effect
of soil conditions on the total draught of the plough and there are few other pub-
lished data relating to the soil resistance of mole ploughs.

The effect which differences in traffic compaction may have on the persistence
of the mole channel is of considerable interest. Although no data have yet been
recorded on this aspect, it is hoped that some measurements can be made within
the expected life span of the mole system.

4. Conclusions

Zero compared with random traffic on the soil led to a reduction of about 18%
in the draught requirement of a mole plough working at 550 mm depth, This
reduction was associated with contrasts in soil strength of about 17% in the top
400 mm of the soil profile, as indicated by differences in cone resistance. Soil
bulk or clod density was not found to be a reliable indicator for predicting differ-
ences in strength or draught requirement on this soil.
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3.4. CONCLUSIONS

Considering a typical calcareous pelosol of the Evesham Series:

1.

This soil maintains a more favourable structure for at least four years following
deep loosening when not subjected to maximum conventional wheel loads of
around 3 Mg which increase its strength and density while reducing its porosity.
Tillage inputs can also be substantially less than when this soil is trafficked with
also a more favourable outcome in terms of seedbed quality. The different nature
of the soil structure may require a change to the type of tillage tool needed to
produce a seedbed efficiently.

The calcareous nature of this soil means that crops can suffer a trace element
deficiency if the degree of compactness is too low. Light surface firming in the
form of rolls may not always overcome this problem.

When subjected to tyre contact pressures of 50 kPa or less the strength and
density of the pelosol remains lower than the same soil subjected to similar loads
but with tyres at 100-250 kPa pressure.

Although reducing the annually trafficked area can have benefits in the first one or
two seasons, persistence of compaction and extension of the tracked area tends to
build up with time and the poorer characteristics and extra energy associated with
conventional practice return within three years.

Avoiding wheel loads of around 3 Mg on this soil for a period of four years seems
to provide some relief to subsoil layers at around 0.5 m, as indicated by 18% lower
draught loads on a mole plough.

Active management of some of the permanent wheel tracks is required, mostly in
the form of infilling but there is scope for using less aggressive traction tyres that
avoid break up of the running surface. Inappropriate management can
compromise access to the wheel tracks in wet conditions.
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CHAPTER 4

4. The effects of CTF systems on crop growth, yield, soil structure
and infiltration in non-replicated field studies

4.1. INTRODUCTION

This chapter describes a number of disparate studies that were initiated with the aim of
filling gaps in knowledge and to reinforce areas where knowledge was limited. The studies
conducted at Colworth arose from the fact that in 2004, Unilever expressed interest in
assessing Controlled Traffic Farming (CTF) on their Lee Farm, at Colworth in Bedfordshire,
UK on a Hanslope Association clay soil. Initially CTF was adopted on one 8 ha field but in
2006, it was extended to a further eight fields covering a total of 73 ha. On these fields,
opportunities were taken to assess performance of the permanent traffic lanes, to
investigate cropping and to assess changes in soil structure with time. However, these
assessments of soil structure were on a self-restructuring soil and one of the shortcomings
of previous research on CTF in the UK is the limited number of soils on which studies have
been undertaken, and in particular, those with poor self-restructuring characteristics.
Sands and silts for example do not appear to restructure naturally with cycles of wetting
and drying, freezing and thawing (Pollard and Webster, 1978) and there is only limited
evidence to suggest that different crop rooting can achieve any improvement (Goss,
1987). It is important for farmers converting to CTF to understand what happens on these
soils because deep loosening is expensive. They need to know whether deep loosening is
necessary and indeed, whether in the absence of traffic, all soils will maintain an
acceptable structure. One study carried out on a non-restructuring soil was that by
Campbell et al. (1986) who worked on a Winton Series silty clay loam (Gleyic Luvisol, FAO,
1988). They showed that this soil, previously designated as unsuitable for no-till, was able
to grow crops well with CTF and maintain good structure. In view of this positive outcome
and need to know more about these soils, one part of the work described here
concentrated on trying to assess the likely impact of CTF on soils that have little ability to
restructure quickly without physical intervention (tillage). This work started with a pot
study, but in view of shortcomings with this technique, extended to field assessments.
The overall aim of these studies was therefore to investigate the practicalities,
performance and sustainability of CTF not only through direct observation and
measurement at Colworth but also through associated regional studies where CTF was not
actually being employed. The specific objectives were:
1. At Colworth:
a. to quantify the comparative yields from non-trafficked, randomly trafficked
and intensely trafficked areas
b. to gauge the impact of controlled traffic and no-till on soil strength, water
infiltration and structure
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c. to quantify differences in crop root growth between trafficked and non-
trafficked areas
d. todraw up a management strategy for permanent traffic lanes
2. To determine the potential of different soils to restructure in the absence of
machinery compaction

4.2. METHODS

4.2.1. Colworth

The CTF system adopted at Colworth was based on 20 m chemical applications whereby
crop drilling and harvesting was with 6.66 m wide equipment. Crop sowing used a trailed
drill with tine openers (John Dale Zero Till drill) and this and the tractor track gauge was
matched to that of a John Deere harvester with an imported 3 m axle conversion supplied
by John Deere for one of their 8530 tractors. This system resulted in two permanent
tracks about 650 mm wide spaced 3 m apart repeated across the field every 6.66 m. The
single field was on a Hanslope Association clay soil (Table 4.1) and was part of a block of
four adjacent similarly textured fields that were at the same point in a five year rotation
(Fig. 4.1). The permanent wheel tracks were set up while harvesting field beans in 2004
using a satellite based correction signal (John Deere Starfire 2) and an auto-steer system
on the harvester. Where comparisons were made with traditional practice this consisted
of identical harvesting machines (maximum 7.3 Mg per wheel), a rubber belted tractor
with individual track loads of 7 Mg (also used for ploughing out of the furrow) plus other
tractors with wheel loads of around 2 Mg. In particular, these treatments could be
summarised as below with field numbers taken from Fig. 4. 1:

Field 28 CTF, no-till

Field 22 Random traffic (RTF), non-inversion tillage
Field 23 RTF, no-till

Field 15 RTF, plough

None of the fields were deep loosened in the years leading up to the introduction of CTF
on field 28, which previously had been ploughed with the tracked tractor operating out of
the furrow. The different tillage systems had been in place since 2002 except Field 23
which changed from ploughing to no-till in 2004.

4.2.1.1. Assessment of soil structure and water infiltration

The principal methodology was comparison of the trafficked and non-trafficked soils
which formed the block shown in Fig. 4.1. Penetration resistance (PR) was measured on
two occasions; the first with 30 replications on each treatment was with a hand-held
recording Eijkelkamp Penetrologger with a 30 degree cone of base area 1.3 cm®. The
second set with 100 replications was with a speed regulated hydraulically pressurised
probe (as per the hand-held device) operated from an “All Terrain Vehicle”. Water
infiltration was also measured on two occasions. The first was at eight random points on
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Table 4.1. Particle size analysis, organic carbon and pH of the clayey, mixed, mesic aquic
eutrochrept soil (Soil Survey Staff, 1999) of the Hanslope Association (Hodge et al., 1984,
page 209) at Colworth.

Soil property Units Depths, mm
0-100 250-300

Size, 0.063 — 2 mm, sand % 20.05 20.12
Size, 0.002 - 0.063 mm, silt % 33.34 33.03
Size, <0.002 mm, clay % 46.62 46.86
pH 7.52 8.38
Organic carbon % 2.68 1.00
Soil texture® Clay Clay

! Texture class as defined by Hodgson, 1976

each of the four fields shown in Fig. 4.1 over a period of two consecutive days in
December 2005 using a double ring infiltrometer as shown in Fig.4.2. Equal numbers of
measurements were taken on each day to minimise the time element between readings
on one treatment compared with another. The second set of measurements were taken
with a Decagon Mini Disk infiltrometer in early 2008 using suctions of 10 or 20 mm, but
only on the no-till fields (28 and 23, Fig. 4.1). Infiltration with this instrument is
determined from the slope of the quadratic equation computed from the cumulative
infiltration plotted against the square root of time, as proposed by Zhang (1997) for dry
soil and is stated as hydraulic conductivity rather than infiltration. Twenty one of these
measurements were made on each of the two fields spread over two days but with an
equal number of measurements from each of the fields on each day. In addition to these
guantitative measures, subjective assessments were made of soil structure under the
differently trafficked treatments through observation and photographic evidence.

4.2.1.2. Assessing the responses of oilseed rape (OSR) to different traffic and tillage

Roots of the OSR crop were examined by digging out individual plants at random from
each of the four fields shown in Fig. 4.1 where the different crop establishment
techniques had been employed. At the first sampling, ten plants were extracted per
treatment and as a result of noticeable differences in rooting a more extensive sampling
was made taking twenty plants from each treatment. The roots were severed at the
transition between the green of the stem and the white of the root, washed and weighed.
The lateral roots were then removed and the remainder of the root weighed again. As
most comparisons were made on a ratio basis, differences in dry weight were not an issue.
Weighing the root whole and then after removing the laterals achieved the ratio of root
laterals to tap root weight, which formed the basis of the comparisons.
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Fig. 4.1. The controlled traffic field (28) and its position in relation to the three trafficked
fields at the same point in the rotation (22, non-inversion tillage; 23, no-till; 15,

ploughed)

Fig. 4.2. Double ring infiltrometer used in December 2005 at Colworth on each of the
fields shown in Fig. 4.1.
4.2.1.3. Measuring OSR yield

To ensure accuracy of yield comparisons, each of the field’s cropped areas was mapped
using the John Deere Starfire position receiver fitted on the JD 8530 tractor. The data were
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then verified by Farmade software that provided a field outline and confirmed the area
indicated on the Greenstar display and displayed in Fig. 4.1.

4.2.1.4. Field and traffic lane comparisons of crop yields

To provide an overview of the field yields from those managed conventionally and those
managed with CTF, the total yields from the differently managed areas were monitored
each year from 2007 until 2010. During this time there were nine fields managed with CTF
and seventeen with RTF. Yields were determined by weighing each trailer load from
individual fields and then correcting the weights to a common moisture content. These
yields are from fields with a very disparate history and management from year to year and
with some variation in texture but all from the Hanslope Association. Averages for each
crop also vary from year to year, with for example one from CTF, while the average for
RTF might come from four fields

In a more detailed study, the relative yields in the CTF no-till beds and those from the
direct sown cropped permanent tracks were compared with each other and with those
from conventional practice. The variances of trial samples were calculated and used to
determine the number and the size of hand collected samples needed to detect a 10%
difference in yield. This analysis suggested that all the ears from ten, one metre random
lengths of crop row within each treatment would be needed. In 2008 these were
collected, bagged, weighed and then dried at 105 degrees centigrade for 40 hours before
being weighed again. In 2009 the same procedure was adopted but the straw was also
removed to ground level and weighed and dried in a similar manner when separated from
the ear. The fields from which the samples were collected and details of their
management are shown in Table 4.2.

Table 4.2. Fields from which crop ears were sampled for yield analysis

Field Management Sampling date

number

37-40 CTF no-till since September 2006 after deep loosening to 11/8/ 2008 &
around 40 cm. Wheat after OSR /spring barley 18/8/2009

34-38 Random traffic non inversion tillage (discs/power harrow). 11/8/ 2008 &
Wheat after OSR /spring barley 18/8/2009

42 CTF no-till since September 2006. Wheat after wheat 11 August 2008

28 CTF no-till since September 2004. Spring barley after 17 August 2008
winter wheat.

23 Random traffic (RTF) no-till since September 2004. Spring 17 August 2008

barley after winter wheat

4.2.1.5. Assessment of permanent traffic lanes

In 2006 when the additional fields were brought under controlled traffic management, a
change was made to 24 m chemical applications and an increase in the drill width to 8 m.
In 2008 the principal CTF tractor was changed to a smaller machine (John Deere 7930) and
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the wheel track gauge was reduced to 2.2 m together with those of the trailed drill. The
reason for this change was recognition that the 3 m axle tractor was not likely to be a
commercial success in Europe and was dissuading farmers from considering the system on
their own farms. This change increased tracked area to 24% and also meant that the
traffic lanes now existed in three forms (Fig. 4.3), namely:
1. Tramlines —unsown traffic lanes used for crop establishment, harvesting and
chemical applications
2. Intermediates — sown traffic lanes used for crop establishment and with a
proportion of the width run over by the harvester
3. Harvester — section of sown traffic lanes run over only by the harvester
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Fig. 4.3. The tracking configuration at Colworth from 2008 onwards resulting in an
overlap between the narrower track gauge of the tractor (2.2 m) and the wider track
gauge of the harvester (2.7 m).

4.2.2. REGIONAL STUDIES ON NON-RESTRUCTURING SOILS

4.2.2.1. Normanton Lodge Farm

Soil in the field selected for assessments on this farm was a clay loam of the Ashley
Association, constituents of which were measured by the pipette method (BSI, 1990) and
are listed in Table 4.3. Other physical parameters were measured with the Keen-Racjowski
box. Observation and sampling of this soil started in June 2006 within the cropping
sequence shown below:

2003 Sugar beet

2004 Spring beans

2005 Winter wheat
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2006 Linseed/mustard

Table 4.3. Constituents of the Ashley Association soil (Hodge et al., 1984, page 96) at
Normanton Lodge Farm

Parameter Topsoil Subsoil
% coarse sand 1.77 1.63

% sand 9.84 9.10

% fine sand 13.23 12.71
% total sand 24.84 23.44
% silt 46.76 56.73
% clay 28.40 19.84

Texture class’ Clay loam Clay loam

! Hodgson, 1976

Samples of the soil in the form of large undisturbed aggregates were removed from the
field for tests and observations. Bulk density was estimated by the immersion method
whereby a container was filled to its neck with water and previously weighed aggregates
completely immersed. The displaced water was weighed and wet and dry bulk densities
calculated from this weight and the aggregate moisture contents determined from
aggregate sub-samples taken before immersion. A study to assess the self-restructuring
nature of this soil was commenced by wetting up a number of the aggregates and
breaking them up by hand to a coarse tilth. This sample was then spread out and left on a
free draining area to be subjected to a number of wetting and drying cycles, the results of
which were photographed from a standard height and position. Following these wetting
and drying cycles, the sample was broken down further and after air drying, passed
through a 5 mm sieve. The sieved sample was then placed in a pot 300 mm deep and 300
mm in diameter which was buried to its rim in a cultivated plot of dissimilar soil. Winter
wheat was sown in the pot (as it was in the field from which it was sampled) in October
2006 and growth and soil structure were observed until it was hand harvested in August
2007 as it was by machine on the field site. At this point the intact pot of soil was returned
to Normanton Lodge and its structure visually compared with the field soil at a spot close
to the original sampling point. Following this observation, both the pot soil and further
field samples were subjected to the Visual Soil Assessment (VSA) procedure and the Soil
Structure and Consistency test described by Shepherd (2009). In addition, five pits around
0.4 m deep were dug at random in the field and an average of four aggregates were
extracted from each. These and the undisturbed profiles were photographed. Porosity,
soil mottles and cultivation pan were assessed from these photos together with similar
assessments of the pot soil, but necessarily with fewer samples. The consistency tests
were carried out later following some drying of the soils.
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4.2.2.2. Extensive field sampling

As a supplement to the pot study and in recognition of its limitations, an alternative
methodology for assessing soil structure differences between trafficked and non-
trafficked soil was developed that could be applied to most fields. The technique involved
studying soil in the main body of the field through the use of soil pits and extracted
aggregates and using a similar approach but with very selective sites at the cropped
boundary. These boundary sites were chosen at positions within the cropped area but no
further than a 1 m from the crop edge and in a position where wheel tracking was very
unlikely to have occurred. Particular care had to be exercised where ploughing had been
used as tractor wheels often come close to the field boundary during this operation; some
fields had to be precluded on these grounds. Four fields were selected for assessments,
three of which had been cropped with cereals and the fourth with sugar beet. Three pits
were dug in each of the contrasting positions and soil condition was assessed using
photographs and where possible, the VSA method described above. Other than the
assessments carried out at Normanton Lodge, all other inspections were in Bedfordshire,
UK.

4.3. RESULTS AND DISCUSSION

4.3.1. Colworth

4.3.1.1. Penetrometer resistance

Fig. 4.4 shows the mean values of 30 replications of PR measured on each of five
differently managed areas on 30 January 06, together with respective soil moisture
contents for all other than the tramlines. Below 35 cm, the relatively low resistance of the
tramline wheelway could be a moisture effect for which there are no data. Even allowing
for the relatively small contrasts in soil moisture there are marked differences in
resistance with treatment and these follow a logical pattern which can be explained by the
traffic and tillage and are fully supportive of the findings from the literature review. The
second set of measurements was taken on 25 April 2008. Results (Fig. 4.5) show a similar
trend to those taken in 2006 with the highest resistance under random traffic no-till and
the lowest under the controlled traffic no-till. Differences in strength of the top 30 cm of
soil on the RTF no-till compared with the CTF no-till were marked. Digging out a block of
soil at field capacity on the RTF no-till with a fork proved impossible, despite digging
around all four sides. In contrast, the non-trafficked soil could reliably be eased out by just
one insertion of the fork demonstrating the significant change in structure on this soil
following the removal of all field traffic.
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Trafficked, Min Till -=Trafficked, Plough -4 Trafficked, Direct Drill ® CTF Direct Drill -+ Tramlines in CTF

Penetration resistance, MPa
1.500 2.000 2,500 3.000

Fig.4.4. Penetration resistance versus depth for the four adjacent blocks of differently
managed land on 30 Jan 06. Numbers are coincident soil moisture contents in same
order as traces left to right (excluding tramlines).

4.3.1.2. Infiltration

Table 4.4 shows the averages of the data together with their standard deviations and
errors. They are of particular interest in the UK (and probably across Europe) in terms of
the relative potential for soil erosion as well as the efficient interception of water.
Tramlines on fragile soils on slopes are a concern and it will be the aim of these and other
measurements to confirm that controlled traffic systems do not constitute an additional
threat.

Table 4.4. Average of eight infiltration measurements taken with a double ring
infiltrometer (Fig. 4.2) on each of the fields shown in Fig. 4.1 in December 2005.

Treatment Mean infiltration, mm/h Standard deviation Standard error

28, CTF no-till 904a 474 167

RTF:
Non-inversion 576a 287 102
No-till 179b 194 69
Ploughed 5264c 4391 1553

Figures with a different following letter significantly different at the 5% level
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Fig. 4.5. Penetration resistance on 25 April 2008 on three of the fields shown in Fig. 4.1.
Numbers are coincident moisture contents, colours as per PR traces.

Results for the measurements taken with the mini disk infiltrometer are presented in
Table 4.5. These show that although there was a mean higher conductivity on the non-
trafficked soil, the standard errors were such that the data from the two populations
could not be separated with confidence. This contrast in results from the earlier occasion
and in the presence of an obvious difference in topsoil strength, (as indicated by the PR
data and relative difficulty in soil extraction) is probably associated with timing and
measurement method. Measuring later in the winter period meant that there had been
more time for the top few centimetres of soil to restructure and for some vertical pores to
be created, but equally, for raindrop impact to have sealed some pores on this clay soil.
Attempts were made to measure infiltration below straw cover, but in most instances the
straw had become closely enmeshed in the soil and could not therefore be moved without
disrupting the surface. The Disk infiltrometer also releases water under tension and does
not therefore flood an area, as was the case for the double ring method. Correlation
coefficients for the quadratic equations used to calculate hydraulic conductivity were
always in excess of 0.99.
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Table 4.5. Hydraulic conductivity measured with a disk Infiltrometer in Jan/Feb 2008 on
a trafficked and non trafficked fields at Colworth.

Treatment Hydraulic conductivity, Standard deviation,  Standard error,
mm h? mm h? mm h?

23, RTF no-till 8.06 8.55 2.286

28, CTF no-till 10.39 13.10 2.93

The degrees of re-structuring described in this and the previous section were in line with
work by McHugh et al. (2003 & 2009) who found significant improvements in hydraulic
conductivity and available water capacity within four years of traffic being removed from a
traditionally managed vertosol (vertisol).

4.3.1.3. Subjective assessments of soil structure

Structure was observed on a number of occasions during the period 2004-2010. In 2005
there were noticeable differences in topsoil structure that closely reflected the four
different management strategies (Fig. 4.6). The ploughed soil exhibited a generally good
structure but this was interspersed with compact clods similar to those found on the trial
site prior to the introduction of CTF in September 2004. In contrast, the minimum tillage
treatment revealed a very compact layer immediately below the tillage depth (around 70
mm). Where the soil had been under no-till, the very compact layer extended almost to
the surface but this layer was very obviously absent where no-till had been accompanied
by controlled traffic.

Following harvest of the OSR in 2006, observations were made on the two no-till
treatments (Fig. 4.7). Under CTF, surface clods were relatively easy to extract with a fork
and could be broken by hand or fell apart as they were extracted. There was some
localised compaction but the clods were characterised by many perforations. At 200 mm
depth there was more evidence of compaction, but the clods were still breakable by hand
and the soil was moist to the touch but not wet. Between 300 and 350 mm depth there
were fewer holes, some yellowing of the soil and the clods looked more compact and
were difficult to break. Along natural breakage lines the surfaces tended to be smooth,
whereas those broken under force were very rough and well structured.

Extreme compaction was evident in the two-year-old permanent wheelways where
aggregates broken out by a subsoiling operation revealed shiny surfaces with few holes
(Fig. 4.8). Roots had explored these wheelways, but were only evident in natural fissures.
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Fig 4.7. Typical topsoil aggregates taken from the 28, CTF no-till (left) and 23, RTF no-till
(right) in August 2006.
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Fig.4.8. Large block of soil removed from 2-year old CTF permanent wheelway (left) and
a similar block from a wheelway with a natural fracture (right).

In the natural fracture crop roots had spread compared with a forced fracture (on the left side of
the same block) where practically none were present.

In 2008, as part of the ongoing demonstration of CTF to a wider audience, a workshop was
held at Colworth in April when soil pits were machine dug on the RTF non-inversion and
no-till fields as well as the CTF no-till field. A soil structure expert was then employed to
assess the soil structure under these three conditions, which reflected 4 years of the
different treatments. His observations are summarised below together with a tabulated
assessment from each field condition (Tables 4.6 — 4.8, see Table 4.1 for soil particle size
analysis which can be taken as typical for all four fields)

The degree of structural degradation below 18 cm depth and in upper subsoil layers was
the same in all fields. These layers had moderately strong soil strength (3 cm cube of soil
could not be broken between thumb and forefinger) and were structureless and massive
consistent with repeated compaction under farm implements/machines. It was
considered that even if the episodes of soil compaction are removed the improvement in
structural conditions in these soils that readily shrink and swell with changes in moisture
content, is likely to take many years. Mechanical intervention (well controlled subsoiling
in suitable soil conditions and at suitable depth to ensure shattering) was recommended
to restore structure to these layers in a reasonable period of time. The RTF non-inversion
field (22) was the only field with a well developed cultivation tilth (from freeze-thaw
and/or wetting-drying cycles) in the 0-8 cm depth zone. The CTF field (28), although
having moderately firm soil strength resulting from repeated compaction in the past had
weakly developed very coarse angular blocky structures in the 0-18 cm layer indicating a
degree of restructuring taking place. The field with RTF no-till (23) was considered to be
structureless and massive throughout its topsoil and upper subsoil.

In terms of other observations, autumn 2007 was a particularly wet season and the RTF
non-inversion treatment was vulnerable to compaction as is plainly visible in Fig. 4.9. This
was a typical condition on trafficked fields where non-inversion tillage had been used,
both in 2007 and 2008. In June 2009 there continued to be a marked difference in soil
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Table 4.6. Details of soil structure in Field 22 (RTF, non-inversion) in April 2008

Depth (cm) Profile descriptions

0-8 Moist; moderately porous clay loam; strongly developed very fine
and fine angular blocky structure; loose soil strength but moderately
firm ped strength. Typical wetting-drying and/or freeze-thawing
surface tilth of a cultivated Hanslope series

8-24 Very moist; very slightly porous clay loam; semi-deformable;
structureless massive but a tendency to part horizontally rather than
vertically; very firm soil strength

24-35 Very moist; very slightly porous clay; deformable; structureless
massive, locally weakly developed very coarse platy structure;
moderately strong soil strength

Table 4.7. Details of soil structure in field 28 (CTF, no-till) in April 2008

Depth (cm) Profile descriptions
0-18 Moist; slightly porous clay loam; weakly developed very coarse and
coarse angular blocky structure; moderately firm soil strength.

18-24 Very moist, very slightly porous clay loam; semi-deformable;
structureless massive but a tendency to part horizontally rather than
vertically; very firm soil strength

24-35 Very moist, very slightly porous clay; deformable; structureless
massive, locally weakly developed very coarse platy structure;
moderately strong soil strength

Table 4.8. Details of soil structure in field 23 (RTF, no-till) in April 2008

Depth (cm) Profile descriptions

0-24 Very moist; very slightly porous clay loam; structureless massive but
locally tendency to very coarse platy; moderately strong soil strength.
24-35 Very moist; very slightly porous clay; deformable; structureless

massive, locally weakly developed very coarse platy structure;
moderately strong soil strength

conditions between the trafficked and non-trafficked treatments (other than on the
ploughed ground), as evidenced in Figs 4.10 and 4.11.

Although visual differences were obvious in most cases, the ease of digging provided a
much greater indication and contrast. Trafficked no-till soil was generally impossible to dig
out from 25 cm depth in one operation, whereas this could always be achieved in
controlled traffic fields. Equally, even in high moisture conditions, removing a fork depth
of soil from a trafficked non-inversion system was often difficult. The fork could easily be
inserted to the cultivation depth of around 50 mm, but below this penetration force
increased considerably, as is plainly visible from a number of the figures.
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Fig. 4.9. Typical soil condition on a randomly trafficked non-inversion system in autumn
2008 showing a highly compacted zone below the surface tilth

Fig. 4.10. Soil conditions in May 2009 under CTF (left) and RTF (right) no-till
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Fig. 4.11. Soil condition in June 2009 under CTF no-till (left) and RTF non-inversion (right)

4.3.1.4. OSR performance
Fig. 4.12 shows one of the OSR roots before and after root trimming.

Fig. 4.12. Before and after trimming the lateral roots away from an OSR root

Figures 4.13 & 4.14 show that on average the plants on the controlled traffic area on 5
April were supporting a larger plant for a given root weight but this must be considered in
relation to plant numbers, which were only around 60% of those on the trafficked sites.
The lateral and fibrous roots were also a greater proportion of the total root weight. By
the 26™ April (Figs 4.15 & 4.16) differences in the weight of root supporting the plants had
reduced slightly but those on the CTF field were still supporting a slightly larger plant.
Equally however, the contrast between the ratio of the weight of root laterals to the tap
root had increased in the CTF field, which supports the premise that the larger plants were
the result of greater root proliferation in the topsoil. These results were unexpected
largely as a result of perception of how roots would respond to different soil conditions.
This perception was that a less fangy root would be produced in a soil that had less
compaction, but the opposite was the case. In reality, this situation allows the plant to
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extract more nutrients from the topsoil and in addition to the plant population effect, may
have been a reason for the greater crop growth on the controlled traffic field, as
illustrated in Fig. 4.17.

It is also in line with the background research, suggesting a more efficient uptake when
roots are well branched but rather than an implied species effect, it could be a soil
structure related phenomenon. In terms of the effects of plant population on root growth,
some indication of the effect is provided by Hutchings and John (2004) in their
investigation of the effects on root growth in response to nutrient heterogeneity. This
showed that root weight decreased as nutrient supply increased which is a potentially
similar condition to one of low plant population. This could be an explanation for the
lower root weight recorded on the controlled traffic area (Fig. 4.13).

