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Abstract

Water is the most limiting input in irrigated cotton production. Compaction reduces access to
the soil water resource and reduces soil health. Incorporating Controlled Traffic Farming
(CTF) in 1.5 m row irrigated cotton improves water use efficiency (WUE). This investigation
compared 1.0 m and 1.5 m row-spacing on cotton yield, fibre quality and WUE. The 1.5 m
row-spacing cotton was hypothesised to have a similar gross margin and fibre characteristics
but greater WUE and yield per plant through access to a larger soil water resource. This
replicated study was conducted over two years (2013-14 and 2014-15) and had an RCB
design with a field scale whole block experiment which contained nine replicates of 1.0 m and
1.5 m row treatments. The field scale whole block contained two large field blocks of 1.0 m
and 1.5 m treatments. The 1.5 m cotton had a greater WUE by producing 0.09 more bales per
ML. This reduced the irrigation requirement in the 1.5 m resulting in a higher gross margin
than 1.0 m cotton ($2658/ha and $2466/ha, respectively). The 1m cotton out yielded the 1.5 m
in both seasons by 1.8 bales/ha (16%) and 1.09 bales/ha (6%) respectively. Yield differences
in the 1.0 m cotton were only achieved through an increase in inputs. Fibre quality was
slightly better in 1.5 m cotton. The 1.5 m row-spacing, based on its capacity to improve WUE,
is more suitable for water limited environments. Furthermore, CTF provides greater water use

efficiency by minimising soil compaction.
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Introduction

Water is essential for producing high yielding and high quality cotton and cotton is
demanding in its water consumption requiring, on average, 5.2 ML/ha for peak production in
Australia (Cotton Australia 2015). With the majority of the Australian cotton industry being
water limited and changing climatic conditions indicating continued water scarcity, increased
research into producing more cotton per unit of water has resulted. This approach is termed
Water Use Efficiency (WUE) and is described by Howell (2000) as crop yield per unit of
water use. Cotton crop yields would benefit from evaluation on bales produced per megalitre

of water used, rather than on a per hectare basis (Roth et al. 2013).

In Australia water resource availability is highly variable due to the range of climates found
across the country. The majority of Australia’s runoff (65%) is positioned in three drainage
partitions located towards the far-north of the country, associated with tropical/sub-tropical
climates. However, the majority of irrigated cotton (96%) is situated within the Murray
Darling Basin (southern Queensland and New South Wales) which accounts for a mere 6.1%
of national runoff (Murray Darling Basin Authority 2015). Hence, the majority of Australia’s
irrigated cotton is concentrated where water resources are the most restricted (Chartres and

Williams 2006; Roth et al. 2013).

Currently 16,660 GL of the 70,000 GL extracted in Australia is used in agriculture (Chartres
and Williams 2006). In the 2011-12 season 14% (2231 GL) of this 16,660 GL was required to
produce 4,240,000 bales (227 kg of lint per bale) of Australian cotton (Cotton Australia 2015).
In general, the trend for Australian irrigated agricultural industries as a whole is increased
water demand, highlighting that water availability is now the most limiting factor for not just

cotton production (Chartres and Williams 2006; Roth et al. 2013), but agriculture in general.
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Furthermore, irrigated agriculture will be integral to meeting demand if food production is to
be doubled by 2050 (FAO 2009), as the challenge is to essentially produce more with less
(Fraiture et al. 2007). The opportunity to grow crops close to their yield potential in areas
which would otherwise be unable to, under rain fed conditions, is allowed for via irrigation.
Hence, these crops primarily rely on irrigation water supply for optimal production (Howell
2000; Roth et al. 2013), meaning that in uncertain, or marginal, climatic conditions,

minimising water losses is inextricably linked to production and profitability.

WUE involves the management of inputs and losses water. Inputs impact the volume of soil
water contained within the profile (Roth et al. 2013). Characteristics such as porosity, bulk
density and hydraulic conductivity affect a soils ability to hold water and a plant’s ability to
access it (Radford et al. 2000). Inputs consist of irrigation and rainfall. Utilising rainfall
reduces the irrigation requirement and improves irrigation efficiency (Cull et al. 1981). The
effectiveness of these events is a