4.3.1.4.1. OSR yield

Table 4.9 provides data about crop from the different treatments. Although these are
comparable they must be treated with caution because they are neither replicated nor
without potentially large field factors that will cause differences. There was also the fact
that the CTF no-till crop had actually been broadcast rather than drilled because a
problem with the drill metering system precluded its use for sowing. The effect that
broadcasting had on the yield is difficult to quantify. As will be seen from the table, the
crop on the CTF field was robust and had a high yield per plant, but this was not reflected
in the field yield, which was about 2% less than the average from the adjacent fields.
Considering an average yield reduction within the wheel tracks of 10% and assuming an
average predicted 12% vyield increase from the bed (literature review), the net field yield
increase with CTF would be expected to be around 7%. Whether the field yield would have
been greater with the same number of plants is open to conjecture. It is also evident that
the nature of the CTF crop led to higher losses through the harvester, compared for
example with the trafficked no-till plot. Fig. 4.18 shows field 23 (RTF no-till) and field 28
(CTF no-till) on 21 August. Although both fields had varying amounts of volunteer plants,
there appeared to be a far greater number in field 28 (CTF no-till) and this was almost
certainly due to a difference in crop characteristic (seed moisture content for example)
that affected the harvester separation efficiency or losses at the cutting table. Assessment
of seed quality from the CTF treatment compared with conventional practice suggested
little difference but did reveal a large contrast in moisture content between the samples.
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Fig. 4.17. Growth of OSR on 7 December 2005.
Top left: CTF no-till. Top right: RTF no-till. Bottom left: RTF non-inversion. Bottom right: RTF
plough. Inset: CTF no-till plant compared with crop on the RTF non-inversion field, April 06.

Table 4.9. Performance of OSR grown on the four fields shown in Fig. 4.1 in the
2005/2006 season at Colworth.

Measurement CTF no- Random traffic treatments

till No-till Non- Plough
inversion

Crop yield corrected to 8% moisture, Mg ha™ 4.20 4.20 4.54 414

(all harvested within 2 days of each other in

mid August)

Field area, ha 7.43 10.02 7.18 4.55

Seed rate, kg ha™ 4.61" 4.02 5.37 5.36

Plants/m? (standard deviation) 41 70 71 90

(10.9) (15.8) (33.8) (25.8)

Average plant weight on 26 April, g 286 157 168 100

Yield per plant, g 10.3 6.0 6.4 4.6

Moisture content at harvest, % dry basis 11.6 6.8

Oil content, % 41.4 42.2

1
seed broadcast
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Fig. 4.18. Volunteer OSR plants 26 days after harvest of the differently managed blocks
of land. Left, RTF no-till, right, CTF no-till.

4.3.1.5. Field scale comparisons of CTF and RTF crop yields

The field yields from the Colworth site for the harvest years 2007 to 2010 inclusive are
given in Table 4.10.

Table 4.10. Total annual yields from the nine fields in CTF and the seventeen in RTF from
2007 to 2010.

Year Crop Yield average, Mg ha® Number of fields in sample
RTF CTF RTF CTF
2007 W.OSR 3.52 3.59 2 1
W.Wheat 5.75 5.95 5 3
2008 W.OSR 1.69 2.72 3 1
S.Barley 6.57 6.23 3 1
W.Beans 3.55 3.73 4 2
W.Wheat 9.29 8.13 3 2
2009 S.Barley 4.86 5.61 4 4
S.Beans 3.17 2.86 3 3
S.OSR 1.27 1.24 3 1
2010 W.Wheat 5.45 5.58 9 4
W.Beans 2.93 2.81 4 1
S.Linseed 1.87 1.48 1 2
S.Barley 3.66 3.40 3 1
W.OSR 1.81 1.01 4 1

W = winter: S = spring

These figures would suggest that on a field scale, yield differences between CTF and RTF
seem to be small. However, very few yields reflect the yield potential of this soil and
climate, suggesting there were other constraints to yield that may not have been soil
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related. The other point to note is that the CTF yields were achieved with no-till and
therefore much lower inputs but with no indication of the yield depression often
associated with trafficked no-till (see Literature Review, Chapter 2).

4.3.1.6. Yields from cropped CTF traffic lanes

2008

Table 4.11 shows that the number of ears in the wheel tracks was significantly fewer than
on the beds in two out of three cases, while the weight per ear was always significantly
less from crop in the tracks. Weights per ear were similar for conventional random traffic
and the CTF beds, but the weight per ear in the wheel tracks was always lower than on the
beds and compared with RTF, but not significantly so. From these data it is apparent that
several things are happening in the wheel tracks. Firstly, there were generally lower tiller
numbers, probably brought about by poorer crop establishment (but not measured) and
secondly, the ears in the wheel tracks consistently weighed less while ear water content
could not be distinguished between treatments. The proportion of grain in one sample
from each treatment was calculated by hand threshing, the results of which are given in
Table 4.12 and reveal only minor differences but a trend towards a lower proportion in
the wheel tracks.

Table 4.11. Crop ear counts and the dry weight of wheat and barley samples taken in
August 2008 to determine differences in crop performance and yield.

Fields Crop Management Meanrow No. of ears Mean weight, Ear water

yield, g gear’ content, %

37-40 Wheat CTF bed 378a 140a 2.73a 23.6a

CTF track 229b" 102a 2.02b" 24.8a
34-38 Wheat RTF non-inv 292b" 122a 2.42ab 22.2a
42 Wheat CTF bed 310a 136a 2.28a 20.0

CTF track 203b" 100b" 2.04b° 22.1

RTF non-inv nc nc nc nc
28 Barley CTF bed 234a 234a 1.08a 19.0

CTF track 160b" 165b" 0.97b° 19.3
23 Barley RTF no-till 176b 175b" 1.01ab 16.5

Values with same following letter are not significantly different
difference significant at p < 0.05:  difference significant at p = < 0.01;
nc = no direct comparison available; 1sampled 1 hour later on a good drying day
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Table 4.12. The proportion of grain in specific whole ear samples determined by hand
threshing in 2008

Fields Management Proportion of grain Crop Ear + grain moisture, %

37-40 CTF bed 0.82 Wheat 23.6
CTF track 0.81 24.8
34-38 RTF, non-inv  0.82 22.2
42 CTF bed 0.82 Wheat 20.0
CTF track 0.79 22.1
28 CTF bed 0.89 Barley 19.0
CTF track 0.87 19.3
23 RTF, no till 0.89 16.5

! This field was sampled at least one hour after sampling had been completed in the CTF field and
on a good drying day

2009

The results for 2009 are presented in Table 4.13. These tracks receive four vehicle passes
each year consisting of harvester, drill plus tractor and roll tractor (the latter two using the
same tractor). The modest yield difference between the CTF track and RTF non-inv
perhaps reflects the fact that soils recover from compaction relatively slowly, even in the
topsoil layers, as indicated from data in Table 4.8 taken from a low traffic intensity no-till
system.

The overall effects on crops grown in the different areas for both 2008 and 2009 are
shown in Table 4.14. Although ear moisture content was lower from the non-trafficked
beds than from the tracks, moisture content in the latter was not significantly different
from randomly trafficked soil. This marginal difference is important in demonstrating that
slow ripening of grain within the wheel tracks was not an issue. Surprising was the fact
that the straw from the RTF treatment was significantly wetter than that from the other
areas, but the grain was drier.

Table 4.13. Results of spring barley ear counts from 1 m length of row and the dry
weight of straw and ears (corrected to 14% w w) taken in August 2009

Field & Mean No.of  Weight Ear water Straw dry  Straw water

Management row ears perear,g content,%  weight, g content, %
yield, g

37-40, CTF bed 178a** 167a** 1.07a 13.7a** 60.4a 50.0ab

37-40, CTF track 122b 120b 1.03b" 15.0b 56.8a 49.53

34-38, RTF non-inv  129b 126b 1.02ab 17.4b 58.7a 41.4b*

Values with same following letter are not significantly different
* difference significant at p < 0.05: ** difference significant at p < 0.01
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Table 4.14. Change in yields (%) on the differently managed areas in 2008 and 2009 for
wheat and spring barley.

Change in crop yield Percentage change
Wheat Spring barley
2008 2008 2009

Reduction in cropped tracks compared with CTF beds 39 & 34 35 32

Increase in beds compared with cropped tracks 65 46 46
Increase in CTF beds compared with RTF 30 43 38
Reduction in RTF compared with CTF 23 30 28
Reduction in cropped tracks compared with RTF 21ns'  9ns' 5nst

ns = not significant at p = 0.05

4.3.1.7. Performance of permanent traffic lanes

Observations were conducted over a period of four years on a clay soil and included
anecdotal evidence from operators. As anticipated, the permanent traffic lanes needed
active management, but this was less than expected. Management consisted of periodic
in-filling, with a greater need in the early days of CTF and particularly on the tramlines.
The need for early in-filling was dominated by the conditions prior to the introduction of
CTF. If ploughing or subsoiling preceded the introduction of CTF or soil conditions were
very moist, sinkage of 100 mm on the first pass was not uncommon and needed
immediate attention, ideally in harmony with cultural needs. This could be a light tillage
operation undertaken from and of course parallel to the traffic lanes. Although most
cultivators would have the desired effect as far as the traffic lanes were concerned
(provided they did little or no cultivation to the lane itself), the ideal were implements
that had lateral soil movement associated with them, discs for example. Firming the lanes
by running over them before subsequent heavy rainfall was advisable to avoid water build
up beneath loose soil. Experience would suggest avoiding, at all costs, the situation shown
in Fig. 4.18. In a moist climate such as the UK, flooding of this wheel track would be
inevitable and render it untraffickable. An exception to avoidance of rutting of this nature
is in the vegetable industry where keeping on the traffic lanes has been an issue reported
from Tasmania (McPhee, personal communication). In this situation, positive action has
been taken to deepen the traffic lanes to avoid vehicles slipping off them.

An important aspect of traffic lane management is tyre selection to minimise contact
pressures, particularly for those vehicles working in moist conditions. Most operations at
Colworth were with tyres at around 1 bar inflation pressure, the exception being the
harvester with pressures of around 2 bar. In terms of the intermediates and harvester
lanes, these needed little more than the cultivation associated with the no-till drill. Fig.
4.19 shows that even after some years of use, they were often hard to discern on a
stubble surface. Of particular interest was the performance of the CTF tramlines
compared with conventional practice on the Colworth farm. To this end, a number of
fields were walked at the end of November 2010, when CTF had been in place for over
four years. The common feature of the CTF tramlines was little or no rutting except in one



163

Fig. 4.18. Rutted CTF traffic lane in Australia. Such rutting is likely to be a problem in
European conditions and should be avoided by careful management

field which had been subsoiled to 300 mm and then cultivated to around 75 mm depth in
autumn 2010.All tramlines were firm to walk on and generally dry other than on some
headland tracks. In general, there was little contrast between the CTF tracks and those on
the conventionally managed fields on the farm, accepting that in November these

Fig. 4.19. Tramline (left) and intermediate traffic lane (right) on a clay soil at Colworth
three years after the field had been converted to CTF.

fields had mostly received only one pass of the spray vehicle. One feature remarked upon
by the farm manager was the lesser amount of soil that had picked up on the wheels
when traversing the CTF tracks compared with an adjacent field in the same crop sprayed
on the same day. However, this latter field had been cultivated compared with the CTF
which was in a no-till regime (Fig. 4.20).
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Fig. 4.20. Soil picked up by wheels when running on cultivated soil (left) within a random
traffic system compared with spraying on the same day on a CTF no-till field.

Cultivated fields within conventional RTF systems are often problematic in terms of
tramlines, especially if they are established after ploughing or subsoiling has been used
during crop establishment operations. The problems associated with this were exampled
at Colworth one season when beans were being harvested. Rutting of the tramlines was
such that the operator was at one moment confronted with the cutting platform digging
into the ground and at the next, missing much of the crop by cutting too high. As cutting
platforms get wider, undulation of the tramlines becomes a greater issue and this is easily
observed during harvesting operations.

Management of the harvester section of the traffic lanes depends upon their extent, the
pressure exerted on them and the soil texture. The compaction trial forming part of this
thesis provides some research-based evidence of responses, suggesting that loosening
these strips could be beneficial on sandy loams, but marginal on clay. Further research on
this aspect is being conducted in Switzerland (Anken et al.,
http://www.agroscope.admin.ch/agrartechnische-systeme/00971/index.html|?lang=de
accessed 10/1/11) to determine relative yields from areas where they have confined
contact pressures to 0.8 bar. Research reported in Chapter 5 suggests that the benefits
might be limited.

The conditions for sowing crop in the intermediates and harvester traffic lanes is not
unlike direct sowing into extensively trafficked traditional practice. Establishing
comparable numbers of plants in these areas may require some adjustment to the drill, a
greater coulter depth in these strips for example, or some localised shallow tillage.

4.3.1.7.1. Prediction of wheel track erosion

Table 4.15 provides a summary of the literature in relation to surface infiltration rates
referenced earlier. Also included are infiltration data recorded in the fields at Colworth
shown in Fig. 4.1. As far as the wheelways are concerned, it is probable that as with
annual tramlines, the infiltration on these will be close to zero. The potential for erosion
from rain captured on these alone can be calculated. If we assume an infiltration of zero
and that the capture width of the wheelway is 0.6 m, then the flow of water per hour per
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100 m of slope length for 10 mm h™ rainfall intensity (Chambers & Garwood, 2000) would
be 600 litres. This equates to 10 litres min™ or 166 mls™.

Table 4.15. Infiltration data for the top 50 mm of soil taken from literature and from
measurements, the latter with no within-field replication (see Table 4.4)

Soil Tillage Infiltration, mm h™ Paper
Trafficked Non- Wheel-

trafficked way
Silty clay loam®  None 0.01 0.36 Ankeny et al., 1990
Silty clay loam®  Chisel 0.003 0.63
Heavy clay’ Varied 0.1 6.0 Hakansson, 1985
Silt loam* Plough 870 30 Hamlett et al., 1990
Vertisol/ Varied 3.5 11.5 3.5 Boydell & Boydell, 2003
Red Earth’ Varied 1.9° 3.5° 0.4°
Sandy loam®* Varied 15 3 Meek et al., 1992b
Hanslope clay” RTF, plough 5264 Chamen, 2005: raw field
(No within-field RTF, non-inv 576 data. See section 4.3.1.2
replication of RTF, no-till 179
treatments) CTF, no-till 904

1 S0il Survey Staff, 1999; 2 Stephens, 1953; > 50-250 mm depth; * Hodgson, 1976

This shows that flow rates down permanent wheelways based on directly intercepted
rainfall result in relatively modest volumes. Whether this would create sediment or soil
loss depends on the velocity of flow and this could be calculated using Manning’s formula,
namely:

V = (1/n)R%®75% Equation 4.1

where n is an empirical number related to the surface roughness, R is the area of
flow/wetted perimeter and S is the slope.

4.3.2. Regional studies on non-restructuring soils

4.3.2.1. Normanton Lodge Farm

Table 4.16 tabulates results of laboratory measurements, including those from the Keen-
Racjowski box. The results show that although this soil is classified as a clay loam, it has a
high proportion of silt but the clay present exhibited a limited degree of swelling and
shrinking. Table 4.17 shows that the aggregates removed from the farm had a high density
but were very unstable as illustrated in Fig. 4.21. Results of the weathering assessment are
shown in Fig. 4.22 from which it can be seen that there was little change in the soil, albeit
with limited wetting and drying cycles. Fig. 4.23 shows various stages of growth of the
wheat sown in the remoulded soil, which at the surface exhibited similar characteristics to
field soils.
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Table 4.16. Normanton Lodge soil particle size analysis and a number of topsoil physical
properties, including volumetric expansion with wetting. (Averages from three samples
for each parameter)

Parameter Topsoil Subsoil Topsoil parameter
(oven dry sample passing 1 mm sieve)
% coarsesand 1.77  1.63 Dry bulk density air dry, g/cm? 1.23
% sand 9.84  9.10 Dry bulk density saturated, g/cm® 1.17
% fine sand 13.23 12.71 Particle density, g/cm3 2.41
% total sand 24.84  23.44  Porosity air dry 0.49
% silt 46.76  56.73 Porosity saturated 0.51
% clay 28.40 19.84 Voidratio 0.96
Gravimetric moisture content air dry, % 1.76
Texture class’ Clay Clay Gravimetric moisture content saturated, % 44.26
loam loam Volumetric moisture air dry, % 2.16
Volumetric moisture saturated, % 51.98
Volume expansion, % 7.63

! So0il Survey Staff, 1999

Table 4.17. Properties of the aggregates extracted from Normanton Lodge

Profile position Moisture content, % Wet bulk density, Dry bulk density,
ww! Mg m? Mg m?

Topsoil 17.3 1.747 1.444

Subsoil 10.7 1.898 1.694

Fig. 4.21. Condition of large aggregate from Normanton Lodge following 90 minutes
immersed in water
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Fig. 4.22. Series of photos (left to right) taken on 29" June, 2" July and 9" July 2006
during which there were four wetting and drying cycles of the soil from Normanton
Lodge.

Fig. 4.23. Flower pot filled with air-dried sieved (5 mm) soil from Normanton Lodge and
sown with winter wheat on 7/10/06 showing surface conditions before sowing (left) and
change in soil conditions with growth stages.

Table 4.18 tabulates results of the consistency tests on the pot soil 10 months after it was
remoulded compared with soil in the field. Fig 4.24 shows some examples of the results of
“fractionation”.

Table 4.18. Summary of VSAs carried out on a field soil at Normanton Lodge and on the
remoulded pot soil after 10 months growing winter wheat.

Scores: 2 = Good, 1 = Moderate, 0 = Poor

Aspect Aspect Field soil Ranking, Potsoil Ranking, pot
weighting  score field score

Soil structure & consistency 3 0.1 0.3 0.5 1.5

Soil porosity 3 0.52 1.56 1.5 4.5

Soil mottles 2 1.23 2.46 2 4

Cultivation pan 2 1.05 2.1 n.a.

Totals, excluding cult. pan 2.90 4.32 4.0 10.0
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Fig 4.24. Examples of the results of subjecting aggregates to the soil structure and
consistency drop test that forms part of the VSA. Left: field soil, right: pot soil.

These scores clearly show that all aspects of the pot soil were superior in terms of soil
quality indicated by the visual soil assessment method, but it was also obvious from both
the look and the general characteristics of the pot soil, that a natural structure had not
been regained. This is partly illustrated in Fig 4.25 which shows typical aggregates from
the field and pot soils. Principally the pot soil lacked the heterogeneity defined by Dexter
(1988) as the ideal and confirms the time needed for natural soil structure regeneration.

Fig 4.25. Examples of field aggregates (left) and soil from the test pot (right) taken from
Normanton Lodge
4.3.3.2 Extensive field sampling

Results for three of the field soil structures assessments described in section 4.2.2.2 are
shown in Table 4.19.
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Table 4.19. Summary of VSAs carried out on field soils sampled from trafficked and
potentially non-trafficked areas. Rankings are means from 3 replications and have been
multiplied by the weighting factors indicated in Table 4.18.

Scores: 2 = Good, 1 = Moderate, 0 = Poor

Aspect Ranking (higher values indicate a better condition)
Sandy loam’ Sandy clay loam?
Trafficked Non-trafficked Trafficked Non-trafficked
Cultivation pan (x 2) 1.34 2.66 2.00 2.33
Soil porosity (x 3) 0.51 3.51 3.00 3.50
Soil mottles (x 2) 2.34 2.34 2.33 3.67
Total (with weighting applied 8.89 20.53 17.66 22.50

Map references: 1L 418123 2TL 421124, Ordnance Survey, 1999

All areas considered as non-trafficked resulted in a higher or equal soil quality ranking in
each of the three aspects assessed. Conditions in the sand (> map reference SP 344943)
and sandy loam (* map reference SP 352946, fields were such that no aggregates
remained intact for the VSA technique to be applied. The sand field (map ref ®) had just
borne a crop of sugar beet and tracking of the field was extensive (Fig 4.25). It was also
difficult to find an area that was “non-tracked” and where crop was present, as evidenced
from Fig 4.25. The last plough operation with a 6 furrow plough had thrown the soil into
the field, leaving around 0.7 m untouched, but the previous ploughing would have placed
the in-furrow wheel right at the edge of the crop (see arrow) and this places some
constraint on the technique when ploughing is involved.

Figs 4.25. Field conditions following harvest of the sugar beet crop and example of
difficulty in finding a non-tracked but cropped area at the edge of the field (right)

In this instance, sampling had to extend into the grass strip at the edge of the field but
here, as opposed to the field condition, there was no evidence of a pan at around 32 cm
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depth. In the field, not only was there extensive evidence of a pan at this depth, but the
soil condition was different in two respects. Firstly, the topsoil was in a cloddy rather than
a friable state (Fig 4.26). The other difference was that below the pan level the soil was
surprisingly dry, and there could be two reasons for this. Firstly, the crop, which had only
just been harvested, had obviously been extracting water for quite a long period and
secondly and more likely, infiltration into the lower soil layers had almost certainly been
impeded by the pan and the topsoil condition.

Fig. 4.26. Soil from the field condition (left) and from the edge of the field

The sandy loam soil* had been in spring barley and was now in winter barley. This field
had been investigated earlier in the year (July) and had revealed a pan, again at around 32
cm depth, which with water ponded onto it, appeared to be impervious — there was no
detectable change in water level in 25 minutes. Below this 15 cm thick pan layer, a similar
25 mm of water added to the surface drained away within 5 minutes. On this later
occasion, the pan layer was again found in the body of the field, but wetter conditions
meant that it was less obvious. Sampling in “non-trafficked” areas of this field revealed
little in the way of a pan and rather better soil structure, although clods were rather easily
broken regardless of sampling position (Fig 4.27).
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Fig. 4.27. Sandy loam soil showing sampling positions and trafficked (bottom inset) and
“non” trafficked soil (top inset)

4.4. CONCLUSIONS

The increased root branching and growth of OSR on controlled compared with randomly
trafficked fields was in line with research on root responses (Wolkowski, 1990; Hakansson,
2005; Batey, 2009). Field yield however was little different from the conventionally
managed fields alongside suggesting that lower plant population may have been the
underlying cause of differences in plant growth.

Hand sampled yields from the trafficked intermediate tracks of the controlled traffic
system were not significantly lower than from conventional practice but over two seasons
averaged around 10% less. A similar comparison suggested that non-trafficked bed yields
averaged 37% more over the same two years. This could be attributed to a greater
number of ears as well as a greater ear weight. Differences in the proportion of material
other than grain in the ears and straw yield was not differentially affected by traffic
management. Grain from the cropped traffic lanes did not exhibit consistent or
significantly greater wetness than grain from conventionally managed areas.

Permanent traffic lanes were most effectively managed by the infilling associated with
normal cultural operations, such as shallow cultivation or drilling, providing no attempt
was made to loosen them. Greater attention to the lanes was needed in the first year of
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transition and particularly if CTF had been preceded by deep loosening or ploughing. Over
a period of four years, the intermediate traffic lanes became largely invisible as a soil
feature, but could be discerned within the crop as strips with lesser growth. The
permanent tramlines may need a tillage-related infilling every three years or when
damage has occurred due to wet conditions. Good quality large diameter radial tyres at
low inflation pressures (circa 1.5 bar) are essential for high frequency operations.

On a Hanslope Association clay soil, both soil strength and structure showed distinct signs
of improvement within two years of traffic removal to 10 cm depth and within four years
to around 18 cm depth. This was reflected in reduced penetrometer resistance, improved
infiltration and ease of digging as well as greater friability and visible porosity. Although a
trafficked plough treatment had a surface water infiltration around five times greater than
no-till CTF, infiltration on the latter was around 400% greater than an equivalent randomly
trafficked no-till field alongside.

Objective and subjective assessments of randomly trafficked and potentially non-
trafficked cropped areas of a silty clay loam and a number of sandy loam soils suggested
that wheel compaction was the dominating influence on the degradation of soil structure.
There was no evidence to suggest that these non-restructuring soils developed pans or a
tendency to clodiness without the influence of field traffic.
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CHAPTER 5

MANAGING COMPACTION IN SHALLOW CULTIVATION SYSTEMS

5.1. INTRODUCTION

Over the past 50 or more years, plant breeding together with improvements in fertilisers
and their application, chemical control of weeds, pests and diseases, a better knowledge
of the required soil environment and new machines for crop production, have led to
significant increases in the yield of many crops (Aizen et al., 2008). The need in the future
will be to improve production efficiency to ensure that the required quantity and quality
of crop is produced with the minimum of increasingly scarce and expensive resources
(Chamen, 1997).

Although mechanisation has provided the means of establishing crops at the optimum
time, the sometimes unwanted and harmful effects of wheel compaction are still largely
uncontrolled in the UK and limit further increases in yields and reductions in energy
requirements. These problems have recently been exacerbated, particularly where cereals
are grown, by the widespread use of shallow cultivation or direct drilling. These systems
have been found to reduce energy inputs and farm costs (Saunders, 2002; Sijtsma et al.,
1998) but they also have negative impacts in the form of soil compaction in the topsoil
layers. In the case of direct drilling, compaction may be such that yields are negatively
affected in the first few years of adoption (Ball et al., 1994; Carter et al., 1988), but
recover in the longer term (Cannell et al., 1994). Deep loosening (subsoiling) may be
employed to counter these problems, but this is an expensive process and the subsequent
uncontrolled use of vehicles on the land can often lead to the return of severe compaction
within one season (Soane et al., 1987). Marks and Soane (1987) also found little evidence
of a yield benefit from subsoiling and sometimes the reverse.

Soil compaction is a complex subject. It is defined as; "the process by which the soil grains
are rearranged to decrease void space and bring them into closer contact with one
another, thereby increasing the bulk density" (Wilhelm et al., 2004). From a soil
management perspective compaction problems can be divided into topsoil and subsoil.
While topsoil compaction is more easily ameliorated, subsoil compaction may be
permanent and uneconomic to repair (Alakukku et al., 2003). This project looks at how soil
compaction in both the topsoil and subsoil might be minimised or avoided when using
shallow cultivation systems. To do this, there is a need to identify the main causes of
compaction, how it can be remedied or avoided and which methods could be used to
reduce or minimise its impact.
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5.1.1. Topsoil compaction

The topsoil is generally recognised as the organic-rich layer within which most nutrients
are held and where most cultivations take place, but its depth varies greatly from farm to
farm and region to region. There are many factors that can lead to topsoil compaction and
these vary from one field to another, therefore soil managers, primarily farmers, need to
be aware of potential problems that may arise. The most common cause of topsoil
compaction is the surface pressure imposed by tyres or tracks, particularly when there is
some slip between these elements and the soil (Gonzalez Maziero et al., 1997). A further
cause is tillage operations (DeJong-Hughes et al., 2001) either directly under implements
such as discs or backward raked tines, or indirectly through aggregate size reduction and
sorting.

The individual soil type can be an issue because the inherent soil compactability is
affected by texture or the particle size distribution (Jones et al., 2003). A good example of
this is when a driveway is gravelled, the contractor will choose a well graded aggregate,
which has a range of sizes so that they will fit together to give a firm base. The same can
be said for soils, the less uniform the particle size distribution, the more likely that the
particles will compact together such as in sandy clay loams which have a natural
predilection to form plough pans. Natural compaction also occurs as a result of rainfall
impact and in some cases through chemical cementation but more commonly as a result
of glaciation, particularly in subsoil layers.

The hidden nature of soil structural degradation leads to specific problems such as poor
crop growth or water infiltration that may be blamed on other causes. In addition, soil
structural degradation (SSD) is often blamed for poor crop performance when it is not
actually present. Farmers rarely link their land management practises to the causes of SSD
and remain unaware that many deep ripping exercises may worsen SSD (McGarry and
Sharp, 2001).

Topsoil compaction is generally considered to be removed by tillage operations. The main
areas of compaction are found in the 10-30 cm range, at shallower depths than most
subsoiling operations. The degree of topsoil compaction is largely determined by ground
contact pressure (S6hne, 1958). Reducing contact pressure by having a larger contact area
can be achieved by using wide section tyres, dual wheels at low inflation pressure, low
ground pressure tyres or tracks. Interestingly, a slight degree of topsoil compaction may
prove beneficial for some soil types, (Hakansson, 2005; Bouwman and Arts, 2000),
indicating that there is an optimum level of compaction for crop growth (Raghavan et al.,
1979) including some firming of the seedbed to improve seed to soil contact.

5.1.2. Subsoil compaction

The subsoil is typically the soil between the topsoil and bedrock or a substantially
impervious layer. Mostly the transition between topsoil and subsoil is denoted by a
change in texture or colour of the soil, the latter often associated with reduced organic
matter and leached minerals from above. Akker and Canarache (2000) also identify the
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plough pan as being at the upper part of the subsoil. It is further defined by Alakukku et al.
(2003) as having two distinct layers, the pan layer and the unloosened layer, the latter
only being disturbed by drainage operations, including mole ploughing. Subsoil
compaction depends on both ground contact pressure and load in the depth range 0.1 -1
m but thereafter, by load alone (Hakansson, 1994, Olsen, 1994). A good “rule of thumb”
for tyres to explain the interaction between pressure and load is that the pressure at the
surface reduces to half its value at a depth equivalent to the width of the tyre. This is in
line with research by Séhne (1958) and illustrates the false assumption that increasing the
width of tyre to accommodate more load at the same pressure will have no detrimental
effect. Equally, high pressures exerted near the subsoil, such as in-furrow ploughing, have
historically increased the pre-consolidation stress of subsoils and their resistance to
further compaction (Jones et al., 2003).

5.1.3. Methods for reducing and alleviating soil compaction

Blackwell et al. (1978) found that dual, wide section tyres at low inflation pressure for
agricultural operations on very loose soils resulted in shallower ruts, lower mean contact
pressures and therefore a lower mean bulk density (BD) and probably lower soil strength
when compared with the effect of conventional sized tyres carrying the same load. The
dual, wide section tyres, compacted a much greater volume of soil, but the effects of
compaction were lower and were seen to increase yields. Chamen et al. (1992a) had
similar results (Fig. 1.1) but there was evidence of a rise in shallow cultivation energy
under the low ground pressure system, largely it was thought because of the greater area
compacted during each pass (Chamen et al., 1990).

Henshall et al, (1989) found that the wide section tyre, particularly when laden, appeared
to cause slightly less compaction in the topsoil than the conventional tyre, and would
probably be able to carry greater loads without causing further compaction.

Low pressure tyres undoubtedly reduce rut depth and soil damage, particularly in the
topsoil. Unfortunately, this can only occur at the cost of using wider tyres, which are
generally more expensive and increase the area wheeled. Tracked vehicles have an
advantage in that they lay down area in length rather than width and over a greater area.
Their disadvantage is that the load is not distributed evenly with peaks occurring under
the drive sprockets and idlers (Ansorge & Godwin, 2007). Additionally, their performance
relies on even contact with the ground, which with single tracks, can be compromised
when transmitting draught loads.

In terms of subsoil compaction, two key points should be noted. First, stress at the surface
under a wheel or track always reduces with depth (Alakukku et al., 2003) and secondly,
the pre-consolidation stress at perhaps 0.4 m depth might be higher than that imposed by
modest pressures exerted at the surface (Ansorge & Godwin, 2007). Reducing pressures at
the surface was one of the recommendations given by Chamen et al. (2003) to reduce or
avoid subsoil compaction. Also recommended was keeping the load applied as close to the
surface of the soil as possible, adapting cropping to avoid high loading in moist conditions,
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improving topsoil structure to create a supporting architecture and adopting controlled
traffic farming.

Where there is subsoil compaction the normal means of repair is deep soil loosening with
tines. This is a labour-intensive high energy operation and should be undertaken within
strict guidelines of optimum soil moisture content, tine design and spacing and depth of
operation (Spoor & Godwin, 1978; Godwin et al., 1984). Critical to the process is achieving
loosening rather than localised compaction around the tines, which occurs if they are
working too deep, the soil is too moist or they are too widely spaced. Increased spacing
between tines can be achieved by adding upward angled wings to the sides of the main
share, so creating a greater degree of disruption. There is a body of thought now however,
that only fissuring should be achieved rather than complete disruption to working depth
(Spoor et al., 2003) and this requires even greater attention to detail to achieve an
effective outcome.

5.1.4. Project aim and objectives

Many growers are trying to reduce their crop establishment costs by reducing tillage
inputs, accepting some compromise in delivering the traditional objectives of cultivations,
including:

e weed control, either through burial and/or disruption of rooting;

e burial of weeds and residues to counter disease transmission and to facilitate

sowing;

e alleviation of soil compaction;

e preparation of a seedbed.
Of particular concern with this compromise is the reduction in alleviation of compaction,
which tends to be concentrated in the topsoil layers, due to shallower depths of tillage.
One approach to this problem is to reduce contact pressures, either by operating with
tracks or by introducing larger or more tyres at low inflation pressure, which can have a
dramatic benefit, as indicated in Fig. 5.1.
A further way of addressing the compaction issue is to confine field traffic to the least
possible area of permanent traffic lanes, widely known as controlled traffic farming (CTF).
Achieving this with a diverse range of machinery is often difficult, particularly when it
comes to matching the track and cutting width of grain harvesters. It was therefore of
interest to:

1. Consider if equipping harvesters or tractors with tracks rather than wheels reduces
the impact of these vehicles on the cropping system.

2. Determine the damaging contribution of different vehicles within a combinable
crops regime and the harvester in particular.

3. Assess whether targeted loosening of the soil followed by controlled traffic
provides a more effective solution than a complete system of CTF involving the
harvester.

4. Use the results to consider if variants of a complete CTF system have the potential
to deliver the benefits.
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Fig. 5.1. Tracks made by a combine harvester with conventional tyres (left) compared
with the same harvester used on the same day with dual wheels front and rear at
lowered inflation pressures (right) (after Chamen, 1997).

It is also the case that within any farming system, fields are trafficked differentially, with
some areas receiving no traffic, others a single pass with a heavy vehicle, others with a
light machine and still others with multiple passes and different combinations of passes.
Some of the treatments were therefore designed to assess these situations by separating
out a number of different combinations of trafficking so that the results could be used to
model a range of different tracking scenarios.

5.2. TREATMENTS AND SITES

5.2.1. Treatments

In all cases and at all sites, treatments were applied track by track or wheel by wheel
across the whole plot area and by each of the axles on the machine or machines, as shown
in Fig. 5.2. Some overlap between passes was inevitable but the aim was to achieve
uniform compaction across the whole of the plot width. All cultural operations (tillage,
drilling etc.) were carried out from permanent traffic lanes, thus avoiding any non-
treatment compaction. Tillage was with machines incorporating adjustable depth tines
(7.5 cm and 22.5 cm nominal in year one and 10 cm in year three) and following discs.
Drilling was with a disc drill in year one and tine drills in year three.
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Fig. 5.2. Example of the manner of application of the compaction treatments
(Chicksands site).

As a result of feedback from the first year of these experiments, it was logical to change a
number of the treatments during the course of the project as well as the sites used for the
trials. Initially five compaction treatments involving tyres and tracks and two depths of
tillage (7.5 cm and 22.5 cm) were applied at one site (Morley) in year one growing winter
wheat (Tables 5.1 & 5.2).

Table 5.1. Compaction treatments applied in year one (2007) of the trial at Morley
accompanied by tillage at an average of 7.5 cm and 22.5 cm depth.

Treatment Treatment Tracked area, %

description name Harvester Tractor & Cultivation Drill
trailer tractor tractor

1. CTF CTF 0 0 0 0

2. Wheeled traffic Wheeled 100 100 100 100

3. Tracked traffic Tracked 100 100 100 0

4. Tracked harvest TComb 100" 100! 0 0

then CTF

5. Wheeled harvest WComb 100 100° 0 0

then CTF

! with Steiger 500. 2 with John Deere 8220
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Table 5.2. Machinery used for the tracking operations at Morley listed in Table 2.1.

Treatment Harvester Max. wheel Grain Cultivation Drill
or track load, removal tractor tractor
Mg tractor
2. Wheeled traffic Claas 460 4.0 JD8220° JD8220°  JD 6920
3. Tracked traffic Steiger 6.1 JD 8220* D 8220°  JD 6920°
500
4. Tracked harvest + CTF  Steiger 6.1
500
5. Wheeled harvest + Claas 460 4.0
CTF

16920 rear wheel weight, 4.0 Mg 2 8220 rear wheel weight, 4.5 Mg

Spring barley was then established on this site without further compaction or traffic on
the plot area in year two. At Morley the compaction treatments were applied after each
operation other than drilling (Table 5.1). With treatments 4 and 5 only the harvester and
grain removal tractor were applied (Table 5.1), which in the case of the tracked treatment
were both with a Steiger 500 rubber tracked tractor (a rubber tracked harvester could be
not be acquired). In year three, a wider range of compaction treatments was applied at
two sites (Colworth & Chicksands, Tables 5.3 —5.7) with the aim of creating sufficient data
for modelling the effects of different wheel loads and number of passes.

Table 5.3. Compaction treatments applied at Chicksands in year three (2009) where
seedbed cultivation was confined to around 10 cm depth

Treatment and description Tracked area, %

Harvester Tractor Cultivation Drill

& trailer tractor tractor

1. CTF, no treatment traffic 0 0 0 0
2. Wheeled cult tractor (WCT) 0 0 100 0
3. Wheeled cult & drill tractor (WCT+WDT) 0 0 100 100
4. Tracked cultivation tractor (TCT) 0 0 100 0
7. Tracked combine + subsoil (TComb+sub) 100 0 0 0
8. Wheeled combine + subsoil (WComb+sub) 100 0 0 0
9. Wheeled tractor & trailer + subsoil 0 100 0 0
(WT&T+sub)
10. Tracked cultivation tractor + wheeled drill 0 0 100 100
tractor (TCT+WDT)
11. Wheeled drill tractor (WDT) 0 0 0 100

Treatments 2, 3, 4, 10 & 11 were applied before cultivation but after subsoiling
Treatments 7, 8 & 9 were applied on site as found, followed by subsoiling

Drill tractor was applied after subsoiling and cultivation but before drilling

All plots were drilled on 4 October 2009
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Table 5.4. Compaction machinery and soil moisture content at time of tracking at
Chicksands (2009)

Treatment  Machine Loading Soil MC at
Harvester  Tractor Cultivation Drill Max. wheel or  Inflation 23> ¢m, %

& tractor tractor track load, Mg pressure, w/w
trailer bar

2. WCT Fendt 936 5 1 15.1

3. WCT+WDT Fendt 936 JD 6930 5/3.5 1 15.1/13.0

4. TCT Cat Challenger JD 6930 7 0.4 15.1/13.0

7. TComb+sub Claas 600TT 9.5 0.71/2.2 16.1

8. WComb+sub JD s690i 7.5 1.4 16.1

9. WT&T JD 6930 + Warwick 3.5/3.75 1 16.1

10.TCT+ WDT Cat Challenger JD 6930 7/3.5 0.4'/0.9 15.1/13.0

11. WDT JD 6930 3.5 0.9 13.0

1 .
Approximate mean contact pressure under track

Table 5.5. Dates of application of the different compaction treatments at Colworth and
Chicksands

Treatment Machine Date of treatment
Colworth  Chicksands

7. TComb+sub Tracked combine 2/9/09" 5/9/09

8. WComb+ sub  Wheeled combine 1/9/09 28/8/09
4,10. TCT Tracked cultivation tractor ~ 2/9/09 19/9/09
2,3,10,12. WCT  Wheeled cultivation tractor 2/9/09 16/9/09
3,10,11. WDT Wheeled drill tractor 7/9/09 22/9/09

9. WT&T Wheeled tractor and trailer 2/9/09 28/8/09

! Simulated with a Claas Challenger tractor

To investigate the effects of deep loosening, a wheeled and tracked harvester and a
loaded tractor and trailer were run over the plots at Chicksands in the “as found” field
condition, after which the whole site was deep loosened to around 30 cm depth and the
plots re-established in exactly the same place (Treatments 7, 8 & 9). After deep loosening,
compaction from the tracked and wheeled cultivation tractors was applied and the site
was then cultivated with a Vaderstad Carrier to around 10 cm depth using the permanent
traffic lanes of a controlled traffic system operating at right angles to the length of the
plots. Finally, compaction was applied by the drill tractor prior to drilling which was again
carried out from the controlled traffic lanes, as illustrated in Fig. 5.3.

At Colworth, a tracked harvester was also unavailable and was replaced by a large tracked
tractor (Table 5.7). In addition to the specified treatments, it was possible at Colworth to
make other comparisons that included (i) long term CTF no-till, (ii) random traffic no-till
(RTF no-till) and (iii) random traffic non-inversion tillage (RTF non-inv). These systems had
been studied since 2005 in the same field as the trial (i) and adjacent fields, the latter
having always been in the same crop at the same time as the trial field.
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Table 5.6. Compaction treatments applied at Colworth in year 3 (2009)

Treatment and description Tracked area, %
Harvester Tractor &  Cultivation Drill

trailer tractor tractor
1. CTF 0 0 0 0
2. Wheeled combine + cult tractor (WComb+WCT) 100 0 100 0
3. Wheeled combine + cult tractor + drill tractor 100 0 100 100
(WComb+WCT+WDT)
4. Tracked tractor + tracked tractor (TCT+TCT) 100 0 100 0
5. Tracked tractor (TCT) 100 0 0 0
6. Wheeled combine (WComb) 100 0 0 0
7. Tracked tractor + subsoil (TCT+sub) 100 0 0 0
8. Wheeled combine + subsoil (WComb+sub) 100 0 0 0
9. Wheeled tractor & trailer (WT&T) 0 100 0 0
10. Wheeled cultivation tractor (WCT) 0 0 100 0
11. Wheeled drill tractor (WDT) 0 0 0 100
12. Wheeled cult + drill tractor (WCT+WDT) 0 0 100 100

Combines, cultivation tractors and tractor and trailer were applied before cultivation

The tracked combine was simulated by a Claas Challenger tractor, track load 7 Mg

Drill tractor was applied after primary cultivation but before power harrowing and drilling
All plots were drilled on 11 September 2009

Table 5.7. Compaction machinery at Colworth. (Treatment 1 (CTF) had no compaction
applied)

Treatment® Machine Loading
Harvester Tractor Cultivation Drill Max. wheel Inflation
& trailer  tractor tractor or track pressure, bar

load, Mg

2. WComb + WCT  JD c670i JD 7930 7.3/2 2.2/1

3. WComb + JD ¢670i JD 7930 MF 6290 7.3/2/1.5 2.2/1/1.3

WCT+WDT

4. TCT+TCT Claas Challenger Claas Challenger 7 0.4°

5.TCT Claas Challenger 7 0.4°

6. WComb JD ¢670i 7.3 2.2

7.TCT+sub Claas Challenger 7 0.4°

8.WComb+sub JD ¢670i 7.3 2.2

9. WT&T Case 956XL + Griffiths 3.9/1.0 2.5

10. WCT JD 7930 2.5 1

11. WDT MF 6290 1.5 1.3

12. WCT + WDT JD 7930 MF 6290 2/1.5 1/1.3

1 R . . N
The average soil moisture content at 25 cm depth only ranged from 27.4 to 27.5 % w/w during treatment applications
? Contact pressure
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Fig. 5.3. Plot layout at Chicksands illustrating the fact that the treatment areas consisted
of a number of rectangles along the plot length.

5.2.2. Sites

The sites were on three different Soil Associations (Hodge et al., 1984), namely:
e Morley was on a typical stagnogley of the Beccles 1 Association;
e Chicksands was on a typical brown earth of the Bearsted 1 Association
e Colworth was on a typical calcareous pelosol of the Hanslope Association.

Components of the soils are listed in Table 5.8. At Morley, the whole site was deep
loosened immediately prior to the treatments (August 2007) to a depth of 30 cm. At
Colworth, the treatments were imposed on a site which had been in controlled traffic
since 2004 (5 years) prior to which “on land” ploughing with a tracked tractor had been
practised for 8 years. At Chicksands, as mentioned earlier, the treatments were
constrained by the fact that it had not been possible to deep loosen the site a reasonable
time in advance. It was also not ideal in that it had been in winter wheat for the past two
years but the risk of Take-all was minimised by drilling relatively late and applying a seed
treatment in the form of Latitude. As the site needed repair deep loosening at 35 cm
depth was undertaken across the whole site after treatments 7, 8 and 9 had been applied.
Plot widths varied with the sites, but the lengths were all of the order of 24 m and were
replicated three times in randomised block designs. At Morley, plots were nominally 6 m
wide but the treatment area, as at the other sites, was confined to the gap between the
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wheel tracks of the permanent traffic lanes. At Morley and Chicksands these were centred
at 1.83 m and at Colworth, at 2.2 m, leaving a gap of around 1.1 m and 1.4 m respectively,
as exampled in Fig. 5.3. At Chicksands, allowance for commercial practice meant that the
length of the plots was divided into rectangular blocks created by cultivator and drill
traffic passing at right angles to the plot length. Precise location of these passes was
assured to within + 3 cm as the equipment was being auto-steered with an RTK correction
signal. All measurements, including hand sampling for yield, were made within areas
unaffected by these operations at right angles.

Table 5.8. Soil particle size analysis, organic carbon and pH of the soils used for the
treatments.

Soil property Units  Depths, mm

Topsoil 0-100 250-300 0-100 250-300

Morley Chicksands Colworth

Size, 0.063 — 2 mm, sand % 64.8 60.72 59.61 20.05 20.12
Size, 0.002 — 0.063 mm, silt % 12.2 25.34 26.10 33.34 33.03
Size, <0.002 mm, clay % 23.0 13.95 14.30 46.62 46.86
pH 6.64 6.91 7.52 8.38
Organic carbon % 1.80 1.59 2.68 1.00
Soil texture Sandy Sandy Sandy Clay Clay

clay loam loam loam

Table 5.9 is a record of the rainfall at the sites over the periods of the experiments taken
from local weather stations.

Table 5.9. Rainfall at the three sites during the period of the experiments

Month or Morley Chicksands Colworth
period 2008 2009 2009 2010 2009 2010
Jan-Mar 204 143.6 127.9 139.0 118.3 124.5
April 40.8 19.6 25.4 21.3 24.9 10.9
May 80.0 49.8 21.4 34.3 17.5 40.4
June 52.8 82.8 27.9 34.3 85.9 20.1
July 43.4 109.8 107.4 20.5 81.8 26.2
August 101.8 17.6 66.3 113.7 54.6 117.3
September 51.0 13.2 12.7 46.4 14.2 46.7
Oct-Dec 194.2 229.4 63.5 - 174.1

5.3. MEASUREMENTS

5.3.1. Soil

Cone penetration resistance (PR) was measured in increments to around 50 cm depth
with varying degrees of replication at each depth using a hand-held recording Eijkelkamp
Penetrologger with a 30 degree cone of base area 1.3 cm?. An exception to the manual
measurements was in August 2010 at Colworth when a similarly designed cone was
hydraulically inserted to around 60 cm depth at ten positions on each plot. On each
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occasion of PR measurement, simultaneous gravimetric moisture samples were taken
over a range of depths in the profile. It was also of interest to assess the compaction
effect of the rubber track under the idlers (road wheels) compared with that section of
track which lay outside them. Persistence of the effect of deep soil loosening was also
tested at Colworth in August 2010 on a field scale using PR, as suggested by Carter (1988).
In 2006, two adjacent fields of the same soil texture as the test field were converted to a
CTF system. These were and remained at the same point in the cropping cycle and the
opportunity was taken in 2006 to deep soil loosen one of these to around 35 cm depth. In
August 2010, twenty five separate PR measurements were taken across the contrasting 8
ha fields at random.

Within the replicated trial, volumetric water content (v v'') was measured using a DeltaT
ThetaProbe (Type ML2x) simultaneously with gravimetric water content (Gw) as part of
separate exercises to determine dry BD and water filled pore space (WFPS) by calculation.
Measurements were taken on a number of occasions with different replications at a
number of depths.

Steady state infiltration tests were conducted at Colworth using a double ring
infiltrometer with an outer ring diameter of 35 cm and an inner ring of 17.5 cm. The
procedure involved sinking inner and outer rings to around 4 cm depth into random
positions on each of the treatment areas. Initially single measurements were taken on
each of the plots on every block (36 in total) plus no-till areas of Treatment 1 (CTF) and
three replications from an adjacent no-till field managed with random traffic. Water was
flooded into the outer ring initially from a hose pipe connected to a water bowser on the
headland. As the water level started to rise in the outer ring, water was introduced to the
inner ring by pouring it over a sponge to prevent disturbance of the surface soil. Levels in
the inner and outer rings were then raised equally until the tops of the rings were reached
at which point the inflow was curtailed and the fall in water level was timed between 1 cm
marks until the level reached the soil surface or the fall was continuing at a reasonably
constant rate. Further replicated measurements were then conducted on selected
treatments.

At Chicksands there was no appropriate tanker available for these unconstrained tests so
a Decagon Mini Disc Infiltrometer (http://www.ictinternational.com.au/minidisk.htm) was used as
an alternative. Measurements were taken at the bottom of 7.5 cm diameter, 12 cm deep
holes on a bed of silica sand. The depth of the holes, created by a hand-held auger,
coincided with the greatest contrast in PR measured just prior to the infiltration tests.

Statistical analyses

Results were mostly analysed using Genstat (Wedderburn & Wedderburn, 1972; Payne,
2009) to create tables of analysis of variance. Where data included depth as a parameter,
all depths were analysed individually but only where these indicated a depth interaction
were these results identified.
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5.3.2. Crop

Established plant numbers were determined by replicated measurements on each plot
covering an area of 0.125 m? at Morley, 0.25 m? at Colworth and 0.14 m? at Chicksands.
Crop tillers were measured in a similar manner at Chicksands but were counted as part of
the manually sampled yield measurements at Colworth. At Morley, yields were
determined with a plot combine, which harvested the entire plot while at Chicksands and
Colworth, yields were determined by hand sampling. At Chicksands, this consisted of
collecting crop from single areas of 0.75 m x 14 crop rows (spacing 140 mm) representing
1.47 m? on each plot. At Colworth, five 0.5 m lengths of two crop rows (at 25 cm spacing)
representing a total area of 1.25 m? were sampled and bulked for each plot. Following
hand separation of the ears from their straws the grain was threshed with a Wintersteiger
LD180 laboratory thresher (www.wintersteiger.com). Separated grain was then weighed
and its moisture assessed with a Unitron Unimeter or by oven drying.

5.4. RESULTS
5.4.1. Morley

5.4.1.1. Soil penetration resistance (PR)

Results from the single set of PR measurements at Morley taken on 18 November 2008
after all the treatments had been applied, are shown in Fig. 5.4. From these it can be seen
that the pressures were divided into two distinct groups but not on a tillage depth basis
which had no significant effect. Those with the least pressure were either non-trafficked
or trafficked only by the harvest machinery. Intermediate between this least pressure
group and those with higher pressures was 7.5 cm deep tillage and single passes of the
wheeled harvest machinery followed by CTF. Resistance under the wheeled harvester was
greater at the 7.5 cm depth of cultivation than the tracked vehicle, but could not be
differentiated at 22.5 cm depth. The greatest contrasts in all the results were in the depth
range 12 to 25 cm depth. The mean resistances are tabulated in Table 5.10.

Table 5.10. PR results (MPa) from Morley measured on 18 November 2008. Resistance
values with different letters are significantly different at p < 0.01. LSD = 0.102

Treatment 1 2 3 4 5 6 7 8 9 10
PR, MPa 1.758 2.213 2.255 1.623 1.911 1.796 2.279 2.158 1.670 1.763

a b b c b a b b d ad
Change 100 126% 100 127%

Key to treatments: 1/6, CTF/75&225; 2/7, Wheeled/75&225; 3/8, Tracked/75&225;
4/9, TComb/75&225+CTF; 5/10, WComb/75&225+CTF

5.4.1.2. Crop at Morley

Tiller numbers at the end of the first crop year (2008) were significantly greater on
treatments 1 (CTF) and 4 (TCT+CTF) at both depths of cultivation for all treatments other
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than the wheeled combine followed by zero traffic (treatment 5) with 20 cm deep
cultivation (Fig. 5.5).
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Fig. 5.4. Penetration resistance at Morley on 18 Nov. 2008. Treatment LSD = 0.102 MPa.
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Fig. 5.5. Number of winter wheat ears at Morley prior to harvest in 2008. Columns with
dissimilar letters are different at p < 0.05.

These differences were reflected in the crop yields shown in Fig. 5.6 with treatment 1
(CTF) returning a significantly greater yield than all treatments other than treatment 4
(Tracked + CTF), which in itself was close to being greater than treatment 3
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(Tracked/shallow tillage) (LSD = 1.04 Mg ha™*). Compared with wheeled traffic (Treatment
2), the CTF yields were around 16% higher and the tracked plus CTF around 8% higher.
Tillage depth had no significant effect on the yields.

14
12
10 +
m
£
[ .
= m Shallow tillage
6 - (5-15c¢m)
2
>4 A m Deep tillage
(15-25c¢m)
2 -
0 I T T T
1/6,CTF 2/7, 3/8, 4/9,TComb  5/10,
Wheeled  Tracked WComb

Fig. 5.6. Yield of winter wheat at Morley in 2008. LSD = 1.04 Mg ha™. Columns with
dissimilar letters are different at p < 0.05.

Number of spring barley plants established in 2009 averaged 171 m™ with no significant
difference between treatments at the 5% level and similarly with fertile tillers, which
averaged 634 m™. Yields are given in Fig. 5.7, but here again, no differences were
significant at the 5% level although the trends towards higher yields under CTF and
tracked + CTF in wheat from the previous year remained (significant at 10.7% level).

5
\-Ilm 4 i
N -
Y )
s 3. M Shallow tillage
- (5-15cm)
2 5
> M Deep tillage
8 1 (15-25cm)
0 I T T T T
1/6,CTF 2/7, 3/8, 4/9, 5/10,
Wheeled Tracked Tracked+ Wheeled +
CTF CTF

Fig. 5.7. Yield of spring barley at Morley in 2009. Differences only significant at p= 0.107
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5.4.2. Chicksands

5.4.2.1. Soil penetration resistance (PR) and coincident moisture content

September 2009

Figure 5.8 shows the effect on PR of the wheeled and tracked cereal harvesters and a
tractor and trailer on the “as found” condition. An analysis of variance showed that all the
compaction treatments resulted in a significant increase in PR (at pr < 0.001) compared
with the “as found” condition. In addition, PR under the tracked combine was significantly
greater than the wheeled combine at the 1% level and the tractor and trailer at the 5%
level. These differences were particularly pronounced between 0 and 8 cm depth where
resistances for the wheeled vehicles rose by an average of 31% and by 91% under the
tracked combine. Below this there were no significant differences.

Penetration resistance, MPa
0.00 0.50 1.00 1.50 2.00 2.50 3.00

10
15 ——7,TComb

8, WComb
20

Depth,cm

9, WT&T
25

—#-"As found"

30
35
40

Fig. 5.8. Cone penetration resistance at Chicksands on 5/9/09 showing the results of
tracking with the tracked and wheeled harvesters and the tractor and trailer
combination compared with the “as found” condition.

(Treatment x depth least significant difference at pr = 0.05 (LSDs) = 0.314 MPa)

Fig. 5.9 illustrates the conditions both pre- and post-subsoiling of the site together with
the impact of the other compaction treatments applied after subsoiling. Subsoiling had a
profound effect on resistance in the profile, reducing pressure from around 2.3 MPa at 15
cm depth to around 0.6 MPa (Fig. 5.9 “As found compared with 1 (CTF)). Loads imposed
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Penetration resistance, MPa
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Fig. 5.9. Cone penetration resistance at Chicksands on 22/9/09 showing the effect of
subsoiling to around 35 cm depth and the effect of loads imposed subsequently.
The CTF treatment represents conditions after soil deep loosening with no subsequent traffic.

after soil deep loosening increased resistance significantly. An analysis of variance of these
data suggested that over the whole profile:

1 (CTF) < than all the other treatments

2 (WCT) < 3 (WCT+WDT) and 10 (TCT+WDT)

4 (TCT) < 10 (TCT+WDT)

11 (WDT) < 3 (WCT+WDT) and 10 (TCT+WDT)
all at p < 0.01 with a LSD of 0.151 MPa. There was also evidence to suggest that PR under
the wheeled compared with the tracked cultivation tractor was slightly less overall
reflecting perhaps the lighter wheel load (5 cf 7 t), but the contrast in PR was not
consistent throughout the profile, as will be evidenced from Fig. 5.9.
Application of the drill tractor as the second vehicle increased resistance significantly,
both in combination with the wheeled and with the tracked tractor (Tr 2 cf Tr 3 and Tr 4 cf
Tr 10) but could not be distinguished from treatments 2 (WCT) & 4 (TCT) on its own. The
combinations increased resistance compared with the non-trafficked soil (1, CTF) to 34 cm
and 37 cm depth respectively (LSD = 0.379 MPa). On all occasions, the non-trafficked soil
retained a significantly lower strength than where any compaction had been applied.
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The effect of track pressure under or outside the idlers was significant, with the PR under
the idlers averaging 1.847 MPa compared with 1.572 MPa (LSD = 0.068 MPa, Fig. 5.10).
There was also a change in effect with depth, with the difference reaching a maximum of
nearly 1 MPa (LSD = 0.404 MPa) at around 20 cm depth and then diminishing rapidly to
zero at around 27 cm, just shallower than the depth of subsoiling.

Penetration resistance, MPa
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—4— Under idler
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20

Depth, cm
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40

Fig. 5.10. Cone penetration resistance under the rubber belts of the tracked tractor at
Chicksands measured under the track idlers and beneath the unsupported belt.

January 2010

A further set of PR measurements were taken at the end of January 2010 when moisture
levels were considerably higher than in September. An analysis of variance of the
coincident gravimetric moisture (mc) data plotted in Fig. 5.11 showed that there was no
treatment x depth effect but treatment 10 (TCT+WDT) had a lower moisture content than
all but treatments 2 (WCT) and 3 (WCT+WDT), while treatment 2 (WCT) was lower than
treatment 8 (WComb+sub). There was a notable linear reduction in moisture content with
depth on the CTF plot compared with most others, perhaps indicating a lack of
stratification in the profile and more consistent hydraulic properties.
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Fig. 5.11. Change in gravimetric soil moisture content with depth at Chicksands on
26/01/10 coincident with penetrometer measurements.

The PR again showed a clear distinction between those treatments which had received
traffic after subsoiling and those that had not. There was also a further distinction
between treatments that had been trafficked post harvest and then deep loosened (i.e.
treatments 7, 8 & 9) and a treatment that had received no post harvest traffic (1 CTF) (Fig.
5.12 and Table 5.11 with the full data set). These data also showed subtle differences
between resistances on the trafficked plots. For example Treatment 1 (CTF) had a lower
PR than all other treatments, including 7 (TComb+sub), 8 (WComb+sub) and 9 (WTT+sub)
while these had a lower PR than all the other treatments. Similarly, treatments 3
(WCT+WDT) & 10 (TCT+WDT) although not significantly different, are discretely separated
from all the others with higher resistance over practically the whole depth of the profile.
In addition to the depth x treatment analysis, averages of the PR readings were assessed
against depth and soil moisture content, the latter sampled at four depths in the profile.
In this analysis, treatment x depth was not significant, so depth and moisture content
were used as covariates, thus allowing for their influence. The results in Table 5.11 show
that whereas treatments 2 (WCT) and 4 (TCT) were significantly different in the full data
set, they were no longer so when moisture content was allowed for. The post harvest
trafficked and subsoiled treatments were also no longer significantly higher in PR than
treatment 1 (CTF). These results also revealed that soil moisture content had a significant
effect on PR. A multiple linear regression was therefore used to determine the
relationship between mc, depth and PR. The analysis revealed one reading having undue
leverage on the results and some with high residuals, removal of which provided a
regression significant at pr = < 0.001 with 90.6% of the variance accounted for.
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Table 5.11. Mean values of penetration resistance on 26 January 2010 at Chicksands.
Values with different letters are significantly different at the 5% level.

Treatment
Data 1, CTF 2, 3, WCT+ 4,TCT 7,TComb 8 WComb 9, WTT 10, TCT+ 11,
set WCT WDT +sub +sub +sub WDT WDT
Full® 0.7474 0.8836 0.9848 0.9524 0.8566 0.8288 0.8495 0.9716 0.9104
a b c d e e e c b
PR+MC*> 0.686 0.780 0.893 0.796 0.696 0.713 0.699 0.872 0.779
a b c b a a a d b

! Individual PR readings at specific depths

2 Average PR readings around the mean depth of moisture measurement
The resulting relationship between parameters was:
PR = 0.03206 x depth (cm) —0.01242 x mc (% w/w) + 0.390 Equation 5.1

Overall, these January results, despite the higher moisture content and thus reduced
contrast between treatments, showed that the compaction imposed by the initial
treatments, was mostly removed by the subsoiling operation, but quickly re-established if
traffic was imposed subsequently. Similarly, the intensity of subsequent traffic in terms of
number of passes could still be detected.

Penetration resistance, MPa
0.00 0.50 1.00 1.50 2.00

-1, CTF

-=-2, WCT
3, WCT+WDT

——4,TCT

——7, TComb+sub
8, WComb+sub
9, WT&T+sub
10, TCT+WDT
11, WDT

Fig. 5.12. Cone penetration resistance on 26/01/10 at Chicksands showing results from
all treatments. Treatment LSD = 0.031 MPa.
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April 2010

A further set of penetration resistance and soil moisture measurements were made after
a dry period at the end of April 2010. Figure 5.13 shows that the contrasts between those
treatments which had been subsoiled and those which had not were still very evident. An
analysis of variance determined that there was no treatment x depth interaction but that
the average resistance under:

1 (CTF) < all other treatments
7 (TComb+sub), 8 (WComb+sub) & 9 (WTT+sub) < all except treatment 1

There was also evidence to suggest that treatment 3 (WCT+WDT) had a greater resistance
than all other treatments although this contrast disappeared when readings with high
residuals were removed. Underlying this however was the fact that the PR under
treatment 10 (TCT+WDT) was greater than 2 (WCT), 4 (TCT) & 11 (WDT) at around 8 cm
deep and close to being significant, suggesting similar conditions to those found during
earlier measurements. On the basis of magnitude of effect in the topsoil, the earlier
evidence of greater resistance under the tracked combine was not universally evident
with the tracked tractor, but there remains good evidence of the effect of repeated passes
and multiple axles.

A further analysis using average resistance values coincident with soil moisture data

suggested that there was no treatment x depth interaction and this allowed an analysis of

covariance using soil moisture content and depth as covariates. This revealed that:
Treatments 1, 7, 8 & 9 < all others.

i.e., all treatments which had been loosened after compaction or no compaction (1, 7, 8 &
9) could now no longer be distinguished, as suggested in the January data. Also, the
differentiation between treatment 10 (TCT+WDT) and the other treatments was no longer
apparent. In this data set, although moisture content was found to have an effect on PR, it
was not at a statistically significant level. This was also the case for the treatments which
had no effect on soil moisture, so a multiple linear regression was not performed.

Fig. 5.14 shows, as in January (Fig. 5.11), that there was a markedly linear change in
gravimetric moisture content with depth on the CTF plots (albeit in the opposite direction
to January), which was absent elsewhere, again suggesting perhaps more uniform
hydraulic properties. An analysis of variance revealed that there was no treatment x depth
interaction but that moisture content on:

Treatment 9 (WT&T+sub) > all others except treatment 11 (WDT)

Treatment 11 (WDT) > treatments 4 (TCT+TCT) and 7 (TCT+sub)
These variations probably reflect temporal differences in crop growth rather than a direct
physical effect because the latter defies logical explanation.
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Fig. 5.13. Penetration resistance on 23 April 2010 at Chicksands. LSD: Treatment = 0.066
MPa, Tr x D = 0.474 MPa
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Fig. 5.14. Change in soil moisture content with depth coincident with the penetrometer
measurements at Chicksands on 24 April 2010. Treatment LSD = 0.70% w w™".
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5.4.2.2. Soil moisture content (MC), bulk density (BD), water filled pore space (WFPS)

and porosity

September 2009

Table 5.12 shows that changes in MC, BD, WFPS and porosity due to the treatments were

mostly in the top 5 cm, with all traffic resulting in a significant increase in these

parameters compared with the initial condition, mirroring the PR results. Also noticeable

and again mirroring the PR results, is the greater impact of the tracked combine in this
layer and a lower WFPS at 25 cm than either of the wheeled treatments.

Table 5.12. Moisture content, bulk density and WFPS following initial treatments at
Chicksands (prior to deep loosening) in September 2009.

Treatment 5 cm depth 25 cm depth
MC, % MC, %
wwl vv! BD, g cm’ WEFPS, % w wt vyt BD, g cm’ WEFPS, %
1. Field, as found 14.5a 16.9a 1.17a 26.6a 16.1a 24.3a 1.57a 40.1a
7. TComb+sub 15.6a 25.4b 1.64b 41.0b 16.1a 24.9a 1.51a 37.8a
8. WComb+sub 14.5a 21.4bc 1.48c 49.6b 16.1a 24.3a 1.55a 61.6b
9. WT&T+sub 14.5a 20.3ac 1.40c 43.4b 16.1a 25.3a 1.51a 58.6b

Values with different letters are significantly different at p < 0.05

March 2010

The results of volumetric and gravimetric moisture measurements, made at the beginning
of March at a depth of 12 cm show, other than for treatment 8 (WComb+sub), a lot of
similarities with each other as may be expected (Fig. 5.15a & b). However, analyses of
variance revealed that there were no significant differences within the gravimetric or

volumetric data but differences in the latter were significant at the 10% level (p = 0.076)
with an associated LSD of 2.771%. The only effect on bulk density (Fig. 5.16) was again for

Treatment 8, which was significantly lower than on all the other treatments. Effects on

water filled pore space were not significant.
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Fig. 5.15a. Volumetric moisture content on 2 March 2010 at Chicksands measured at 12
cm deep in the profile. Treatment 8 < all others at p = 0.076
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Fig. 5.15b Gravimetric moisture content (MC) on 2 March 2010 at Chicksands measured
at 12 cm deep in the profile. (No significant difference between treatments)



1.50

1.45

1.40

1.35

1.30

Bulk density, g cm?

1.25

1.20

1.15

197

EmTrl, CTF

mTr2, WCT+WDT

mTr3, TCT

mTr4, TCT

B Tr7, TComb+sub

B Tr8, WComb+suh

mTr9, WT&T+sub

W Trl10, TCT+WDT
Tr11, WDT

Fig. 5.16. Bulk density at Chicksands on 2 March 2010 measured at 12 cm deep in the
profile. Treatment 8 < all others at p < 0.05

5.4.2.3. Infiltration and hydraulic conductivity

April 2010

Infiltration tests were conducted on 12 April at 12 cm deep at three locations on each of

the plots with a suction of 1 cm. Results (Fig. 5.17) and an analysis of variance showed that
the hydraulic conductivity on treatments 8 (WComb+sub) and 9 (WT&T+sub) could not be
distinguished, but the conductivity on treatment 8 was significantly greater than on all the

other treatments.
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Fig. 5.17. Hydraulic conductivity at Chicksands measured at 12 cm depth on 12 April with
the mini disc infiltrometer set at a suction of 1 cm. LSD 5.28 mm h™.
Columns with dissimilar letters are different at p < 0.05

5.4.2.4. Crop at Chicksands

The number of established winter wheat plants was measured on 26 January 2010,
averaging 195 m™ with an analysis of variance suggesting no significant difference
between any of the treatments. Similarly, there was no significant difference in tiller
numbers between treatments measured on 5 July 2010 (Table 5.13).

Table 5.13. Plant and tiller numbers at Chicksands

Treatment Plants m? Tillers m™
1, CTF 200 432
2, WCT 211 445
3, WCT+WDT 193 472
4, TCT 199 446
7, TComb+sub 200 417
8, WComb+sub 186 432
9, WT&T+sub 180 446
10, TCT+WDT 196 427
11, WDT 190 500

Samples for yield determination were taken on 25 July 2010. An analysis of variance of
grain yield revealed that there were no significant differences between treatments, even
at the 10% level (Fig. 5.18). Standard errors were high probably reflecting contrasts in
water availability across the site in what was a very dry spring and summer (Table 2.9).
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Fig. 5.18. Yields of winter wheat at Chicksands converted from sampled areas to Mg ha™.
Differences in yield were not significant.

5.4.3. Colworth

5.4.3.1. Soil penetration resistance (PR) and coincident moisture content

September 2009

Figure 5.19 shows the change in cone resistance when the compaction treatments were
applied to the initial non-trafficked condition. Unlike at Chicksands, there was very little
sinkage, so measurement depths were likely to have been similar for all treatments. All
compaction treatments led to a notable increase in resistance compared with the non-
trafficked condition and from just below the surface to around 25 cm depth. There was no
depth x treatment effect but treatment 1 (CTF) had a significantly lower resistance than all
the other treatments, while treatments 2 (WComb+WCT), 6 (WComb), and 9 (WT&T) all
had a significantly greater resistance than treatments 4 (TCT+TCT) and 5 (TCT), suggesting
that tracks had limited the increase in resistance compared with wheels on similarly
loaded vehicles. If the limited gravimetric moisture data at 5 cm (24.9%) and 20 cm
(27.7%) depth were included in an analysis of covariance using mc and depth as covariates
(Tr x depth was not significant), the only change was to treatment 5 (TCT) which no longer
had a significantly lower PR than treatments 2 (WComb+W(CT), 6 (WComb), and 9 (WT&T).
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Fig. 5.19. Cone penetration resistance at Colworth on 6/9/09 showing the initial
condition on the site (CTF, non-trafficked for 5 years) and the conditions following the

compaction treatments.
LSD =0.118 MPa. (LSD = 0.292 MPa when mc and depth used as covariates)

December 2009

A further set of PR and mc measurements were recorded on 28/12/2009 when moisture
levels were much higher than in September. Figure 5.20 shows that many of the contrasts
in soil strength indicated in September were still evident, despite the higher soil moisture
content. An analysis of variance revealed that treatment, depth and treatment x depth
were all significant at pr < 0.001 and further that treatment differences at the 5% level
were:

7 (TCT+sub) and 8 (WComb+sub) < all the others but 7 < 8

12 (WCT+WDT) > all others

3 (WComb+WCT+WDT) > 1 (CTF), 2 WComb+W(CT, 4 (TCT+TCT), 9 (WT&T), 11 (WDT)
plus other subtle differences (Treatment LSD = 0.041 MPa). The effects of subsoiling were
obviously very evident and there remains support for a multiple pass effect but mixed
messages in terms of tracks. A further analysis using average resistance values coincident
with soil moisture data suggested that there was no treatment x depth interaction and
this allowed an analysis of covariance using soil moisture content and depth as covariates.
These results suggested the following differences in PR between treatments at the 5%
level:
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7 (TCT+sub) & 8 (WComb+sub) < all other treatments

1 (CTF) & 9 (WT&T) < 10 (WCT) & 12 (WCT+WDT)
Further scrutiny of these data showed that these differences did not deviate with depth
and there was no evidence that tracked or wheeled machines led to higher or lower PR at
particular depths in the profile. The anomaly here is the lower resistance under the
wheeled tractor and trailer combination (9, approx. max. 3.9 Mg wheel load) compared
with the lighter load due to the cultivation tractor (10, WCT, 2.5 Mg).
A multiple linear regression of all the data suggested a relationship of the following
nature:

PR (MPa) =0.03798 x Depth (cm) —0.03142 x MC (% w/w) + 1.426  Equation 5.2

with depth and moisture content explaining 86.3% of the variance.
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Fig 5.20. Cone penetration resistance at Colworth on 28/12/09. Treatment LSD = 0.041;
Tr x Depth LSD = 0.290 MPa

Figure 5.21 shows that there was a consistent and significant variation in moisture content
with depth for all treatments but this did not vary significantly between treatments.
Unlike at Chicksands, there was little evidence of a linear change in this parameter with
depth on the non-trafficked soil (1, CTF).
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Fig. 5.21. Variation in soil moisture content with depth at the time of penetrometer
measurements on 28/12/09 at Colworth. There was no significant difference in moisture
content between treatments (p = 0.172, LSD = 1.37%).

April 2010

As at Chicksands, a further set of penetrometer measurements were recorded when the
soil had dried to a similar level as that found on the site initially (Sept 2009). Analysis of
the data without allowance for differences in soil moisture content resulted in a complex
range of differences (Table 5.14). Overall however, the same story emerges, that multiple
passes tended to increase resistance as well as the wheeled combine (i.e. 2
(WComb+WCT) > 9 (WT&T), 10 (WCT) & 11 (WDT)). Also remaining obvious was the effect
of subsoiling which maintained a lower soil strength on these plots compared with all the
others (Fig. 5.22).

Table 5.14. Mean penetration resistance adjusted for covariates (depth and soil
moisture content) on 24 April 2010 at Colworth. LSD = 0.054 MPa

Treatment 1 2 3 4 5 6 7 8 9 10 11 12
CTF WComb WComb TCT+TCT TCT WComb TCT+sub WComb WT&T WCT WDT WCT
+WCT +WCT+WDT +sub +WDT

PR, MPa  1.897 2.069 2.223 1.813 2.188 1.967 1.399 1.338 1.859 1.789 1.743 2.291
c c b cde b C fg fg d e f ad
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Fig. 5.22. Cone penetration resistance at Colworth on 24 April 2010.

An analysis of variance using PR averaged over depth ranges to coincide with moisture
measurements revealed that there was no interaction between depth and treatment
which allowed, as for the December data, an analysis of covariance with depth being
treated as a variate. This showed that in this instance, moisture content had no effect but
the following differences were revealed at the 5% level for PR:

7 (TCT+sub) and 8 (WComb+sub) < all other treatments

2 (WComb+WCT)> 4 (TCT+TCT), 10 (WCT), 11 (WDT)

3 (WComb+WCT+WDT) > 1 (CTF), 4 (TCT+TCT), 6 (WComb), 9 (WT&T), 10 (WCT), 11(wDT)

5(TCT)>1, 4,9, 10, 11

12 (WCT+WDT) > 1, 4, 6, 9, 10, 11
Overall, these results provide clear evidence of a reduction in PR where subsoiling is
followed by controlled traffic. In contrast, there was an increase in PR with multiple
vehicles or axles compared with a single pass. There was also some evidence to suggest
that tracks tended not to increase the level of PR to the same extent as the wheels on
equivalent or lighter vehicles. An exception to this trend was on treatment 5 (TCT)
although these data appear to be an anomaly because PR under this one pass was greater
than when two passes were used as with Tr 4 (TCT+TCT). There was also no difference
between treatments that had been tracked once (other than 4) and CTF, which had
received no tracking.
Although there was no effect of moisture content on penetration resistance, there were
differences in moisture between treatments (Fig. 5.23). There was however no interaction
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between treatment and depth, so an analysis of covariance was again used with depth as
a variate to assess differences in moisture. This showed that in terms of gravimetric water
content:

3>5,6,9,11

8<9

9>3,8,12

12 <allbut 2 and 8
These differences don’t appear to have any particular significance in terms of other
parameters but might be correlated with crop performance at this stage of crop growth.

Moisture content, % w w!
20.0 22.0 24.0 26.0 28.0 30.0
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30 I
12, WCT+WDT
35
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Fig. 5.23. Moisture profiles on 24 April 2010 coincident with the penetration resistance
measurements depicted in Fig 4.3.1.4 at Colworth. LSD = 1.83%.

August 2010

Penetration resistance profiles for the hydraulically inserted cone penetrometer were
acquired together with gravimetric moisture content post harvest and an overview of all
the PR results is illustrated in Fig. 5.24.
Using only the PR and depth data an analysis of variance identified the following
differences, significant at the 5% level:
7 (TCT+sub) & 8 (WComb+sub) < all other treatments, and chiefly in the depth
range 25-40cm
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Fig. 5.24. Cone penetration resistance on the different plots at Colworth on 25 August
2010, measured using a hydraulically inserted probe. Treatment LSD = 0.120 MPa

9 (WT&T) & 10 (WCT) > all other treatments, mostly in the depth range 10 — 40 cm
3 (WComb+WCT+WDT) & 4 (TCT+TCT) < 6 (WComb), 10 (WCT) & 12 (WCT+WDT)
Other than the results for treatments 7 and 8, these data seem to make little sense and
may have been influenced to a greater or lesser extent by soil moisture content. The
aggregated PR together with soil moisture data, were therefore used in a further analysis
of variance. This suggested that there was no treatment x depth interaction and it was
therefore possible to carry out an analysis of covariance using depth and soil moisture
content as variates. Results showed that covariates, depth and moisture content were all
significant at pr <0.001 and in terms of penetrometer resistance, differences at the 5%
level were:
7 <1 (CTF), 2 (WComb+WCT), 5 (TCT), 6, 9, 10, 12
8 <6 (WComb), 9 (WT&T), 10 (WCT), 12 (WCT+WDT)
9and 10 > 1, 2, 3, 4 (TCT+TCT), 5, 11
The main effects of allowing for moisture content are to lessen the contrasts for
treatments 8, 9 and 10 and to remove altogether the lower strength status of treatments
3 and 4. Overall the data show the lasting effect of subsoiling but there is also a suggestion
that it was more effective following the tracked combine, or at least the effect has been
more prolonged. It is also apparent that the PR remained lower under both one and two
passes of the tracked tractor compared with a single pass of the wheeled equivalent.



206

There remain anomalies however, not least of which is the relatively high strength under
treatments 9 and 10, not something that has been apparent before and for which there is
no logical explanation, particularly as the PR for these treatments in April was well below
that for multiple vehicles and indeed the single pass of the tracked tractor (Tr 5, Fig. 5.24)
A multiple linear regression analysis of the data showed that there was a relationship
between PR, mc and depth that was significant at less than the 1% level with 74.1% of the
variance being accounted for. The equation relating PR to moisture content and depth
was:

PR = 0.03841 x depth (cm) — 0.054 x mc (% w w™) + 2.335 Equation 5.3

Results of the measurements to assess the persistence of subsoiling effects in the absence
of further traffic are presented in Fig. 5.25. The standard errors show that differences
were significant over much of the profile and are reinforced rather than diminished by the
difference in soil moisture status.

Penetration resistance, MPa
0 0.5 1 1.5
0 - il 1 1 ]

== CTF-no sub,
26.1% w/w

== CTF-sub,
23.4% w/w

Depth, cm
[
(%3]

Fig. 5.25. Cone penetration resistance in two adjacent fields at Colworth which were
converted to CTF in 2006, one of which was subsoiled (CTF-sub) to 35 cm depth, the
other not (CTF-no sub).

Moisture contents are the profile averages. Bars are standard errors.

5.4.3.2. Soil moisture content (MC), bulk density (BD) and water filled pore space (WFPS)

September 2009

Table 5.15 lists the moisture conditions for the six compaction treatments applied before
cultivation and their impact on soil bulk density and water filled porosity.
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Table 5.15. Soil moisture content, (MC) bulk density (BD) and water filled pore space
(WFPS) following initial treatments at Colworth, 2-5 September 2009.

Treatment 5 cm depth 25 cm depth
MC, % BD, WEFPS, MC, % BD, WEPS,
ww! vyt gcm'3 % ww! vyt gcm'3 %
1. CTF 233 27.9a  1.20a 43.0a 27.6 36.2a 1.32ab 55.0a
2. WCcomb+WCT 24.8 33.7b  1.36b° 50.8b° 27.8 36.5a 1.32ab 55.2ab
4, TCT+TCT 260 335b 1.26a 51.0b° 283 36.2a 1.28a 55.0a
5. TCT 259 336b 1.31a 51.0b° 27.7 37.2a 1.34ab 56.3ab
6. WComb 246 33.2b  1.35b° 50.4b 276 37.7a 137b 57.2b
9. WT&T 246 34.0b 139  51.8b 274 37.6a 137b 56.8b

Values with different letters are significantly different:
*p=<0.05;**p<0.01

Changes in bulk density compared with the non-trafficked soil were mostly confined to
the surface levels and were modest. This may have reflected the relatively dry condition of
the surface soil meaning that bulk density in this layer was naturally elevated due to
shrinkage. The lower density of treatment 4 (TCT+TCT) at 20 cm depth compared with
treatments 6 (WComb) and 9 (WT&T) must be viewed with some caution, largely because
of the higher density of treatment 5 (TCT) compared with 4. Calculated water filled pore
space in the top 5 cm on the other hand was affected by all the treatments compared with
CTF and some of these differences were still evident at 25 cm depth.

March 2010

Volumetric and gravimetric soil moisture measurements were taken again on 1 and 24
March 2010. On the 1 March, surface to 6 cm depth measurements were taken on six of
the treatment plots and also on differently trafficked and cultivated fields alongside with
very similar soil properties as indicated by an EMI scan. Overall, no treatment differences
in bulk density (Fig. 5.26) were significant but for those areas outside the main experiment
(see section 2), the following differences were found:
Bulk density: CTF no-till >
1 (CTF), 2 (WComb+WCT), 4 (TCT+TCT), 6 (WComb), 8 (Wcomb+sub)
RTF no-till > all other treatments and conditions
MC, % w/w 4 (TCT+TCT) < 1 (CTF), 8 (WComb+sub), CTF no-till, RTF non-inv, RTF no-

till
MC, % v/v no significant differences
WEFPS no significant differences

Non-inversion tillage and no tillage had a marked influence on density but as some of
these data were from adjacent fields rather than the replicated plots, these differences
need to be treated with some caution.
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Fig. 5.26. Soil bulk density in the top 6 cm of the profile measured on 1/3/10 at Colworth
on a selection of treatments including CTF no-till in the same field (LSD = 0.102 Mg m'3).
Columns with dissimilar letters are different at p < 0.05

Also results for RTF non-inv and RTF no-till systems in immediately adjacent fields.

There were large contrasts in water filled pore space but none of the differences were
significant reflecting large variability between sampling sites. Compaction and deep tillage
had rather greater contrasts than shallow or no tillage (Fig. 5.27) with compaction tending
to increase WFPS but more particularly with two passes and with tracks.

On 24 March, gravimetric and volumetric moisture measurements were taken at 15 cm
depth on all plots and results suggested that the greatest contrast in directly measured
and derived variables (bulk density and WFPS) was between those treatments which had
been subsoiled following compaction and those that had not. Treatment 7 (TCT+sub) for
example had a lower volumetric water content than all but treatment 1 (CTF), while
treatment 8 (WComb+sub) was mostly lower than all but the more lightly compacted
treatments (2, 4, 6, 9) and the adjacent CTF no-till. Similarly and as illustrated in Fig 5.28,
density of the subsoiled treatments was also less under treatment 7 (TCT+sub) than all the
others while that on treatment 8 (WComb+sub) tended to mirror the volumetric water
content data with no differentiation between this treatment and treatments 5 (TCT), 11
(WDT), 12 (WCT+WDT) and CTF no-till. Density under CTF no-till was also significantly
greater than under treatment 11 (WDT). The difference between CTF no-till and treatment
1 (CTF with 10 cm tillage), although not significant, is surprising considering this
measurement was from below tillage depth.



209

70
m1,CTF
68 ’
e B2, WComb+WCT
°. 66
9 m 4, TCT+TCT
© i
a 64 m5,TCT
Q
5 62 m 6, WComb
o
E 60 - m 8, WComb+suh
E 55 - Field tests
b ® 22, RTF non-inv
(3] 56 -
g .
23, RTF no-till
>4 7 m CTF, no till
52 -

Fig. 5.27. Soil water filled pore space in the top 6 cm of the profile measured on 1/3/10
at Colworth on a selection of treatments including CTF no-till in the same field (LSD =

7.3%). No significant differences.
Also results for RTF non-inv and RTF no-till systems in immediately adjacent fields.
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Fig. 5.28. Bulk density at 15 cm depth calculated from volumetric and gravimetric
moisture measurements taken on 24 March 2010 at Colworth.
Columns with dissimilar letters are different at p < 0.05. LSD = 0.087 g em”



210

Differences in WFPS were less discernable and not significant (Fig. 5.29), but two trends
are apparent. First, multiple passes or axles tended to increase the percentage WFPS (but
not in the case of Treatment 9) and subsoiled treatments tended to lower the percentage.
The latter might suggest that drainage has been enhanced by deep loosening, allowing
water to travel more freely to a greater depth in the profile.

63

62

61

8, WComb+sub

7, TCT+sub
12, WCT+WDT

59

Water filled pore space, %

58

57

CTF no-till

Fig. 5.29. Water filled pore space at 15 cm depth calculated from volumetric and
gravimetric moisture measurements taken on 24 March 2010 at Colworth. No significant
differences.

5.4.3.3. Infiltration and hydraulic conductivity

March 2010

On 11 March, a single measurement of steady state infiltration with the double ring
infiltrometer was made on each of the 36 plots, the results of which are presented in Fig.
5.30. Differences between treatments were significant only at the 10% probability level.
Principal among the effects was higher infiltration on treatment 6 and lower values on the
no-till plots. The higher infiltration on treatment 6 appears to be an anomaly but the
effect of tillage was consistent.
A further set of measurements with three replications on four of the treatments was
conducted on 23 March and results shown in Fig. 5.31. With the additional replications the
anomaly of treatment 6 was no longer apparent, with the following results significant at pr
=0.05:

7 (TCT+sub) > all other than 1 (CTF)

1 (CTF) > 6 (WComb), CTF no till, RTF no till
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Fig. 5.30. Steady state infiltration measured with a double ring infiltrometer at Colworth
on 11 March 2010 including results from adjacent trafficked (RTF) and non-trafficked
(CTF) no-till areas. Treatment 6 > all others at p = 0.10
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Fig. 5.31. Steady state infiltration on selected treatments at Colworth on 23 March 2010
using three replications per plot plus results from adjacent trafficked (RTF) and non-
trafficked (CTF) no-till areas.

Columns with dissimilar letters are different at p < 0.05. LSD =1.253 mm s?
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Although results from outside the main experiment must be viewed with caution, it was
very apparent that tillage again increased infiltration rate (1, CTF compared with CTF no-
till) as did the absence of traffic (CTF no-till compared with RTF no-till, with both fields
having been in no-till for 5 years).

5.4.3.2 Crop at Colworth

Established plant numbers were determined from measurements taken on 28/12/2009
and number of wheat ears on 29/7/10. Analyses of variance suggested that there were no
significant differences in plant numbers but fertile tillers did vary as indicated in Table
5.16.

Samples for yield assessment were recorded on 29 July (Fig. 5.32) with an analysis of
variance revealing that Treatments 1 (CTF), 10 (WCT) and 12 (WCT+WDT) returned
significantly greater yields (at the 5% probability level) than Treatments 3
(WComb+WCT+WNDT), 5 (TCT), 7 (TCT+sub) and 11 (WDT), mirroring the closely related
tiller numbers. The least significant difference between treatments was 0.6188 t ha™.

Table 5.16. Plant and tiller numbers at Colworth, 2009-2010.

Treatment Plants m? Tillers m™
LSD =23.2

1, CTF 139a 352a

2, WComb+WCT 117a 333a

3, WComb+WCT+WDT 119a 315b

4, TCT+TCT 100a 338a

5, TCT 115a 323b

6, WComb 116a 340a

7, WComb+sub 126a 322b

8, TCT+sub 120a 3453

9, WT&T 111a 329a

10, WCT 120a 349a

11, WDT 112a 321b

12, WCT+WDT 120a 349a

To determine if there were any underlying soil-related causes for the yield differences,
data from relevant soil measurements were extracted and are shown in Table 5.17.
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Fig. 5.32. Crop yield from the different treatments at Colworth sampled on 29 July 2010.
Columns with dissimilar letters are different at p < 0.05. LSD = 0.619 Mg ha™

Table 5.17. Soil conditions on the plots exhibiting the greatest yield differences

Treatment and soil value

Parameter Date 1 3 7 10 11 12

Crop yield, t ha' Aug 10 7.9 7.0 7.0 79 70 738
Average penetration resistance, 10-40 cm, bar Dec 09 1.4 1.4 0.8 1.3 1.3 1.5
Average soil moisture, 0-40 cm, % Dec 09 33.0 33.1 343 348 345 33.2
Bulk density at 15cm, g cm? Mar10 1.17 1.15 1.03 1.15 113 1.14
WEFPS at 15 cm, % Mar 10 59 60 58 60 60 58

Infiltration, cm st Mar 10 0.053 0.051

Average penetration resistance, 10-40 cm, bar  Apr 10 211 235 142 199 185 241
Average moisture content, 0-35 cm, % Apr 10 259 241 257 257 26.2 234
Average penetration resistance, 0-40cm, bar  Augl10 0.71 0.68 0.60 0.86 0.75 0.77
Average moisture content, 0-60 cm, % Augl0 25,5 26.8 25.7 257 246 26.0

Key to treatments: 1 CTF; 3 WComb+WCT+WDT; 7 TCT+sub; 10 WCT; 11 WDT; 12 WCT+WDT

In the case of Treatment 7 (CTF+sub), there were marginal differences in bulk density in
March compared with the other treatments and a substantially lower penetration
resistance on all occasions of measurement. It is perhaps this lower strength and density
that had an influence on yield but the consistently similar soil conditions under Treatment
8 (WComb+sub) did not appear to have the same effect. A possible factor was a variable
blackgrass population, which although catered for by careful selection, may have had
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some influence. However, a check on those plots which were most affected did not
explain the outcomes recorded here.

5.5. DISCUSSION

It is important to note that although vehicle compaction was applied to the plots track by
track, there was little evidence of a noticeable rut being formed, even when up to three
passes were applied. This mimicked what often occurs in fields in small areas but is rarely
noticed because some form of surface soil disturbance immediately covers it up. Although
relatively evenly compacted, there was almost certainly variation in stress applied to the
surface, purely by virtue of the tyre and track designs, and this was demonstrated under a
tracked tractor at Chicksands (Fig. 5.10).

5.5.1. Penetration resistance

The unexpected and inexplicable results at Morley were the lower PR values under
treatments 4 and 9 (TComb + CTF at both depths of cultivation), which with two passes of
the rubber tracked tractor would have been expected to have higher PR values than
treatments 1 and 6 (CTF at both depths of cultivation). The elevated PR under the tracked
compared with the wheeled combine at Chicksands in September, particularly in the top
15 cm is in line with results on a sandy loam reported by Ansorge & Godwin (2007),
particularly for a stratified soil condition. The cause of this elevated resistance is perhaps
the peak loads which occur under the track idlers mimicking the effect of several axles.
(Ansorge & Godwin, 2007). Following subsoiling, the increase in PR with two vehicle
passes (Fig. 5.9) was such that the soil appeared to be in a stronger condition than it was
before it was loosened. Chan et al. (2006) also found this to be the case with a consequent
reduction in root growth of wheat and a reduced yield of oilseed rape. Bennie and Botha
(1986) similarly drew these conclusions but additionally found that deep loosening soon
after wheeling did not restore the soil to the same yield potential compared with where
no wheeling had occurred. Soane et al. (1987) concluded that management strategies
following loosening had an important influence on the longevity of the loosening effect.

Below about 25 cm depth, some caution must be exercised in comparing the pre and post
subsoiling results in these experiments because the soil surface from which the
measurements were taken was at a different level. Sinkage of the tracked vehicle was
around 3 cm in between the lugs and about 7.5 cm under them. The equivalent for the
wheeled vehicles was around 2 and 5.5 cm. From these data it can be seen that other than
for the CTF treatment, the pre-subsoiling curves are probably coincident with the post
subsoiling data, or at least, not significantly different at around 25 cm depth. The relative
position at around 30 cm depth between the “as found” compared with the post
treatment traces is around 5 cm suggesting that subsoiling has actually led to compaction
deeper in the profile The critical question is did the vehicles sink 5 cm more than the
original soil level? This seems unlikely, particularly as the offset is more than 10 cm in
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places. In January 2010, when soil moisture levels at Chicksands had risen by around 5%
throughout the profile, there was still evidence of the multiple axle effect. In April, when
the soil was around 6% drier than in January (15% compared with 21%), greater contrasts
in strength had reappeared (Fig 5.13). In this instance, all compacted plots showed a peak
strength at around 8 cm depth, which was notably absent on the non-trafficked plots.
There was also still evidence in this layer of a greater effect of multiple passes but no
consistent effect of tracks compared with wheels, with strength levels alternating with
depth. The effect of repeated passes is in line with the work of Horn et al. (2003) who
explained the process as a combination of soil shearing and rearrangement of soil
aggregates, and this occurs even in dry conditions.

Overall, results from Chicksands showed a greater level of PR under tracked vehicles
compared with their wheeled equivalents but this was not the case at Morley and was
probably due to the difference in track design (discussed later). Where a lighter wheeled
tractor was employed (WDT), this had a significantly lower PR than the combined effect of
a heavy (WCT) + light tractor (WDT) but could not be differentiated from a single pass with
a heavy tractor. This suggests that multiple tracking is important, even if subsequent
passes are with a lighter vehicle, as found by Botta et al. (2006). Certainly any tracking
after soil deep loosening was very detrimental as found by Hakansson (1976) and Soane et
al. (1986). Munkholm et al. (2005) suggested that on-land ploughing was needed to
maintain a recently loosened profile to a condition no-better than that of a non-loosened
profile. In the work reported here, there was some evidence that loosening did not fully
restore soil that had been recently trafficked, as also found by Voorhees et al. (1978) in
previously trafficked ploughed soils. However, this difference in restoration at Chicksands,
as indicated by PR, could not be detected 8 months later. Similarly at this later time, the
contrasts between the different compaction treatments could only be detected lower in
the profile but differences between those treatments that had been deep loosened and
then either run over or not, were still very evident at all depths.

The unexpected result from Colworth was the significant increase in soil strength from the
first tracking (Fig. 5.19) by both heavy and light vehicles in a relatively dry soil condition
(profile average 26.3%), where tyre or track imprints were hard to discern. Although these
differences diminished over the winter period, they became evident again as the soil
dried. To some extent this increase in strength in dry soil could be associated with a
smaller contact area, as found by Lamandé & Schjgnning (2010b). They determined that
tyre contact area increased by 149% due to sinkage when soil water content
approximately doubled.

Where tracking had been modest at Colworth, there was some evidence to suggest
recovery of the soil, as if it had been compressed within an elastic rather than a plastic
range, which is in accord with S6hne’s (1958) elasticity theory. On this clay at Colworth
results from the tracked vehicle were inconsistent, showing both reduced and increased
impacts compared with its wheeled counterparts. For example, in September 2009 (Fig.
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5.19), PR profiles from the tracked tractor were consistently lower than from the wheeled
vehicles, whereas in April, exactly the opposite was the case (Fig. 5.22). Again this same
figure in April gives contradictory evidence, showing a single pass with the tracked vehicle
having greater PR than two passes. There was also no evidence at this time of a difference
between treatments that had been tracked once (other than 4) and CTF, which had
received no tracking. A possible explanation is an element of elasticity, as suggested
above, particularly at this site which had been largely undisturbed by tillage or compaction
for 5 years. Ajayi et al. (2010) determined that susceptibility to compaction often
depended more on soil structure than texture, particularly for soils of this nature with a
high clay content.

Fig. 5.32 shows results from those treatments at Colworth which were sampled on all four
measurement dates. These data are intriguing in that the resistance profiles in September
2009 and April 2010 are very similar but surprisingly different contrasts exist. Treatments
1 (CTF) and 9 (WT&T) for example show very different trends between the measurement
dates and one pass with the tracked vehicle has, as indicated above, resulted in greater PR
than two passes. There is no explanation for these differences, which by August seem to
have largely disappeared, only to be replaced by PR values very similar to those measured
in September of the previous year.

In terms of average profile soil moisture contents between measuring occasions, those
taken in Sept, April and August were similar at between 25% and 26% while those in
December averaged 33.7%. At these high moisture contents in December, there were few
contrasts between any of the particular PR data. For those treatments which assessed the
effects of subsoiling at Colworth, a very different picture emerges (Fig. 5.33). Here the
effects of soil loosening were obvious on every measurement occasion, although in August
2010, they were confined to the 30-40 cm depth level. In terms of subsoiling effect, the PR
data from Colworth show clear evidence of its persistence in the absence of traffic (Fig.
5.25) but the effects of traffic following subsoiling were not well tested on this site.

A perplexing and inexplicable aspect is the relative PR profiles of treatments 1 (CTF) and 9
(WT&T) on the four measuring occasions. In Sept 09 and August 10, the PR under
treatment 9 was noticeably and significantly greater than under treatment 1, whereas in
December and April, the opposite was the case, although differences in these latter
instances were not significant when soil moisture contrasts were accounted for. A critical
aspect in terms of soil response is its actual state at the time of compaction and whether
applied stresses exceed those already present.
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5.5.2. Moisture content, bulk density and WFPS

Results of bulk density from March 2010 at Chicksands, when measurements were
taken at 12 cm depth (Fig. 5.16) serve mainly to confuse due to their irrational nature in
relation to subsoiling. The only consistency is with the wheeled combine (Tr 8) where its
lower density is reflected by its higher hydraulic conductivity in a separate set of
measurements around one month later (Fig. 5.17). This lack of similarity between
treatments 1, 7, 8 and 9 is further confounded by the resonance of PR data (Figs 5.12 &
5.13). A possible explanation is the coincidence of measuring points with areas where
subsoiling had been less effective, such as midway between tines across the width of
the machine.

At both the Chicksands and Colworth sites, the large contrasts in cone penetration
resistance, particularly between trafficked and non-trafficked areas in September were
notably absent in terms of bulk density. This differentiation between bulk density and
cone resistance is not uncommon (Bennie & Botha, 1986; Taboada et al., 1999; McHugh
et al., 2003, Unger, 1996), but is seldom explained or discussed. For example, which of
the two measures has greater meaning or correlation with plant growth, seedbed
production and soil function? Russell (1988) suggests that plant roots only grow
vigorously in well-aerated moist soils and may only be affected by compaction if this
restricts channels large enough for roots to penetrate. In terms of seedbed production,
does a small change in bulk density lead to several fold increases in penetration
resistance and can this be explained? The likelihood is that there are ranges of bulk
density over which penetration resistance is only marginally affected. Elbanna & Witney
(1987) suggest that resistance is a function of soil specific weight (bulk density) as well
as clay and moisture content, but these data suggest that other factors may be involved,
for example, soil structure and organic matter, which are likely to influence the bonding
between soil particles as well as shearing resistance and cohesion. Soil function in terms
of infiltration and drainage may be perfectly adequate in high strength and high density
soils, providing there are a sufficient number and continuity of pores large enough to
carry water. It may therefore be concluded that low bulk density and penetration
resistance are only indicative of good crop performance and soil function rather than a
guarantee that this will be the case.

5.5.3. Infiltration

The significantly greater hydraulic conductivity on treatment 8 (WComb+sub) at
Chicksands compared with all but treatment 9 may reflect a real treatment effect in
which the deep loosening led to a different outcome under the wheeled combine. It is
easily observed that the more compact the soil, the greater the cloddiness produced by
cultivations (Voorhees, 1983, Voorhees et al., 1978), and this could effect water
movement. Certainly in the case of Treatment 1 (CTF), which was also subsoiled at the
outset, the lack of initial compaction may have led to a contrast in soil conditions which
to some extent was suggested by penetrometer data that lacked the contrasts of the
treatments compacted before subsoiling.
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At Colworth, the single measurements of steady state infiltration on each plot in March
were insufficient to address the enormous variability from one position to another.
Results using three replications showed a more consistent and logical trend (Fig. 5.31)
with the loosened profile (Tr 7) exhibiting only a slightly greater infiltration compared
with treatment 1 which had been converted to controlled traffic five years earlier
without any deep soil loosening then or during this experiment. Other evidence
suggesting that infiltration on treatment 1 (CTF) would be amongst the highest, is
conflicting. Density for example tended to be among the higher values, but these data
do not provide any indication of pore continuity or tortuosity, which are likely to have
an overriding influence on infiltration.

Infiltration on the controlled traffic no-till area at Colworth was substantially lower than
on the cultivated CTF plots (treatment 1) but still around 12 times greater than on the
adjacent randomly trafficked no-till field (see Section 4.3.1 for more details).

5.5.4. Crop yield

The main trend in yields was for them to respond positively to zero traffic (CTF) but
differences were not always significant. There were also instances when yields
responded positively to tracked vehicles and where repair (deep soil loosening) of
compaction had been followed by controlled traffic (Chicksands). The positive and
significant yield responses to CTF from Morley in the first year were not repeated
subsequently. It was not altogether surprising that there was little difference in the
average yields from the tracked and wheeled traffic systems at Morley because the
tracked system employed a number of wheeled vehicles that were common to the
wheeled system (see Table 2.2). Differences in yields at the other sites were generally
modest or bore little relation to treatment. At Chicksands, overall yields were
constrained by a very dry period during the main growing phase with the expectation
that water availability due to differences in soil structure might have been crucial. The
absence of differences may have been due to the fact that most moisture seeking roots,
and particularly in dry seasons, reach to 1 m or more (Miller, 1938; Russell, 1988), well
below the depth influenced by the compaction treatments. On the heavy soil at
Colworth, loosening after applied compaction suggested a consistent yield reduction,
possibly prompted by the dry conditions, although there are no obvious soil data to
support this. Equally however, soil that had been without traffic for some years
returned one of the highest average yields suggesting a structure that was
fundamentally different from those that had recently been loosened. Interesting here is
the fact that although the subsoiling operation had maintained reduced soil strength
throughout the growing season, crop yields did not respond positively to this, as was
noted by Marks & Soane (1987) on a range of UK soils. The benefits and their longevity
were also questioned by Soane et al. (1987) in terms of soil conditions. Equally, soil
strength, which under the prolonged CTF treatment was generally intermediate, led to a
yield significantly greater than many of the other treatments. This could suggest that it
is not a certain upper level of strength that determines soil/crop performance, rather an
element of strength combined with optimal structural components such as pore size
and continuity and thus aeration and drainage. Similarly, structure of this nature may
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also be preferable for extensive root exploration, providing pores which are neither too
large nor too small.

The relatively higher yields for treatments 10 (WCT) and 12 (WCT+WDT) at Colworth are
difficult to explain and are not supported by any specific soil condition. The differences
in moisture content for example highlighted in April do not seem to have resulted in a
consistent effect on yield. The low moisture content on treatment 12 coinciding with a
high yield, was not mirrored by the higher yields for treatments 1 (CTF) and 10 (WCT)
where April moisture levels were close to the average. Plotting crop yield against factors
such as maximum imposed loads and number of loads showed little or no correlation,
but the number of loadings multiplied by each load did provide a suggestion of a
correlation, as illustrated in Fig. 5.34. This is in line with Tijink (1994) quoting from
Rowland (1972) suggesting that the mean maximum pressure under a wheel or track is
more meaningful than the average pressure.
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Fig. 5.34. Relationship between crop yield and the maximum individual wheel or track
loads multiplied by the number of occasions they were applied (left Chicksands, right
Colworth).

Most importantly, at Colworth it provides some explanation for the high yields from
treatments 10 (WCT) and 12 (WCT+WDT), which were compacted with relatively light
vehicles. An explanation for the low yield from treatment 11 (WDT) was not
forthcoming however, nor for treatments 5 (TCT) and 9 (WT&T).

5.5.5. Tracks versus wheels

The contrast in results from tracks on the harvester compared with tracks on the
tractors was almost certainly associated with track design (Fig. 5.35), the track load and
the presence or absence of a following wheel. Fig. 5.35 shows that there were more
idlers or road wheels on the tracked tractors compared with the tracked combine and
that these covered more or less of the width of the tracks. In terms of track design,
results showed that even a relatively small unsupported width of the rubber belt was
found to create significantly less stress in the soil than the area under the road wheels
(Fig. 5.10). Garber & Wong (1981) working with what can only be assumed are metal
tracks (inferred from the date of publication because track material is not specified)
found that increasing the number of road wheels reduced the maximum ground
pressure and improved the uniformity of pressure distribution. Ansorge & Godwin
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(2008) determined that the effect of a following tyre on the rear axle of a tracked
harvester was dependent upon the stress imposed by the track. If the following tyre did
not exceed the bearing capacity of the soil created by the track, no further compaction
occurred and in general, this was the case. However, there was some evidence to
suggest an increase where a smaller higher pressure tyre was used, as was the case with
the tracked harvester employed in these experiments. An optimum design of track could
be that illustrated in Fig. 5.36, where a large number of road wheels are employed but
even here, there is a significant proportion of the rubber belt outside the idlers and thus
contributing relatively little in terms of support. A further advantage of this track is the
fact that it can rotate around its axle and therefore maintain a more even contact with
the ground.

Fig. 5.35. The different track designs involved in the compaction treatments.
Top left, tracked harvester at Chicksands: top right, tracked tractor at Colworth: bottom left,
tracked tractor at Morley: bottom right, tracked tractor at Chicksands

S V)

Fig. 5.36. Example of a more favourable design of rubber belt track with many idlers
but still with a significant element of the belt unsupported at the extremity of its
width.

5.6. ASSESSMENT OF OBJECTIVE OUTCOMES

The aim of this section is to determine whether the research answered the questions
raised within the objectives.
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Objective 1. What is the damaging contribution of different vehicles within a
combinable crops regime and the harvester in particular?

Higher loads and repeated passes had a more profound negative effect on soil
properties than they did on crop yields, but yields tended to be depressed by traffic of
any nature with no discernable differential between vehicle types or running gear.
Tracks had both greater and lesser effects on soil properties compared with tyres largely
due to their differing loads and designs. The greatest effect was in the topsoil and was
associated with a tracked harvester as also found by Ansorge & Godwin (2008).

Objective 2. Does targeted loosening of the soil followed by controlled traffic provide
a more effective solution than a complete system of CTF involving the harvester?

At Chicksands, although there were no significant differences in crop yield from the
different treatments, yields from the CTF plots and those loosened after compaction
were all marginally greater than from the other treatments. At Colworth, almost the
opposite was the case for the loosened profiles, with one of the subsoiled treatments
returning the lowest yield. Based on the fact that the CTF treatment at Colworth
returned one of the highest yields, it would appear that a “naturalized” soil structure
without compaction or regular loosening may be the optimum. Whether this state is
achieved more quickly and without risk to yield by judicious loosening of a damaged
profile, only further research may reveal. One obvious outcome of the measurements at
Chicksands and as found by Soane et al. (1987) was that loosening followed by traffic is
particularly deleterious, with strength levels rising rapidly to their previous values with
just two passes and possibly to a greater depth.

If the cost of targeted deep loosening on more fragile soils (£15-£20° ha™ (Nix, 2008)) is
less than the investment and running costs of a complete CTF system, it would be a
viable option, providing controlled traffic can be maintained until the next harvest. On
heavy soils, the evidence suggests that it would be questionable. In terms of soil
function, loosening followed by controlled traffic had positive effects, particularly those
associated with aeration and water movement.

Objective 3. Does equipping harvesters or tractors with tracks rather than wheels
reduce the impact of these vehicles on the cropping system?

On the sandy loam soil at Chicksands there was evidence to suggest that the tracked
harvester increased topsoil strength to a greater degree than an equivalent wheeled
machine but the reverse was the case both lower in the profile at this site and generally
on the other sandy loam soil at Morley. Similarly at this site, yields were improved by a
tracked harvester operating within an otherwise controlled traffic regime. Other
comparisons of lighter wheeled and tracked vehicles provided no consistent evidence of
one being superior to the other either in terms of soil conditions or crop yield despite
the tracked vehicles always being heavier than their wheeled counterparts.

An inherent advantage of tracks is that they lay down area in length rather than width
and therefore with a given size of implement, they impact less of the field area. As

3 Assuming subsoiling at 6-8 m centres at 5 km h™ with two tines positioned in the harvester tracks
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tracking of any nature tended to have negative consequences in terms of soil function
and crop yield, the lower the tracked area the better the outcome on a field scale.

5.7. CONCLUSIONS

Morley and Chicksands (sandy clay loam and sandy loam respectively)

In general, deep loosened and subsequently non-trafficked compared with trafficked
soil:

e always exhibited lower strength in terms of penetration resistance;

e returned higher crop yields (significant at Morley);

e had more favourable hydraulic properties.
Heavy tracked vehicles (combine harvester, 9.5 Mg per track) can increase topsoil
strength beyond that of a wheeled equivalent (7.5 Mg per wheel) but may have less
impact deeper in the profile. This contrast and PR profile was less pronounced with
lighter tracked vehicles (7 Mg per track) and even reversed on some occasions. These
differences in soil responses were almost certainly due to contrasts in track design and
axle configurations between harvesters and tractors.
On these lighter soils, increasing loads and frequency of passes generally increased soil
strength proportionally regardless of running gear (wheels or rubber tracks) but their
effects on bulk density were less consistent. Subsoiling loosened the profile significantly
but if carried out immediately, rather than several weeks after a compaction event, the
effects seemed to be more persistent (Fig. 5.12). Where tracking was applied
immediately after subsoiling, only two machine passes were needed to return the soil to
its previous or a rather worse condition in terms of strength. In all cases, non treatment-
trafficked soil retained lower soil strength both before and after subsoiling and for the
duration of the experiment. Similarly, hydraulic conductivity was improved by these
conditions as was crop performance.
Although yield differences between non-trafficked and trafficked conditions were not
always statistically significant, yields from non-trafficked soil were never less and ranged
from 5% to 16% greater than their compacted counterparts irrespective of 10 cm or
22.5 cm depth of cultivation. There was no discernable benefit from using lighter
tractors and fewer passes after the soil had been deep loosened, but subsoiling without
further traffic had a beneficial effect on yield. Where a well designed tracked vehicle
was used conventionally within a controlled traffic system, there was evidence of a yield
improvement compared with a similar system involving compaction from a wheeled
vehicle (Morley, Fig. 5.6).

Colworth (clay)

On this soil, there was some evidence to suggest that the rubber tracked tractor with a
weight of 7 Mg per track (also used to simulate a combine harvester) had not increased
strength and density to the same degree as the wheeled harvester (7.3 Mg per wheel)
or other lighter wheeled vehicles, but effects on water filled pore space were
inconsistent over time. Although the effects of subsoiling to 35 cm depth were very
evident in terms of soil conditions at 15 cm depth, such as lowering strength (by c.27%)
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and density (by c. 24%) while improving infiltration (by c. 30%) at the surface, these
benefits were not generally reflected in crop yields in a season with a dry spring and
early summer.

In contrast, the maintenance of non-trafficked soil for six years on a calcareous clay soil
delivered conditions more favourable for yield (c. 10% increase) and water infiltration (c.
60% increase) and in general, soil strength compared with trafficked conditions.

Soil which had not been trafficked for six years (without prior loosening) exhibited a
higher PR and density compared with the same soil subjected to a harvester pass
followed by deep loosening and controlled traffic. The effects of deep soil loosening
followed by controlled traffic were discernable after four years as revealed by a 29%
reduction in penetration resistance (compared with no loosening) in the 10-30 cm depth
profile. Bulk density in the top 15 cm was generally increased by traffic and decreased
by subsoiling while the reverse was the case in terms of water filled pore space.

Modelling

The fact of a tenuous negative relationship at Chicksands and Colworth between crop
yield and the product of the maximum individual wheel or track loads and the number
of passes, suggests that predicting traffic effects on yield may be possible. However, far
more data from different climates and soils would be needed to confirm this
relationship.
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CHAPTER 6

6. A study of CTF systems and their economics

6.1. INTRODUCTION

Controlled traffic farming is any system which confines field traffic to the least possible
area of permanent traffic lanes. This definition prescribes neither the tillage to be
employed nor the area of the traffic lanes, which are decided by the practitioner and the
constraints under which they are operating. However, these aspects impinge heavily on
the economics which will be determined by:

e the cost and timescale of conversion to CTF;

e the running costs of the CTF system;

e thereturn in terms of sustained crop yields.
Taking the last of these factors first, crop income will depend upon:

e yield from the non-trafficked beds;

e vyield from the cropped traffic lanes.
Work by Chamen & Audsley (1993) considered all these aspects other than the cost and
timescale for conversion to CTF (see economics section in literature review (Chapter 2)).
In their definitive study of a rotation of wheat, barley, beans and oilseed rape (OSR)
using the Silsoe Arable Farm model (Audsley, 1981), detailed account was taken of the
rates of work, timeliness of operations, energy inputs and the transmission efficiencies
of the different machinery involved, including both conventional and gantry tractors.
The 6 m tractor-based CTF system was found to be £18 ha™ less profitable than
conventional plough-based practice on medium soil, but £25 ha™ more profitable than
the same comparison on heavy soil. Gaffney & Wilson (2003) in their comprehensive
desk-top study used a steady state analysis technique to calculate long-term average
costs and returns for four different systems based on a five-year rotation in Australia.
They included some of the implementation costs and considered reductions in field
efficiency for the CTF systems as well as testing yield effects and input savings. Their
cautious estimate of the benefit of changing to CTF based on a 3 m track gauge for all
equipment was AU$32 ha™ (£19 ha™ at March 2011 prices).
Assumed in the work by Chamen & Audsley (1993) was a yield increase on non-
trafficked soil of 7% compared with traditional practice based on research up to the
early 1990s. Evidence presented in the literature review forming part of this thesis,
suggests that the greater damage caused by machines that have grown heavier over the
intervening years has driven this up to an average reduction in yield across eight crops
of around 12% compared with no traffic. Responses across crops varied however as
indicated in Fig. 6.1 with the average for wheat rising by just 1% to 8%. The relatively
larger responses from barley and oats compared with wheat reflect the fact that most of
these crops were sown in the spring rather than pre-winter. This almost certainly also
reflects that the potential for soil damage is greater in the spring when the profile is
usually drying rather than wetting. Unfortunately only one set of data is available for
OSR (Chan et al., 2006) suggesting a 34% reduction in yield caused by traffic. However,
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Chan et al. (2006) also quote from four papers reporting positive responses to deep soil
ripping before planting OSR with an average increase in yield of 18% compared with
sites without deep ripping.
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Fig. 6.1. Percent loss in crop yield of different crops grown on soil with traditional
traffic management compared with non-trafficked soil. (see Literature Review)

A further impact on yield which is less likely to be apparent from research is the fact
that most CTF systems do not employ the plough on a regular basis and maybe not at
all. In this situation, Chamen & Audsley (1993) assumed that an extra £57 ha™* (at 1993
prices) would be needed to sustain yields in terms of additional chemical weed control
measures. Nearly 20 years later and changes in machinery, chemicals and management
skills mean that this disparity is less obvious (Richards, personal communication, March
2011). This is also confirmed by data from Colworth (see section 4.2.1) which show no
consistent difference in herbicide costs between tillage or traffic but an increase in
molluscicide use (Table 6.1).

It is also very dependent upon the skills of the individual in terms of operations and their
timing. Part of this is learning how to manage non-trafficked soil optimally in terms of
tillage, weed control and crop residue management as well as the cropped traffic lanes.
Yields from cropped traffic lanes are an integral part of the economics of any CTF system
but research data are either lacking or are considered to be the traditional practice
against which non-trafficked soils are compared (e.g. Jorajuria & Draghi, 1997).
Measurements at Colworth (Chapter 4) taken after 2-4 years of controlled traffic, with
seasonal passes of a harvester and two tractor operations suggested that yields of
wheat and barley in the intermediate traffic lanes were reduced by an average of 10%
compared with traditional practice.
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Table 6.1. The average cost across fields (£ ha™) of different inputs associated with
cropping, traffic and establishment method over two seasons from 2007 at Colworth.

Traffic Establishment Crop & variety Seed Herbicide Molluscicide Field

system method work
2007/2008

Random Non-inversion WWheat, Cordiale 71 64 157
CTF No-till WWheat, Cordiale 69 67 18 103
Random Non-inversion ~WOSR, Castille 38 44 10 170
CTF No-till WOSR, Castille 44 35 33 105
Random Plough W. beans, Wizard 57 84 139
CTF No-till W. beans, Wizard 57 67 50
Random Plough S. barley, Tipple 62 23 147
Random Non-inversion  S. barley, Tipple 62 31 162
Random No-till S. barley, Tipple 62 43 71
CTF No-till S. barley, Tipple 62 42 64
2008/2009

Random Non-inversion  SOSR, Palladium 47 52 10 153
CTF No-till Exclbr/Palladium 100" 58 29 76
Random Plough S. beans, Fuego 66 51 170
Random No-till S. beans, Fuego 66 62 51
CTF No-till S. beans, Fuego 66 57 51
Random Non-inversion S. barley, Tipple 52 74 105
CTF No-till S. barley, Tipple 51 65 51
CTF No-till Wheat/barley 138’ 98 24 105

! Winter OSR Excalibur was replaced by Spring OSR (Palladium) due to slug damage
% The initial crop of wheat failed due to slug activity and was sown to barley in the spring

The cost of conversion to CTF is influenced by the timescale; the longer this is the
greater is the likelihood that the transition will follow a normal machinery replacement
policy. The only difference in the policy will be to select machine and track widths that
are compatible with the CTF system chosen. It is probable that some machinery
modifications or more costly alternatives will be required however, either in the form of
wheel centres to achieve a particular track width, or with the length of combine
harvester unloading augers, as indicated by Chamen (2005). The principal and major
cost of conversion will be for the satellite guidance system and the correction signal
needed to steer vehicles to the sub decimetre level. Two principal options exist, either a
satellite or a ground based correction, the latter referred to as Real Time Kinematic
(RTK). Although it is possible to use the satellite based correction signal for CTF, it is of
lower accuracy (100 mm) than RTK (¥20 mm) and needs a manual correction on
practically every pass across the field. Presently RTK is more expensive but its cost is
reducing year on year while availability is also increasing rapidly. In some countries it is
already being offered free and will almost certainly become the generic correction signal
in the future. Typical costs for an RTK base station that provides the correction over a
radius of around 10 km is £12,000 plus the cost of installation. The base station can
auto-steer any number of machines, each of which have their own receivers, which if
“auto-steer” ready cost around £15,000 each. Equipping vehicles with the hydraulics for
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auto-steering can cost an additional £5,000, or a motorised system can be attached to
or replace the existing steering wheel with similar associated costs.
The return on investment in guidance systems with the less accurate and time
dependent (15 minutes) repeatable positioning using a satellite based correction signal
can mostly be justified on the basis of reduced overlaps alone. Costs for this are around
£10,000 for each vehicle receiver assuming the vehicle is auto-steer ready. In addition to
this is a monthly licence fee for signal reception at around £100 month™. Typically this
provides a 3% reduction in overlap area during the application of chemicals compared
with traffic lanes created by physical markers during crop drilling. This reduction can be
supported by extensive satellite imagery, such as is available from Google Earth
(http://www.google.co.uk/intl/en uk/earth/index.html) or as indicated in the research
by Batte & Ehsani (2006). With the RTK correction, overlap savings of around 4% can be
anticipated as a result of guidance delivering pass to pass accuracy of + 20 mm with no
time dependency.
The running costs of a CTF compared with a traditional system are likely to be
influenced by:

e the depth and intensity of tillage needed to maintain or repair soil structure and

to create an appropriate seedbed;
e the relative efficiencies of the machine systems, governed largely by the rolling
resistance of the vehicles and their operational efficiency in the field;

e weed and pest control;

o fertiliser use efficiency;

e interest on capital investment.
As well as the soil conditions which influence crop yields, timeliness of sowing and other
operations have a critical influence. These are governed by the number of days available
for particular operations on different soil types, local weather and the work rate of the
operation concerned. Spraying for example can only be carried out on a fraction of the
days when ploughing is possible because it is not only influenced by the soil conditions
and local rainfall, but also the wind speed. It is immediately obvious that assessing the
economics of any field production system is complex with many influencing factors.
Most economics assessments cannot deal with this complexity and therefore only
provide partial solutions. In contrast, the Silsoe Arable Farm Model (SAFM) (Audsley,
1981) is a linear programming system that can assess the economic and technical
bounds within which a machine or system must operate if it is to be commercially
viable. It can provide a complete representation of any farming system, taking account
of energy inputs and work rates as well as the days available for different operations on
different soils under different rainfall conditions. With these data built or fed in to its
input screens, it calculates farm gross margins (FGM). These are the sum of the crop
gross margins less rotational losses, timeliness losses for drilling and harvesting, labour,
and machinery costs including fuel and repairs. This is equivalent to profit before
deduction of fixed costs such as rent, office etc.
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6.2. CONTROLLED TRAFFIC SYSTEMS

To realize any controlled traffic system requires matching of all the track gauges of the
field vehicles and machines involved as well as the implement operating widths.
Particular attention is drawn to the term “operating” in the context of implements
because with a guidance system it can be practical and cost-effective to use implements
at less than their actual width. In the Australian grains industry, it is common practice to
match all track gauges to that of the harvester and a standard of 3 m has been adopted,
this being achievable on most harvesters without modification (Tullberg et al., 2003;
Vermeulen et al., 2010). In Europe, this is less practical because it often makes the
overall width of all vehicles wider than the farm tracks or roads upon which they need
to drive (Vermeulen et al., 2010). Compromises have therefore been made and have led
to a number of different tracking systems (Chamen, 2005), which include the system
depicted in Fig. 6.2. One difficulty with this and other systems is the length of the
unloading auger of the harvester, which must reach a trailer or chaser in the adjacent
tractor track. This often requires either a longer standard auger or extension of the
longest auger available. Although this system has some constraints, it is also flexible in
that implement widths can be matched by small changes to the tracks widths of the
vehicles. A further system is one that has an implement width which is different from
the harvester cut width as well as two track gauges. For this system to work it has to
satisfy the following relationship:

Implement width = 2 x harvester track gauge, which must be one third of the

harvester cut width.

Other systems are possible because there are no “hard and fast rules” with CTF, it is
simply a matter of minimising the tracked area conducive to practicality and cost
effectiveness, the latter being dominated by the trafficked area where yields are
compromised. The following study addresses some of these issues.

6.3. AIMS AND OBJECTIVES

The aim of the research described here was to assess the relative profitability of a
traditional farming system with an element of machinery guidance using a satellite-
based correction signal and no traffic control and a CTF system using an RTK correction
signal delivered to the key machines. The objective was to achieve this basic comparison
by using data from a farm recently converted to a controlled traffic system and then test
the relative importance to farm profit of different aspects of the CTF systems, such as
yield responses, timeliness and machinery investment.
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Tractor Harvester

Fig. 6.2. A CTF system where tractors straddle adjacent passes of the harvester.
Implement width is the addition of the two track gauges — in this case 5 m (after Shaw, personal
communication, 2005)
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6.4. METHODOLOGY

The basis of the assessments was a 1400 ha farm in Nottinghamshire (Farmeco) which
had converted in 2009 from a traditional farming system of non-inversion tillage to one
using an 8 m CTF system with little or no tillage and direct seeding, as described by
Roberts (2010). In general, new prices for the machines were taken from the farm
records but where these were absent they were taken from Nix (2008) with a 9%
allowance for inflation. Where specific required sizes were not quoted, equations were
developed from the range of sizes given. Table 6.2 outlines the prices researched for the
various machines and guidance systems used by Farmeco.

With the traditional system, auto-steer was provided on the combine harvester with a
laser which detects the edge of the cut crop and steers the vehicle accordingly. For the
other three vehicles, satellite-based correction receivers were installed but licenses to
receive the signals were only purchased for three months on two of them and for 12
months on the third. These were added as variable costs. When CTF was introduced, the
correction signal changed to a Real Time Kinematic (RTK), this affording higher accuracy
and repeatable positioning. As the farm also purchased its own base station, there was
no ongoing license cost.

Table 6.3 provides an outline of the operations used to establish, tend and harvest the
crops in the two year rotation of wheat and OSR. Table 1B of Appendix B provides
details of the amount and price of chemicals applied. In the traditional system, around
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Table 6.2. Operating widths and purchase prices of the principal machinery used in the
study.

Purchase price, £

Machine or equipment Width, m Traditional CTF
Horsch Terrano cultivator 7.5 34,998
Knight Triple press 8 50,000

IS

Subsoiler + broadcaster + press 14,000 14,000

Simba Freeflo cultivator drill 54,000

6
Vaderstad Seedhawk tine drill 8 58,814
Horsch Optipak tyre press 8 24,000
Simba X-press disc cultivator 4 18,000
Wil-Rich spring tine cultivator 8 1000
Rolls 9 18,500
Self propelled sprayer 36 123,500
Trailed sprayer (x 2) 24 79,672
Combine harvester, 74 Mg h™ gross 9 275,225
Combine harvester, 64 Mg h™* gross 9 230,827
All Terrain Vehicle (ATV) 8,000 8,000
118 kW 4 wd tractor 57,706 61,633
118 kW 4 wd tractor (2nd of two in CTF system) 61,633
170 kW high speed tractor 79,470
224 kW 4 wd tractor 113,679
246 kW 4 wd tractor 124,481
300 kW rubber tracked tractor 187,400
372 kW articulated 4 wd tractor 186,348
Navigation and autosteer:
Satellite-based correction 3 machines 30,000
Signal licenses (machines/months) @ £105 month™ 2x3 & 1x12  £1.35 ha™a™
RTK correction 4 machines 61,000
Base station and repeater 13,000
Total investment 1,119,147 869,739
Capital saving with CTF 249,408

10% of the area was deep loosened each season with this being targeted on known
problem areas, such as headlands. This was generally achieved during establishment of
the OSR crop with an ageing deep cultivator in combination with a press in front of
which seed was broadcast. Phosphate and potash were all applied in liquid form with
the traditional system and as solids during drilling with the CTF system. With the CTF
system, headland compaction is confined to the outer 8 m of the headlands. This is dealt
with on about 5% of the total area annually, either while establishing OSR usinga 4 m
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Table 6.3. Sequence of machinery operations used to establish, tend and harvest
wheat and OSR at Farmeco

Traditional system before conversion to CTF After conversion to CTF
Machinery Width, m  Machinery Width , m
Wheat
Tine + disc cultivator + triple press 7.5 Desiccate weeds 24
Cultivator drill 6 Disc cultivator (on some 4
Rolls 9 headlands) 8
SP sprayer 36 Tine drill + press 24
Combine harvester (74 Mg h™ gross) 9 Trailed sprayer 8
Combine harvester (64 Mg h™
gross)
OSR
Tine + disc cultivator + broadcast + press 7.5 Tine drill + tyre press 8
Rolls 9 Subsoiler + broadcast + press 4
Subsoiler + broadcast + press 4 Trailed sprayer 24
SP sprayer 36 Combine harvester (64 Mg h™ gross 8
Combine harvester (74 Mg h™ gross in 9 in wheat)
wheat)

subsoiler fitted with a seed broadcaster followed by a press. With shallower
compaction, a separate pass with a disc cultivator is used in front of the wheat drill.

The inputs required for the different soil engaging operations were based on the same
concepts as those described by Chamen & Audsley (1993) with some revision to account
for change in equipment and practices. For example, the spraying operation in this study
used a self-propelled machine and faster road travel speeds and refill times. Water
guantities have also diminished since the early 1990s from around 200 litres per hectare
to 150. Unlike the analysis in 1993 where machine numbers were estimated, the
number of machines in this study was known from the farm data and it was necessary
therefore to align work rates and time available to match the numbers actually on the
farm. It was also necessary to calculate forward speeds and power requirements to
allow for differences in soil conditions. The literature review suggested that for tillage
operations to around 100 mm depth, the draught on non-trafficked soil would be
around 37% less (average from Table 2.8), as compared to trafficked soil. In terms of the
CTF operations involved in this study, the figure related principally to the tine drill but
because around 25% of the area is trafficked (Fig. 6.2), the actual reduction in draught
experienced would be around 28% (0.75 x 0.37), not allowing for any additional draught
associated with the compacted wheel tracks. A conservative estimate of 25% was
therefore assumed. As the formula used by the model to calculate the work rate for
drilling incorporates factors associated with hopper size, time to refill, maintenance,
field size and distance from the farmstead, the only way a reduction in draught can be
allowed for is to increase the engine power of the pulling tractor. To translate the
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Fig. 6.2. Scaled illustration of the type of controlled traffic system adopted by
Farmeco. The tracked area of the system is around 25%, of which the wider track of
the harvester contributes 10%.

reduction in draught to engine power, an allowance has to be made for transmission
efficiency, rolling resistance and wheel slip. Data from Chamen & Audsley (1993) suggest
a transmission efficiency of 0.88 for mechanical transmissions and a tractive efficiency
of 0.715 for four-wheel drive tractors, although the latter maybe somewhat better on
permanent traffic lanes, so a figure of 0.8 was assumed. An overall figure for power
amplification at the tractor may therefore be calculated as 0.25 x 0.88 x 0.8 = 0.176. This
was tested as a separate scenario for the tine drill in the CTF system. It was also the case
that the drill used in the traditional system had a high element of cultivation built into it
and an associated high draught requirement. To account for this, it was assumed that
the lower engine power of the tractor used in the CTF system could achieve a similar
work rate to the traditional system, as indicated in Tables 2A & 3A of the Appendix.

The work rates for harvesting overall were calculated on the basis of 70% of the gross
output of the combine in wheat (Chamen & Audsley, 1993), with the work rate in OSR
being slower and calculated as 4.05 y T where y is the yield in Mg ha™ and T the
combine gross output in Mg h™.

The following provides an overview of the initial assumptions for running the model.
1400 ha farm on a clay soil with a two year rotation of OSR and winter wheat with prices
estimated for 2011;

1. Traditional system. 74 Mg h™ gross output combine steered with a LASER
system, three auto-steer satellite based correction receivers. Crop establishment
with a tine cultivator and press and a cultivator drill followed by rolls. 10% of the
area subsoiled each season.
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2. CTF system. 64 Mg ht gross output harvester, four auto-steer RTK correction
receivers together with an RTK base station and one repeater. Crop
establishment by direct drilling with 5% of the area being subsoiled each season.

6.5. RESULTS AND DISCUSSION

Table 6.4 shows results for the initial or baseline assumptions which were summarised
above. Table 6.5 provides a comparison between data from Nix for a traditional crop
production system and the results for the traditional system in this study.

Table 6.4. Costs and profitability for the two farm scenarios with initial assumptions
for the CTF system

Farm Regular Fixed costs, Crop gross margins, £ FGM, £ ha™
system employees, £ ha'(machinery ha*
no. only)
Traditional 2.3 178.06 1289.60 (wheat) 968.30
1230.30 (OSR)
CTF 2.2 137.72 1283.90 (wheat) 1042.70

1228.00 (OSR)

Table 6.5. Comparison of crop yields, prices and crop gross margins for traditional
systems quoted by Nix (2008) and those assumed and calculated in this study.

Source Crop yields, t ha' Crop prices, £ t? Crop gross margins, £ ha™
Wheat' OSR  Wheat® OSR Wheat' OSR

Nix, 2008 9.75 425 135 300 805 810

This study 10.2 4.1 140 300 1290 1230

! Feed wheat

From this it can be seen that the variable costs associated with the crop gross margins
calculated in this study were appreciably lower. They were therefore checked against
current good commercial practice (Richards, personal communication, March 2011) and
found to be in line, as indicated in Table 1B of Appendix B. The only difference between
inputs for the traditional and the CTF system is an assumed greater cost for molluscide
based on experience from some farms operating with CTF and no-till (Table 1B,
Appendix B).

The improved profitability shown in Table 6.4 with the CTF system was accompanied by
a £249,408 lower capital investment in machinery, representing a 22% saving compared
with the farm’s previous traditional practice. This compares with a 69% saving predicted
by McPhee et al. (1995b) although this was with irrigated double cropping in semi-arid
conditions with a more complex traditional system. The number of machines selected
by the model and their associated costs are shown in Table 6.6.
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Table 6.6. Numbers of machines and their associated annual costs predicted by the
model for the traditional and controlled traffic systems

Traditional farming system Controlled traffic system
Description Number Annual cost, £ unit™ Total cost, £ Number Annual cost, £unit? Total cost, £
Regular labour 2.3 14,700 33,810 2.2 14,700 32,340
Tractors, 110 kW 1.5 14,819 22,229
Tractors, 118 kW 1.2 15,828 18,994
Tractors, 224 kW 0.3 29,193 8,758
Tractors, 246 kW 1 31,967 31,967
Rubber track tractor, 300 kW 1.1 48,150 52,965
Artic. tractor, 372 kW 0.6 47,854 28,712
Hi speed tractor, 171 kW 0.8 20,408 16,326
Auto-steer - satellite correction 2.1 7,704 16,178
Auto-steer - RTK correction 1.6 19,003 30,405
Horsch Terrano cultivator 0.6 4,585 2,751
Triple press 0.6 12,840 7,704
Simba Freeflo drill 1.1 13,867 15,254
Subsoiler + press 0.2 3,595 719
Rolls 0.8 4,751 3,801
Vaderstad Seedhawk drill 1 15,102 15,102
Horsch Optipak tyre press 1 6,163 6,163
Simba X-press disc cultivator 0.1 4,622 462
Slug pelleter 0.9 524 472 0.4 727 291
All terrain vehicle (ATV) 0.9 2,054 1,849 0.4 2,054 822
Self propelled sprayer 0.7 20,892 14,624
Trailed sprayer 0.7 6,739 4,717
Claas 580 tracked combine 0.7 59,276 41,493
Claas 600 tracked combine 0.8 43,807 35,046

Total farm costs 252,439 191,513

One of the differences between the traditional system and the new controlled traffic
operation is that the latter has a smaller throughput harvester. If the larger harvester is
substituted, farm profit is increased by £9.60 ha™ (Table 6.7), reflecting the interactive
effect that the harvest workrate has on the time available and timeliness of subsequent
operations. However, it will be noticed from Table 6.2 that the operating width of the
combine harvester is 8 m, rather than the 9 m offered by its cutting platform. This is the
constraint of the controlled traffic system on the harvester, but is compensated by
increasing forward speed. Having a larger capacity harvester may therefore not actually
be more profitable in this context because the additional forward speed needed to
maintain throughput may not be practical or achievable. A further sensitivity test
applied was the potential for a reduction in draught on the tine drill due to CTF. As
mentioned in the methodology, this was investigated by assuming an extra 17.6% of
engine power available at the same tractor cost. Results suggested an increase in profit
of £7.50 ha™ for the CTF system over and above the baseline figure of £74 ha™ (Table
6.7)

Because the results suggest a 7.7% increase in profit for the controlled traffic system,
investigating the effects of a crop yield increase due to CTF would just add an
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Table 6.7. Summary of baseline results together with sensitivity and other
assessments which either add or subtract to the baseline results

Farming Sensitivity test Farm profit, £ ha™

system Traditional CTF

Traditional Baseline 968.30

Controlled Baseline 1042.70

traffic 74 t h'! harvester compared with 64 t ht +9.60
Lower drill draught (extra engine power) -7.50
4% & 9.5% vyield increases for wheat & OSR +87.00
respectively +3.13
Greater accuracy with RTK -6.90

Traditional 6% timeliness penalty for wheat, Oct 8" = Oct 215  -8.10
6% timeliness penalty for wheat, Oct 8" — Oct 21%

equivalent percentage in profit. The predicted net increase in field yield based on an 8%
increase for wheat in the non-trafficked beds and a 10% reduction in the cropped wheel
tracks, is shown in Table 6.8. This 4% increase in yield for wheat would add £57 ha™ to
the return from the wheat area. Yield data for OSR are less certain but results from
Spink et al. (2009) and Hamilton et al. (2003) suggest that an increase of 15% would not
be unreasonable.

Table 6.8. Example of calculation matrix to determine net field yields of wheat from
the tracked area of any particular controlled traffic system.

Non trafficked yield increase cf. conventional random traffic, % 8
Yield reduction in wheel tracks cf conventional traffic, % 10
Tracked area Tracked area Extra area
Tramline Tracked width  of tramlines, of CTF system, tracked by CTF  Netyield
spacing, m of tramlines, m % % system, % increase, %
" 24 0.8 3.3 255 22.2 4.0

Using the same calculator, the net field yield response for this controlled traffic system
growing OSR would be 9.5%, adding around £117 ha™ return for this crop and an overall
17% increase in profit to the farming business. Without any yield benefits the extra
£75.40 ha™ profit from the CTF system still provides a reasonable buffer for any
additional chemical costs that may be associated with non-inversion techniques. This
increase in profit is less than that predicted by Bowman (2008) but his study, also based
on actual farm enterprises, considered the additional cropping that CTF could bring in
the predominantly dry climate of Australia. His calculations suggested a 17% return on
capital investment but that is less easily calculated in this study because second hand
prices of the traditional equipment are unknown. A shortcoming of this study is that two
parallel farms have been assumed with all new equipment on each.
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Based on the gross costs for controlled traffic equipment, the return on investment is
around 14% with a payback period of 7 years. The benefit is also less than that predicted
by Mason et al. (1995) in their desk top study based on a farm property in Australia
growing wheat, maize, soybeans and sorghum. They questioned whether an increase in
profit of £102 ha™ at 1995 prices was sufficient to compensate landholders for the
increased complexity of CTF and direct drilling. This is in complete contrast to the view
of the Farmeco landholders who clearly identify the simplicity that CTF brings to their
farming operations (Roberts, 2010). A further test of interest is to consider the effect of
a reduction in crop prices, which in 2011 are high compared with historical prices.
Reducing both crop prices by 30% nearly halved the profit but maintained the monetary
difference between the systems at an almost identical level of £73 ha™*. However, in
terms of profitability, the CTF system was now nearly 13% more profitable than
conventional practice rather than the baseline value of 7.7%.

Looking in more detail at the results there appears to be some spare capacity in the CTF
machinery, but this does not include the drill or the tractor pulling it, which are both
fully utilised, as indicated in Table 6.6. The time period for drilling could be extended but
with an end date already well into October, timeliness penalties are likely to become a
significant factor. Spink et al. (2000) assessed the effect on winter wheat yield of time of
sowing over two seasons with six different varieties. They found that wheat yield was
reduced by an average of 0.65 t ha™* (6%) if time of sowing was delayed from the end of
October until the middle of November. In the baseline results no timeliness penalties for
the sowing of wheat were included for either system, but if a 6% yield penalty is applied
to wheat sown between October 8 and October 21 (the latest period presently allowed
by the model), profit was reduced by £8.10 ha™ for the traditional system and by £6.90
for the CTF system, with no change in machinery complement for either system. If this
penalty is increased to 5%, profit drops by £6.80 ha™ with no change in machinery. This
suggests that the traditional system is slightly more sensitive to time constraints, as may
be expected from the additional operations involved. In terms of the spare capacity for
the trailed sprayer, the additional machine purchase was planned by Farmeco largely for
contracting operations.

Mention was also made in the introduction of the potential for the more accurate
guidance offered by the RTK correction to deliver a 1% reduction in chemical costs
compared with the satellite based correction used within the traditional operations.
Referring to Table 1B (Appendix B), this saving would add £3.13 ha™ to the profit for the
CTF system. These and all the other sensitivity tests are summarised in Table 6.7.

A crucial argument missing from the discussion so far is that these lower inputs and
running costs could just as well be achieved within a random traffic scenario, in essence
a conventional no-till system. Some additional costs would be incurred in terms of the
greater draught requirement of the drill but these are unlikely to offset the extra profit
indicated. The main question therefore is about any yield penalty associated with a
randomly trafficked no-till system. The farm manager at Farmeco stressed that on his
land he would not contemplate changing to no-till without traffic control. Certainly the
limited literature would tend to support this view with an average reduction for OSR
and wheat in the range 4-10% when converting to no-till within a conventional traffic
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system. To calculate the effect of this with the mathematical model would need some
further interaction with the farmer to determine the machinery needed. At best it
would be a reduction equivalent to an average yield loss of 7%, equating to
approximately £95 ha™ across the whole farm. Often, those practising direct drilling
techniques will employ rotational deep loosening of the soil to counteract the build up
of compaction, but this is by no means a universal practice. According to Nix (2008),
deep loosening costs around £53 ha™ and if employed on one third of the Farmeco farm
each year, would cost an additional £17.80 ha™ and increase the profit differential
between the systems by 9.9% bringing it to 17.6% in favour of the CTF system.

6.6. CONCLUSIONS

Data from a 1400 ha commercial farm that converted to a CTF system in 2009, suggests
that the capital investment in the machinery needed for growing OSR and wheat on a
clay soil is reduced by 22%. Similarly, the controlled traffic system increased net
operating profit (excluding buildings and land costs) by around 8% (£74.40 ha™), without
taking into consideration any increase in yield. With an increase in yield of 4% for wheat
and 9.5% for OSR estimated from research data, net operating profit would increase by
around 17% overall. Included in the conversion to controlled traffic was a change to
direct drilling of both crops over most of the area. Although there are relatively few data
regarding lower yields under trafficked no-till compared with conventional tillage, a
predicted average 7% reduction would have compromised Farmeco income by around
£95 ha if they had not also changed to CTF. Soil deep loosening might counter this
problem but would, if carried out on a rotational basis on one third of the area, cost £53
ha™. Without any yield improvement, this would increase the profit in favour of the CTF
to nearly 18%.

Throughput of the combine harvesters used in the systems had a measurable impact on
profitability. If the larger harvester used by the traditional system were also used with
the CTF system rather than the smaller capacity machine, an additional £9.60 ha™ would
raise overall profit by 1%. The model suggested that the CTF system was over stocked in
terms of some of the machinery, particularly the trailed sprayer and intermediate sized
tractor, the latter combination being used for contracting, the income from which was
not considered.
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CHAPTER 7

7. Discussion

A number of things have become obvious over the six years of this study, most of which
have become apparent in the last twelve months! Maybe there’s something about the
blindingly obvious that hides it from the human psyche until such time as we are in the
right frame of mind to accept it! This frame of mind was initiated when someone asked,
“does controlled traffic work?” The question should actually have been, “is it possible to
achieve controlled traffic in a practical and cost effective manner” because there is
absolutely no reason why the soil management part of it should not work. If we can’t
improve crop output and soil function by removing traffic, it’s not that removing traffic
is wrong, it’s because we haven’t learnt how to manage soil that is now not
uncontrollably changed by field vehicles. And that is where this debate cross references
with my main hypothesis about avoiding vehicle compaction and improvement of soil
structure. In fact, should that part of the main hypothesis have been posed as a
guestion rather than a statement, for example, “if we avoid impacting soils with field
vehicles, do we have enough knowledge to allow us to manage soils in a way that will
improve and maintain their structure (and function) while enhancing crop yields?” The
answer is probably that we don’t because we haven’t had the freedom to investigate
this while wheels or tracks have been running randomly over the soil.

The literature review revealed the immense resilience of soils to keep working and
growing crops in the most adverse conditions, probably as a result of their biological
evolutionary component to survive along with the crops that are grown in them. To
some extent the unconscious reaction by growers adopting controlled traffic has been
to act on the old adage “if it’s not bust, don’t fix it”. Most have turned to no-till, largely
because it’s cheaper, but also because they can also be more confident that they
haven’t “broken” the soil. Most have said that they would never dream of changing to
no-till without also controlling where their traffic runs. In this way they “liberate”
perhaps more than 80% of their soils from annual damage, but they also know exactly
where the compaction is, should they need to manage it in some way. And this raises
another of the main topics — the installation and maintenance of the permanent traffic
lanes. These are the main infrastructure of any controlled traffic system and my
assumption was that we should minimize their area and leave them well alone, other
than ensuring they don’t get too deeply rutted. My view on this has also changed,
prompted not only by the research conducted as part of the thesis but also by the
practical approach of growers and their innovative ideas.

The discussion is divided into four main topics, namely:
1. The effect of field traffic on soil structure and workability

2. The management of permanent traffic lanes
3. The economics of conversion to and maintenance of controlled traffic systems
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4. Practical challenges associated with CTF

7.1. THE EFFECT OF FIELD TRAFFIC ON SOIL STRUCTURE AND WORKABILITY

Any debate on this subject must first ask the question, “what is soil structure?” Dexter
(1988) describes a good soil structure as one that “exhibits a high degree of
heterogeneity between the different components or properties of soil”, but this says
nothing about its function or the effect it has on the growth of crops, both of which are
the main reason for conducting research into soils. But, does this good soil structure
always deliver positively to both these aspects simultaneously? In crop growth terms
Boone & Veen (1994) state that “crop growth is less than potential when the uptake of
water, oxygen or nutrients is less than the demand of the crop”. Further, two of the
reasons for constrained potential are a limited supply from the soil to the roots and
limited activity of the root system, both of which are governed at least in part by soil
structure. In terms of the soil’s hydraulic properties, there are two specific demands on
this, which may or may not be mutually compatible. First is an adequate supply of water
to the crop and second is dealing efficiently with an excess of rainfall, and soil structure
impacts not only infiltration and drainage but also on temporal effects such as nitrous
oxide emissions and methane fluxes.

The critical question therefore is does uncontrolled vehicle compaction always
compromise these requirements? The body of evidence from both the literature review
and from field observations and measurements would suggest that it does and the
reverse would therefore seem to deliver positively to sub hypothesis (c) namely “Most
soils maintain a healthy structure in the absence of traffic and the intense tillage
associated with it”. The underlying thread contained in the literature is that soil is like
any other material and behaves largely according to well established physical laws —
there is no “muck and magic”, only our inability to understand the complex relationships
that exist in natural systems that are impacted by the unpredictable activities of soil
fauna and weather patterns. In simple terms, the weaker the soil and the heavier the
load, the greater is the likelihood that the strength and bulk density will increase as a
result of applied loads whose impact will depend upon the pressure exerted and its
dynamics. A particular soil’s resistance to these loads will depend upon its moisture
status (wetter = weaker), organic matter content, initial bulk density and history. Its
history may for example mean that its pre-consolidation stress (geological compaction)
is already high at some depth in the profile and/or its resistance to deformation has
been increased by high levels of organic matter that through structure generation have
created a stronger architecture (Russell, 1988). The literature also confirmed tyre effects
on the soil that can be approximated by the statement that the pressure at the soil
surface (which is proportional to the tyre inflation pressure) reduces to half its value at a
depth equivalent to the width of the tyre (Tijink, 1994). This explains the fact that higher
loads reach deeper into the profile even if they impose the same pressure at the
surface. This approximation is less valid in terms of tracked vehicles which impose loads
in a very different manner from tyres and these are discussed below in relation to sub
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hypothesis (g) (“The damage done by grain harvesters running outside controlled traffic
lanes can be minimised by fitting them with rubber tracks or with targeted soil
loosening”).

The work on soil compaction reported in Chapter 3 was conducted on an Evesham
Series calcareous clay. This seems to have been particularly responsive to wheel
compaction, with significant increases in strength even from relatively light loads at the
surface. Also characteristic of this soil was surface weathering that left a fine crumb
structure on the surface, particularly following wetting and drying periods. This
condition was less evident when controlled traffic was established on the Hanslope clay
soil at Colworth (Chapter 4) without initial loosening. Although a better structure
developed with time, both at the surface and lower in the profile, a fine crumb at the
surface was often less evident, as recorded in Tables 4.6-4.8 in Chapter 4, four years
after controlled traffic had been established. The question however was, “do soils
maintain a healthy structure in the absence of traffic?” The fact that these vertisols have
improved with time would suggest that they do, and the literature evidence from sands
and silts would suggest this also to be the case providing their structure has been
improved by deep loosening prior to CTF adoption. There is indicative if not scientifically
proven evidence from the work reported in Chapter 4 that even on these soils, long
periods without traffic does lead to improved conditions.

7.1.1. Soil bulk density and cone penetration resistance

In general the effect of imposing wheel loads on different soils was predictable,
providing account was taken of initial soil conditions such as moisture and organic
matter content and bulk density and the loads and pressures applied. As figures 2.3-2.5
attest, knowing only the wheel loads is far from adequate in being able to predict the
outcome in terms of changes in bulk density and penetration resistance. However,
practically all the research identified increases in soil bulk density and penetration
resistance with traffic at a given site and on a given soil. The extent of these increases
varied widely because loads, soils, number of passes and soil conditions also varied.
Wheeling in dry conditions tended to have less effect but not universally so (Yavuscan,
2000; Trautner and Arvidsson, 2003). Evidence in Chapter 5 also suggested this, with soil
strength on a relatively dry clay soil (c. 26% w w™) increasing with all wheel loads, albeit
on a soil that had been non-trafficked for five years. It’s also not so much a case of did
wheel loads cause compaction but did the loads applied move the soil condition from
one that was optimum to one that was not? Increased levels of organic matter in the
topsoil help to reduce a soil’s susceptibility to compaction (Diaz-Zorita & Grosso, 2000)
and confirm the logic of adopting practices that minimise its loss.

The literature and research conducted here suggest that most soils can maintain a
healthy structure in the absence of traffic, (for example the work of Carter et al. (1991)
and Meek et al. (1988, 1989)). Campbell et al. (1986) working in the opposite extreme of
climate also found that no-till could be practised in the absence of traffic but not where
it was present. Bulk density, penetration resistance and shear strength were all lower
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under zero traffic. Raper et al. (1994) on the other hand, suggested that “in row”
subsoiling could be just as effective as traffic avoidance in maintaining ideal soil
conditions, but this obviously has an energy and cost penalty and could only be
maintained from season to season with some form of traffic management in between.

Lighter machines and lower pressures did not seem to avoid soil degradation in terms of
raised bulk density and penetration resistance which built up with repeated passes
(Jorajuria et al., 1997; Zhang et al., 2006; Canarache et al., 1984; Campbell et al., 1986;
Voorhees et al., 1986). One could argue that this progressive build up of compaction
could be countered by deep loosening on a regular basis, but as has been highlighted,
this is costly and can make the soil more vulnerable to compaction and often to greater
depths in the profile (Schafer-Landefeld et al., 2004; Marks & Soane, 1987; Soane et al.,
1987 and results in Chapter 5).

The repeated pass response raises the question, what are the mechanisms involved that
are different from the load related effect? It can perhaps be likened to knocking a post
into the ground; the energy imparted by each blow is not different, but the post
continues deeper into the profile at increasingly smaller increments. It is for this reason
that it may take six passes for effects to be noticeable (e.g. Hassan et al., 2007). This
effect also has implications as far as rubber belted tracks are concerned. Tijink (1994)
considers the first conception of a track as “a portable railway that is laid down in ...
front of the vehicle” and that is “travelled over and picked up again”. Loads are
transmitted to the ground through a number of “roadwheels” which in effect run over
the portable track and impart peaks of load that vary with track tension and roadwheel
width and number, as indicated in Fig. 7.1.
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Fig. 7.1. Vertical force distribution under two types of rigid tracks with the same load
and drawbar pull on loose sand (after Tijink, 1994)

There may therefore be a trade-off between average ground contact pressure and
number of loadings but even ground pressure is uncertain. Tijink (1994) quoting from
Rowland (1972) suggests that rather than the average pressure as normally calculated
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from load and track contact area, use should be made of the mean maximum pressure,
defined as the mean value of the maxima occurring under all the roadwheels.
Undoubtedly, the issue is complex but this overview confirms the importance of track
design and its implications in delivering positively or negatively to hypothesis (g).
Persistence of soil compaction, particularly deeper in the profile was also evident,
(Voorhees et al., 1986; Radford et al., 2003) but some argued that bulk density and
penetration resistance were not the ideal means of measuring it. They preferred an
extensive description of soil structure and this limitation was borne out in results from
the research conducted in Chapter 5.

7.1.2. Greenhouse gases

Although the number of papers dealing very specifically with the effect of soil
compaction on nitrous oxide (N,O) emissions are limited (Sitaula et al., 2000; Ball et al.,
1999a, 1999b, 2008; Vermeulen & Mosquera, 2009) all identified poor aeration as the
underlying cause of increased emissions from compacted soils. There is also a wealth of
circumstantial evidence to link increased emissions of this damaging greenhouse gas
with soil compaction (Rochette, 2008; Ball et al., 2008) and this tends to be exacerbated
in no-till systems (Rochette, 2008). Six et al. (2004) in their review also recognised the
need to improve nitrogen management in no-till systems. In the short term, no-till
compared with conventional tillage increased the global warming potential (GWP) and
this was only mitigated after ten or more years in humid climates and uncertainly in dry
climates after twenty years. It is logical therefore to consider that CTF might, through
increased soil porosity, bring some mitigation particularly as nitrous oxide emissions are
increasingly recognised as a global problem associated with poor soil structure (The
Royal Society, 2011).

7.1.3. Soil workability

The term “workability” has been used in this context because it embraces a number of
characteristics of soils. In part it is related to strength and the relative ease of cultivation
(the breaking out of aggregates from the main body of the soil) but it also encompasses
“tilth”, the result of cultivation. Much of the work described in the published papers on
the Evesham Series clay in Chapter 3 demonstrated an improvement in tilth, as well as a
reduction in tillage implement draught on non-trafficked soil. Similar data were
measured elsewhere (Lamers et al., 1986; Dickson & Ritchie, 1996; Dickson & Campbell,
1990; Tullberg et al., 2003). This reduction in energy requirement has been reflected on
commercial farms adopting controlled traffic systems. Unfortunately it is not easy to
demonstrate a reduction in energy for directly comparable operations because farmers
have taken the next logical step by either reducing the depth or intensity of tillage or
avoiding tillage altogether. They have however claimed a 50% reduction in fuel use on
their farms as a combined effect of converting to CTF and no-till (Barnes, Challen,
Manfield, personal communications, 2010). With these reductions in energy being
imparted to the soil there are also savings in wearing parts, primarily in terms of those
components in direct soil contact. None of the research quantified savings of this nature
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but it can be seen clearly as greater wear on soil engaging components that work
directly behind the wheels or tracks of the vehicles pulling implements.

Although there was great consistency in demonstrating a reduction in draught and
energy savings when vehicle compaction was avoided, there were instances in the
literature where this did not occur, despite being in directly comparable conditions. This
can happen when traffic treatments occur in dry conditions one season and these more
favourable conditions are carried forward to the next season, thus reducing the
contrasts between trafficked and non-trafficked soil. This was not universally the case
however and in some instances no plausible explanation can be offered.

7.1.4. Pore space, water holding capacity and drainage

As discussed in the previous section the outcomes of running wheels or tracks over
different soil types in different conditions is almost entirely predictable and this is also
the case in terms of hydraulics. However with hydraulics there is a conflict between the
laws of gravity and capillary attraction, the former always tending to pull water down in
the profile, the latter pulling water in many different directions including upwards.
These conflicting forces raise the question posed in the main hypothesis “what is
improved soil structure”? The reality is that we probably only have a perception of what
this is and no clearly defined and quantifiable ideal for any particular soil type, crop and
weather conditions. However, avoiding uncontrolled soil compaction provides the
opportunity to create an ideal once we know what that is. If achieving non-trafficked soil
is indeed practical and cost effective (part of the overarching hypothesis) with existing
machinery, the challenge is to improve on this machinery and more importantly, to
research what optimum soil structure should be targeted in the field. This optimum will
be one that delivers water and nutrients efficiently to the crop (and this includes
allowing the roots to proliferate unhindered) while dealing effectively with excess
rainfall.

7.2. THE MANAGEMENT OF PERMANENT TRAFFIC LANES

Two interacting and key issues arise as far as the traffic lanes are concerned. First they
must be strong enough to support the traffic imposed on them (and the intensity of this
varies according to whether it is an “intermediate” or a “tramline”) and develop the
traction required and secondly, they should support as great a crop yield as possible.
These two things are mutually incompatible and are the main reasons that separate
traffic and crop zones are proposed. However, with the present design of vehicles used
in the field, most farmers find it difficult to achieve tracked areas of less than 20%. If
crop were not grown in the intermediate wheel tracks not only would there be a greater
loss in yield, there may also be more extensive weed problems (less crop competition)
and also greater potential for erosion. Evidence from the literature and from the
research and observation reported in Chapter 4 suggests that undisturbed traffic lanes
do provide a reliable means of field access. However, the question must be asked,
should the intermediates be loosened during crop drilling to improve crop performance
(Fig. 7.2) and if so, to what depth? The field studies at Colworth revealed lower tiller
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numbers in the traffic lanes reflecting observed poorer crop establishment. Anecdotal
evidence suggests that crop establishment can be improved if they are lightly cultivated
(Manfield, personal communication, 2010), but to what extent will this loosening
compromise traffickability nine months later for example, during harvesting operations?
The practicality and costs of this alternative approach need to be investigated and the
conclusion of Lamers et al. (1986) that compaction under permanent traffic lanes can
extend up to 25 cm laterally should be borne in mind, even if the main effects are
directly below the traffic lane.

Fig. 7.2. Retarded crop growth in an intermediate traffic lane when cropped with
spring barley on a Hanslope clay soil

7.3. YIELD RESPONSES TO SOIL COMPACTION

There was a consistent trend both from the field trials and from the literature towards
lower yields where vehicle compaction of any nature had been applied to soils,
particularly when these were wet. Responses when wet can often be extreme with
reductions ranging from 20-80%. This is logical and not surprising because soils are
particularly vulnerable when moist and undergo more extreme change, mostly in terms
of loss of porosity and aeration. Lack of aeration seems to be the main reason for poor
root growth which is reported as a primary cause of poor crop performance; to some
extent this was illustrated from the work at Colworth on oilseed rape rooting (Chapter
4). Although negative yield responses to vehicle compaction do not occur every year
compared with conventional practice, research has firmly established that the risk is
always present. Farming is a high risk occupation so the reliability and economics of
avoiding this risk are the reasons for a number of the other hypotheses being addressed
in this thesis.
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The variation in yield response to vehicle compaction is almost certainly associated with
local and seasonal conditions but also with the experimental design and methodologies.
In the literature it was often difficult to know what the comparison between trafficked
and non-trafficked soils actually was. In many instances it was between systems that do
or don’t traffic the soil after mouldboard ploughing and this operation is rarely
described — for example whether the tractor was in the furrow, what tyres and inflation
pressures were used and what the working width of the plough was. These aspects are
crucial, especially when dealing with crops such as potatoes and sugar beet. To try and
smooth out these variable affects, data from the many references consulted were
entered into a spreadsheet and provided an overview as shown in Figs 7.3a & 7.3b.
Surprisingly, these suggest that those crops often considered more sensitive to
compaction such as potatoes and peas, do not lose as much yield as forage crops and
oats for example. To some extent this can be understood with potatoes because soil is
ridged up around them and is not run over subsequently. With sugar beet, caution must
be exercised because because some of the trials took no account of subsoil compaction,
which even if present, was not remedied. Results were also logical for forage crops
because traffic is cumulative and there are often long periods between loosening
cultivations.

There seems to be a good case for developing “designer” soil profiles for different crops,
soils and climatic regions. Creating a favourable pore size distribution, inter-connectivity
and size range for example. Could non-trafficked soil be managed more precisely to
ensure adequate drainage and aeration when required while allowing enough capillary
attraction to supply water from deep in the profile to roots that have not been
prevented from reaching sufficiently deep? This might be achieved in the absence of
random field trafficking and was indeed suggested by Beylich et al. (2010).

In terms of no-till, yield responses were very variable but there was a consensus
suggesting yield depression in the first few years after conversion, with yields gradually
rising in the following years to traditional levels. The key question is can this yield
depression with no-till be avoided if CTF is adopted simultaneously? Such evidence as
there is would suggest that it can.

7.5. ECONOMICS OF CONVERSION TO AND MAINTENANCE OF A CTF SYSTEM

The economics of conversion to CTF are dominated by the timescale and the investment
needed in guidance and auto-steer technology. Leaving the guidance technology aside,
the cost of conversion to CTF tends to zero with time. This is because the changes
required can often be accommodated within normal machinery replacement. Those
things that may not be covered are extension of the unloading auger on a combine
harvester for example and any standardisation of the track widths of the machinery
involved. Modelling this aspect of conversion is fraught with difficulty because every
farm is different and timescales for conversion differ dramatically, and for this reason
was not attempted in Chapter 6. This difference in timescale is evidenced by farmers in
the UK, some of whom have converted to CTF in 18 months while others have taken five
or more years.
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Fig. 7.3a. Reduction in yields (%) of combinable crops grown with varying degrees of
controlled traffic compared with crops grown with varying amounts of soil
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Fig. 7.3b. Reduction in yields (%) of a further range of crops grown with varying
degrees of controlled traffic compared with crops grown with varying amounts of soil
compaction.

Investment in the guidance technology (approximately £30,000 for 3 machines with a
satellite based correction or £75,000 for 4 machines with an RTK correction) will bring
benefits other than those directly associated with CTF. These are mostly in the form of
reduced overlaps and their associated savings and both investment levels can bring
these benefits. However, CTF is considerably easier with the RTK correction and will
always be recommended because the alternative (satellite-based correction) requires a
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permanent mark on the ground for practically every pass across the field. Calculations
must therefore take these differences into account but most of the research reviewed
on this aspect came from Australia, where the RTK correction is almost exclusively used
in a CTF context. Increases in profit from conversion to CTF ranged from around 70% to
well over 100% with associated returns on investment of anything between close to
zero and 17%. In Europe, other than the economics study in Chapter 6, only one paper
was found and this reported a 5% loss on medium soil to a 12% gain in profit on heavy
land, suggesting that conversion was more difficult to justify.

Only the paper by Vermeulen & Mosquera (2009) mentioned the economics of
conversion to controlled traffic for vegetable growers and this was for a seasonal
system, i.e. the CTF system did not include harvesting or the ploughing required for soil
remediation. The lack of data for vegetables reflects complex systems where conversion
could be over very many years and involve a wide range of machinery. Only one
vegetable grower in the UK is known to be converting to CTF and after around 5 years
still needs further investment to integrate their harvesting operations.

In terms of the study undertaken as part of this thesis, results again showed the
importance of crop yield in determination of profit levels, particularly when prices are
high as they are in 2011. If crop prices dropped by 30% results suggested that the CTF
system increased its profitability by just over 5% from 7% to 13% compared with the
traditional system. Although differences in profit were modest, return on investment in
machinery and guidance systems with CTF was around 12%.

7.6. PRACTICAL CHALLENGES ASSOCIATED WITH CTF

One of the greatest challenges to achieving practical CTF systems is overcoming a well
established mindset which never perceived that vehicles could be auto-steered to
precisely the same traffic lane year in year out. It is only when the need to do this is
accepted more widely that appropriate systems will be engineered. And they can be
engineered, as the present mechanisation of agriculture attests with innovative,
sophisticated and high output machines covering every aspect of crop production.
Equally, these massively heavy vehicles traverse the soil with little regard for the
relatively fragile medium upon which they run. The research has shown that this may
not be an acceptable practice in the future but as running them in the same place
permanently is now possible and proving to be a practical and cost effective option,
doing so would seem to be prudent.
CTF systems are presently constrained only by the machinery designs and investment
needed to make them a reality. In a global context however there are a number of
remaining constraints to such systems that include:
e matching of machinery wheel track widths that minimise the area of land lost to
traffic lanes, particularly for narrower gauge systems;
e no operations can be conducted at a width narrower than the basic implement
gauge,;
e headland turns tend to track additional areas;
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e poor machinery standardisation.
Although only mentioned briefly in the introduction to the thesis, wide track systems
could be considered as the ultimate and most appropriate solution for CTF. They offer
unique benefits as the field replacement for tractor-based systems and have the
following additional advantages compared with existing tractor-based systems:
1. They can set out wheel tracks within any shape or size of field without the need
for satellite navigation
A highly stable platform for chemical applications and precise crop management
Ability to deal with part width, offset loads and deep soil
operations
4. Standard headland turns regardless of field shape and
angle of approach
5. Greater stability on slopes
Potential for reducing machinery investment through
lighter implements and fewer self-propelled machines.
Recent history has shown that these machines have only been embraced in the high
value crop industry and mostly as harvesting aids (Tillett & Holt, 1987). A change of this
magnitude may need more than the right commercial environment and therefore the
present demand for higher crop yields produced more efficiently and with less impact
on the environment may provide just such an incentive.
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CHAPTER 8

8. Conclusions

While low ground pressure systems have advantages in terms of soil care, they
are not a sustainable alternative to systems of controlled traffic farming (CTF)
that permanently confine all machinery compaction to the least possible area of
permanent traffic lanes. Low ground pressure systems using wheels reduce the
severity of compaction but their greater area extent has a detrimental effect,
particularly in the topsoil. Rubber belted tracks on harvesters for example,
mitigate the area problem but still cause greater compaction in the topsoil,
(particularly on lighter soils) than equivalent wheel systems. However, because
the compaction is shallower it requires less energy to remedy. On lighter soils
this topsoil compaction is more effectively removed than on clays where more
judicious deep loosening may be needed to avoid a yield loss in dry conditions.
The benefits of soil loosening can be quickly negated by the effects of random
field traffic but equally, prolonged in its absence.

The non-trafficked soil created by CTF has fundamental advantages in terms of
soil structure and hence aeration, infiltration, hydraulic conductivity, erosion,
soil loss and water and nutrient uptake. In almost all cases, CTF improves yields
with significantly lower inputs of energy, machinery and time while being both
practical and more profitable in the case studies undertaken in England.

In particular it can be concluded from the field and desk-top studies that:

e The yield of wheat (Triticum aestivum) from non-trafficked soil in the replicated

plot experiments produced a maximum and significant differential of +16%
compared with random traffic. Hand sampling from extensive trials with wheat
and barley also supported these conclusions. This significant increase in yield is
in agreement with data from the literature which are in the range -9 to +90%
with an average response of +21%.

There was some evidence from the replicated field trials to suggest that crop
yield might be predictable from the product of the maximum individual wheel or
track loads and the number of passes.

Although the field scale studies revealed that crop yields from the direct sown
traffic lanes were between 5 and 22% lower than those from crops sown with
non-inversion tillage and conventional traffic, these differences were not
statistically significant. This reduction was around 9% when compared with
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conventional traffic and no-till. The differences were largely due to reduced tiller
numbers in the traffic lanes reflecting poorer crop establishment.

e All indicative measures of soil structure were improved in the absence of traffic
or made poorer by traffic-induced compaction. In particular:

o The results of the replicated plot experiments demonstrated increases in
penetration resistance of 47% and 45% on a sandy loam (Bearsted 1
Association) and on a Hanslope Association clay soil respectively in the
presence of traffic. These were approximately mid way in the range
reported in previous studies of 7-82%, where their differential was little
affected by load or contact pressure, often due to the masking effect of
repetitive loading. The bulk density of the topsoil was reduced only by
deep loosening on the sandy loam soil and only by the absence of traffic
on the clay soil, with differential due to the latter reaching -13%. This
again is mid range to the results of earlier studies which suggested that
field traffic increases bulk density by between 6 and 20%. Traffic also
impaired seedbed quality by increasing the size of aggregates by a factor
of two and decreasing its heterogeneity. In soils without traffic the
energy for seedbed preparation decreased by between 29% and 87%.

o Replicated field studies on a sandy loam soil (Bearsted 1 Association)
showed an increase in porosity of approximately 5% and hydraulic
conductivity of around 40%, both as a result of deep loosening but there
was little consistent effect of traffic. Soil porosity on a Hanslope
Association clay soil was reduced by around 3% by traffic. These results
were in line with the literature where soil porosity was typically reduced
by 10% as a result of field traffic while saturated hydraulic conductivity
decreased by up to 98%.

o The results of replicated studies on a Hanslope Association clay soil
showed increases in infiltration in the range 200-400% with further
enhancement due to 100 mm deep tillage. This is in agreement with
earlier field studies which indicated that soil surface water infiltration
increased by 84-400% in the absence of traffic.

o Avoiding compaction on a Hanslope Association clay soil improved soil
conditions as indicated above and these measures were supported and
confirmed by visual assessments of soil structure by a professional soil
surveyor with 40 years of field experience.

e Permanent non-cropped traffic lanes used for chemical applications as well as
autumn and spring cultural operations in a CTF system can be sustained with low
frequency (3-4 years) infilling provided they are not abused by poor quality high
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pressure tyres and used in over-wet conditions. Intermediate cropped traffic
lanes with lower traffic intensity require little or no targeted management and
returned yields similar to but slightly lower than those achieved with
conventional traffic management.

e The economics of conversion to a controlled traffic system are dominated by the
timescale for change and the cost of the guidance system needed to keep
vehicles running in the same tracks. The cost of guidance systems for CTF can be
offset by the savings in fuel, time and chemicals which more accurate driving
delivers. If the timescale and cost are considered carefully significant
improvements in operating profit can be achieved as well as the investment in
machinery. Economics analyses suggest that machinery investment can be
reduced by more than 20% and farm gross margins improved by 8-17%.

Avoiding soil compaction is not controversial; it avoids the energy needed for both
its creation and repair while delivering positively to improved soil structure, crop
yields and crop production efficiency. Controlling traffic does not preclude soil
firming, loosening or maintaining the status quo; it merely offers the conditions
under which these choices can be made without being compromised by wheels or
tracks.

Future research should be directed towards enhancing the management of
permanent traffic lanes as well as non-trafficked soil. Research should be targeted at
delivering optimised conditions for crop production and soil function as well as
methods for maximising non-trafficked areas. The development of future
mechanisation should embrace the concept of wider track gauges as a means of
delivering more cost effective CTF systems.
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Stress applied to the soil Results

Soil description Maximum Minimum wheel Experiment Bulk Depth of Pen. Res., Depth of
Author Texture Classification wheel load, Mg load, Mg duration, y  density, % mesrmnt, m % mesrmnt, m
Abu-Hamdeh, 2003 Loam fine mixed mesic Typic Haplustox 8 0 1 22 0-0.48 39 0-0.48
Blackwell et al., 1985 Lawford clay Stagnogley 3 0 4 13 0.3
Bondarev, 2002 Chernozem 1.2 0 15 0.07-0.14
Bondarev, 2002 Chernozem 1.2 0 21 0-0.2
Botta et al., 2004 Typic Argiudol 1.38 0 1, continuing 13.5 0-0.15
Braunack et al., 2006 Clay loam Cambisol 2 0 5 15 0.2 48 0.4
Braunack et al., 2006 Clay loam Vertisol 2 h 0 5 17 0.2 46 0.3
Canarache et al., 1984 1.225 0 25 0-0.2 28
Chamen & Audsley, 1993 Sand & clay 2.5 0 5 75
Chamen & Cavalli, 1994 Clay Eutrochrept 3.25 0 5 17 0-0.175 23 0-0.45
Chamen & Longstaff, 1995 Clay Eutrochrept 3.25 0 17 0-0.175 24 0-0.45
Chamen et al., 1990 Clay Eutrochrept 3.25 0 2 100 0.05
Chamen et al., 1990 Clay Eutrochrept 3.25 0 8 0.2 35 0-0.45
Chamen et al., 1992a Clay Eutrochrept 3.25 0 12 0.3 44 0.2-0.35
Chamen et al., 1992b Various Various 3.25 0 8 0-0.2
Chamen, 2008, in preparation  Clay Calcareous pelosol 8 0 19 0-0.55
Chamen, 2008, in preparation  Clay Calcareous pelosol 8 0 39 0-0.55
Chan et al., 2006 Clay Vertisol 2.9 b 0 2 22 0.075
Chan et al., 2007 Clay Vertisol 2.9 0 2 20 0.075
Hansen, 1996 Sandy loams 2.95 0 27 0-0.2 100 0.225
Jorajuria et al., 1997 Clay Typic Argiudol 0.8 0 48 0-0.3 56 0.3
Jorajuria et al., 1997 1.4 0 44 0-0.3 96 0.3
Jorajuria et al., 1997 0.8 0 23 0.3-0.6 58 0.6
Jorajuria et al., 1997 1.4 0 1 28 0.3-0.6 81 0.6
McAfee et al., 1989 Clay 1.09 0 1 10.0 0.1-0.2
Meek et al., 1988 25 0 13 0.15
Meek et al., 1989 Wasco loam Xeric Torriorthents 1.25 0 5.8 0.2-0.29
Pagliai et al., 2003 Clay Vertic Cambisol 0.75 0 1 7.9 0-0.1 12.5 0-0.4
Pagliai et al., 2003 Clay Vertic Cambisol 0.75 0 11.7 0-0.1 49.9 0-0.4
Pangnakorn et al., 2003 Vertisol 0.75 0 11.7 0-0.1 50 0-0.4
Radford & Yule, 2003 Clay Vertisol 5 0 13 0.18-0.36
Schafer-Landefeld et al., 2004  Various 10 0 7.5 0.15-0.2
Stenitzer & Murer, 2003 Loamy silt Eutric Cambisol 3.3 0 1 27 0-0.3 88 0-0.3
Stewart & Vyn, 1994 London loam Typic Hapludoll 6 b 2 3 6.9 0-300 87 0-0.3
Yawzcan, 2000 1.1 0 15 0-0.05 52 0-0.1
Zhang et al., 2006 Fine silt Typic Agriboroll 0.54 0 6 23 0-0.2 95 0.15-0.2

Fig. 1A. The effect of different wheel loads applied to different soils in different parts of the world as part of research
assessing their impact on bulk density and penetration resistance. The blocks in blue and yellow reflect graphed data

appearing in Figs 2.3-2.5
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Stress applied to the soil

Country in which

Maximum wheel Minimum wheel Range of yield research was

Crop load, Mg load, Mg reduction, % conducted Paper Soil

Min Max
Potatoes 2 0 3 3 Scotland Dickson & Ritchie, 1996 Cambic Stagnogley or Gleysol
Barley (w & sp) 2 0 20 20 Scotland Dickson & Ritchie, 1996 Cambic Stagnogley or Gleysol
Oats 11 0 30 30 Sweden McAfee et al., 1989 Clay
Maize 3 0 0 13 Queensland, Australia Radford et al., 2001a Clay - Vertisol
Sorghum 3 0 0 13 Queensland, Australia Radford et al., 2001a Clay - Vertisol
Wheat 3 0 0 13 Queensland, Australia Radford et al., 2001a Clay - Vertisol
Maize 5 0 0 23 Queensland, Australia Radford et al., 2001a Clay - Vertisol
Sorghum 5 0 0 23 Queensland, Australia Radford et al., 2001a Clay - Vertisol
Wheat 5 0 0 23 Queensland, Australia Radford et al., 2001a Clay - Vertisol
Wheat (sp) 7 (vehicle) 0 -8 -8 Minnesota, US Voorhees et al., 1985a Clay loam
Soybean 2.25 0 5 10 Minnesota, US Voorhees et al., 1985b Clay loam
Soybean 4.5 0 19 19 Minnesota, US Voorhees et al., 1985b Clay loam
Wheat 2.25 0 20 20 Minnesota, US Voorhees et al., 1985b Clay loam
Sunflower 1.75 ? 21 21 Turkey Bayhan et al., 2002 Clay loam
Grass forage 2.65 0 6 23 Northern Ireland Frost, 1988a Clay loam
Maize 4.5 0 27 27 Minnesota, US Voorhees et al., 1985b Clay loam
Wheat 8 0 23 23 England Chamen, 2008, in preparation Clay loam
Maize 25 0 9.5 9.5 Queensland, Australia Li et al., 2007 Clay loam - Vertosol
Sorghum 25 0 3.6 3.6 Queensland, Australia Li et al., 2007 Clay loam - Vertosol
Sunflower 2.5 0 8.5 8.5 Queensland, Australia Li et al., 2007 Clay loam - Vertosol
Maize 4.5 2.25 9 9 Minnesota, US Voorhees et al., 1989 Clay loam Typic Haplaquoll
Maize 9 2.25 30 30 Minnesota, US Voorhees et al., 1989 Clay loam Typic Haplaquoll
Soybean 4.5 2.25 0 0 Minnesota, US Johnson et al., 1990 Clay loam Udic Haplustoll
Soybean 9 2.25 0 0 Minnesota, US Johnson et al., 1990 Clay loam Udic Haplustoll
Soybean 4.5 2.25 17 17 Minnesota, US Johnson et al., 1990 Clay loam Udic Haplustoll
Wheat (w) 3.25 0 20 20 England Chamen & Longstaff, 1995 Clay mesic Aquic Eutrochrept
Cereals (sp) 4 2.5 4 4 Finland Alakukku & Elonen, 1995 Clay Vertic Cambisol
Canola 15 0 65 65 Australia, New South Wale Chan et al., 2006 Clay, Vertisol
Wheat 15 0 -54 -4 Australia, New South Wale Chan et al., 2007 Clay, Vertisol
Qats 1.95 0 30 30 Sweden McAfee et al., 1989 Clay, 49%
Wheat (w) 15 0 -6 -6 England Chamen et al., 1990 Clayey Eutrochrept
Oats (w) 15 0 0 0 England Chamen et al., 1992 Clayey Eutrochrept
Wheat (w) 3.25 0 15 15 England Chamen et al., 1992 Clayey Eutrochrept
Barley (sp) 3.25 0 16 16 England Chamen et al., 1994 Clayey Eutrochrept
Wheat (w) 3.25 0 15 26 England Chamen & Longstaff, 1995 Clayey Eutrochrept
Maize 5 25 14 14 Ohio, US Lal, 1996 Clayey Mollic Ochraqualf
Soybean 5 2.5 16 16 Ohio, US Lal, 1996 Clayey Mollic Ochraqualf
Oats 5 2.5 19 19 Ohio, US Lal, 1996 Clayey Mollic Ochraqualf
Maize 103 2.25 25 25 Ohio, US Lal, 1996 Clayey Mollic Ochraqualf
Soybean 10 2.25 30 30 Ohio, US Lal, 1996 Clayey Mollic Ochraqualf
Oats 10 2.25 31 31 Ohio, US Lal, 1996 Clayey Mollic Ochraqualf
Soybean 14 0 0 39 Argentina Botta et al., 2004 Fine clayey, illitic, thermic Typic /
Soybean 5 0 9 9 Ohio, US Flowers & Lal, 1998 Fine illitic mesic Mollic Ochraqual
Soybean 10 0 19 19 Ohio, US Flowers & Lal, 1998 Fine illitic mesic Mollic Ochraqual
Maize 2 0 25 25 South Africa Bennie & Botha, 1986 Fine sand of Clovelly form
Cotton Conv. 0 15 15 Mississippi, US Williford, 1985 Fine sandy loam

Fig. 2A. The effect of different wheel loads applied to different soils in different parts of the world as part of research
assessing their impact on crop yields displayed by soil type.
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Change in response to wheel load

Change in response CTF

Soil description Maximum Minimum wheel Other, including Pore volume Ksat Plant available water Pore volume
Author Texture Classification wheel load, Mg load, Mg loads, Mg Depth, m + - + - + - + -
Alakukku, 1996 Clay, loam and organic 4.75 15 4-4.75 cf 1.5 0.4-0.55 37-70% 60-98%
Anidsson, 2001 Clays, sand Eutric Cambisols 8.75 Conv 2.25-8.75 cf Conv 0.3 Yes
Anidsson, 2001 8.75 Conv 2.25-8.75 cf Conv 0.5 Yes
Ball & Ritchie, 1999 Sandy loam to loam Cambisol 4.2 (vehicle) 0 4.2 vehicle 0-0.5 Yes 10
Blackwell et al., 1985 Lawford clay Stagnogley 3 0 0cf3 0.15 3.5%
Blackwell et al., 1985 3 0 0cf3 0.25 4%
Blackwell et al., 1985 3 0 3cf0 0.05 2%
Braunack et al., 2006 Clay loam Cambisol 2 0 2 0.2 80
Braunack et al., 2006 Clay loam Vertisol 2 0 2 0.2 79
Campbell et al., 1986 Sandy loam, Winton series Conv 0 0 cf Conv 0.01-0.06 Yes
Canarache et al., 1984 Various 1.225 0 1.225cf0 0-0.2 400-500%
Chamen & Longstaff, 1995 Clay Eutrochrept 3.25 0 3.25cf0 0.8 60-98%
Chamen et al., 1990 Clay Eutrochrept 3.25 0 3.25cf0 1.5 0 0
Chamen et al., 1992b Various Various 3.25 0 0cf3.25 0.2-0.25 5-16%
Chan et al., 2006 Clay Vertisol 2.9 0 2.9 0.075 63 171
Chan et al., year 2, 2007  Clay Vertisol 2.9 0 2.9 0.075 61 156
Dickson & Campbell, 1990 Clay loam Cambic Stagnogley Conv 0 Conv cf0 0-0.125 Yes
Hansen, 1996 Sandy loams 2.95 0 2.95cf0 topsoil 5%
Li et al., 2007 Clay loam Alluvial black vertosol 2.5 0 2.5
Lamers et al., 1986 Loam and light clay Conv 0 0 cf Conv 0-0.25 4%
McAfee et al., 1989 Clay 1.1 0 1.1cfO topsoil 6%
McHugh et al., 2003 Clay Vertisol Conv 0 0 cf Conv 0.1 400%
McHugh et al., 2003 Conv 0 0 cf Conv 0.1-0.3 280%
Meek et al., 1989 Wasco loam Xeric Torriorthents 2 0 0cf2 0-580 15-180%
Pagliai et al., 2003 Clay Vertic Cambisol 0.75 0 0.75cf0 0-0.1 20%
Pagliai et al., 2003 0.75 0 4x0.75 cf 0 0-0.1 26%
Radford et al. 2000 Clay Vertisol 4.9 0 4.9cf0 0.1 8x fewer pores Yes
Schafer-Landefeld et al Silty clay loam, loams, silty loams and loamy sanc 12.5 0 7.5-12.5 0.15-0.20 57%
Stenitzer & Murer, 2003 Loamy silt Eutric Cambisol 3.3 0 3.3cf0 topsoi 75%

Fig. 3A. The effect of different wheel loads applied to different soils in different parts of the world as part of research
assessing their impact on pore volume and saturated hydraulic conductivity (Ksat).
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APPENDIX B

Table 1B. Amounts and prices for chemicals applied to the crops within the two farming
systems at Farmeco in Chapter 6.

Traditional system Rate, unit ha™ Costha™, £ Overall farm costs, £
Product Unit Price unit™, £ Wheat OSR Wheat OSR Wheat OSR Total
N fertiliser kgN 0.71 160 120 113.60 85.20 79520 59640 139160
P fertiliser kgP,05 0.32 60 50 19.20 16.00 13440 11200 24640
K fertiliser kgK,0 1.00 32 30 32.00 30.00 22400 21000 43400
Total fertiliser costs " 164.80  131.20 ~ 115360 91840 207200
Broad spectrum®  Tenth of dose 6.5 10 10 65.00 65.00 45500 45500 91000
Fungicide * Tenth of dose 7.2 10 7 72.00 50.40 50400 35280 85680
Molluscicide Tenth of dose 0.7 5 10 3.50 7.00 2450 4900 7350
Desiccant Tenth of dose 0.75 10 10 7.50 7.50 5250 5250 10500
h
Growth regulator’  Tenth of dose 0.75 10 0 7.50 0.00 5250 0 5250
Insecticide Tenth of dose 0.7 5 10 3.50 7.00 2450 4900 7350
Trace elements 12.50 11.00 8750 7700 16450
Total chemical costs 171.50 147.90 120050 103530 223580
Total fertilisers and chemicals 336.30 | 279.10 235410 195370 430780
CTF system Rate, unit ha™ Costhal, £ Overall farm costs, £
Product Unit Price unit?, £ Wheat OSR Wheat OSR Wheat OSR Total
N fertiliser kgN 0.71 160 120 113.60 85.20 79520 59640 139160
P fertiliser kgP,05 0.32 60 50 19.20 16.00 13440 11200 24640
K fertiliser kgk,0 1.00 32 30 3200 3000 22400 21000 43400
Total fertiliser costs " 164.80  131.20 ~ 115360 | 91840 207200
Broad spectru m* Tenth of dose 6.5 10 10 65.00 65.00 45500 45500 91000
Fungicide N Tenth of dose 7.2 10 7 72.00 50.40 50400 35280 85680
Molluscicide Tenth of dose 0.7 15 15 10.50 10.50 7350 7350 14700
Desiccant Tenth of dose 0.75 10 10 7.50 7.50 5250 5250 10500
Growth regulator " Tenth of dose 0.75 10 0 7.50 0.00 5250 0 5250
Insecticide Tenth of dose 0.7 5 10 3.50 7.00 2450 4900 7350
Trace elements 12.50 11.00 8750 7700 16450
Total chemical costs 178.50 151.40 124950 105980 230930
Total fertilisers and chemicals 343.30 © 282.60 240310 197820 438130

! These are average application rates and costs for a number of chemicals applied as a mix
2 Due to input limitations in the model, the cost for the growth regulator was added to the fungicide
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Table 2B. Details of operations used to establish and harvest equal areas of wheat and
OSR under the traditional production system at Farmeco in Chapter 6.

Operation period Purchase
Operation System definition Start End h/ha % area Machinery Size price, £
Winter wheat
Autumn cults Cultivations-autumn Jul-16  Sep-23  0.28 100 Artictractor 372 kW 186,348
Terrano 7.5m 34,998
Triple press 8m 50,000
Desiccate (Sept) Spray - boom Aug-13  Oct-07 0.06 100 SPsprayer 4000 litres 123,500
Plant WWheat Drill cereals Aug-27  Oct-21 0.38 100 RubTrac Tractor 300 kW 187,500
Simba Freeflo 6m 54,000
Roll-autumn Roll Aug-27  Oct-21 0.2 100 4 wd tractor 110 kW 57,706
Slug pelleting Spreading pellets Sep-10 Nov-18  0.08 100 ATV 20 kW 8,000
Slug pelleter 18m 3,100
Spray Oct/Nov Spray - boom Oct-08 Nov-18 0.05 100  SP sprayer 4000 litres 123,500
Fertilise(Mar) Spread N fertiliser Feb-26 Mar-25  0.06 100 SPsprayer 4000 litres 123,500
Spray Mar/Apr Spray - boom Feb-26  Apr-22  0.05 100 SPsprayer 4000 litres 123,500
Spray April Spray - boom Mar-12  May-06  0.05 100  SPsprayer 4000 litres 123,500
Fertilise(Apr) Spread N fertiliser Apr-09 May-06  0.06 100 SPsprayer 4000 litres 123,500
Spray May Spray - boom May-07  Jun-03 0.05 100 SPsprayer 4000 litres 123,500
Fertilise(May) Spread N fertiliser May-21  Jun-03 0.06 100 SPsprayer 4000 litres 123,500
Spray early June Spray - boom Jun-04  Jun-17 0.05 100 SPsprayer 4000 litres 123,500
Combine WWheat Combine-wheat Jul-30  Sep-09 0.12 100 Claas 600 74t/h 275,225
4 wd tractor 110 kW 57,705
Hi Speed Tractor 170 kW 79,470
Winter oilseed rape
Plant W.OSRape/Grass Drill OSR/Grass Jul-30  Sep-23  0.33 90  Artictractor 372 kw 186,348
Terrano 8m 21,736
Triple press 8m 50,000
Sub +Broadcast WOSR Broadcast OSR Aug-13  Sep-23 0.44 10  RubTrac Tractor 300 kw 187,500
Subsoiler + press 4m 14,000
Roll-OSR Roll Aug-13  Sep-23  0.33 100 4 wd tractor 110 kW 57,705
Rolls 9m 18,500
Slug pelleting Spreading pellets Sep-10 Nov-18  0.08 100 ATV 20 kw 8,000
Slug pelleter 18m 3,100
Spray Oct/Nov Spray - boom Oct-08 Nov-18 0.05 100  SP sprayer 4000 litres 123,500
Fertilise(Mar) Spread N fertiliser Feb-26  Mar-25  0.06 100  SPsprayer 4000 litres 123,500
Spray MidApril Spray - boom Apr-09 May-06  0.05 100 SP sprayer 4000 litres 123,500
Fertilise(Apr) Spread N fertiliser Apr-09 May-06 0.06 100  SPsprayer 4000 litres 123,500
Spray MidMay Spray - boom May-07  Jun-03 0.05 100  SPsprayer 4000 litres 123,500
Spray June-2 Spray - boom Jun-04  Jun-17 0.05 100 SPsprayer 4000 litres 123,500
Combine W.OSRape Combine-rape/peas Jul-16  Aug-12  0.22 100 Claas 600 74t/h 275,225
4 wd tractor 110 kW 57,705
Hi Speed Tractor 171 kW 79,470
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Table 3B. Details of operations used to establish and harvest equal areas of wheat and
OSR under the CTF production system at Farmeco in Chapter 6.

Operation period Purchase
Operation System definition Start End h/ha % area Machinery Size price, £
Winter wheat
Autumn cults Cultivations-autumn Jul-30 Oct-07 0.41 5 Disc cultivator 4m 18,000
Nav RTK £ 61,000
Desiccate (Sept) Spray-boom Aug-13  Oct-21  0.05 100 Trld sprayer 40001 39,836
Nav RTK £ 61,000
Plant WWheat Drill cereals Aug-27 Oct-21 034 100 4 wd tractor 246 124,481
Tine drill 8m 58,808
Tyre press 8m 24,000
Nav RTK £ 61,000
Slug pelleting Spreading pellets Sep-10 Nov-18 0.08 100 ATV +pelleter 24 4,300
Spray Oct/Nov Spray - boom Oct-08 Nov-18 0.05 100 Trld sprayer 4000 litres 39,836
Fertilise(Mar) Spread N fertiliser Feb-26  Apr-08  0.06 100 Trld sprayer 4000 litres 39,836
Spray Mar/Apr Spray - boom Feb-26  Apr-22  0.05 100 Trld sprayer 4000 litres 39,836
Spray April Spray - boom Mar-12 May-20 0.05 100 Trld sprayer 4000 litres 39,836
Fertilise(Apr) Spread N fertiliser Apr-09 May-06 0.06 100 Trld sprayer 4000 litres 39,836
Spray May Spray - boom May-07  Jun-03  0.05 100 Trld sprayer 4000 litres 39,836
Fertilise(May) Spread N fertiliser May-21  Jun-03  0.06 100 Trld sprayer 4000 litres 39,836
Spray early June Spray - boom Jun-04  Jun-17  0.05 100 Trld sprayer 4000 litres 39,836
Combine WWheat Combine-wheat Jul-30  Sep-09  0.13 100 Claas580TT 64th™ 230,827
Nav RTK £ 61,000
4 wd tractor 118 kW 61,633
Nav RTK £ 61,000
4 wd tractor 224 kW 113,679
Nav RTK £ 61,000
Winter oilseed rape
Plant W.OSRape/Grass Drill OSR/Grass Jul-30 Sep-23 0.27 95 4 wd tractor 246 kW 124,481
Tine drill 8m 58,808
Nav RTK £ 61,000
Sub + Broadcast WOSR Broadcast OSR Aug-13  Sep-23 044 5  4wdtractor 246 kW 124,481
Nav RTK £ 61,000
Subsoil+press 4m 14,000
Slug pelleting Spreading pellets Sep-10 Nov-18 0.08 100 ATV +pelleter 24 4,300
Spray Oct/Nov Spray - boom Oct-08 Nov-18 0.06 Trld sprayer 4000 litres 39,836
Fertilise(Mar) Spread N fertiliser Feb-26  Apr-08  0.13 SP sprayer 4000 litres 39,836
Spray MidApril Spray - boom Apr-09 May-06 0.06 SP sprayer 4000 litres 39,836
Fertilise(Apr) Spread N fertiliser Apr-09 May-20 0.13 SP sprayer 4000 litres 39,836
Spray MidMay Spray - boom May-07 Jun-03  0.06 SP sprayer 4000 litres 39,836
Spray June-2 Spray - boom Jun-04  Jun-17  0.06 SP sprayer 4000 litres 39,836
Combine W.OSRape Combine-rape/peas Jul-16  Aug-12 0.25 Claas 580 TT 64th? 230,827
4 wd tractor 118 kW 61,633
Nav RTK £ 61,000
4 wd tractor 224 kW 113,679
Nav RTK £ 61,000
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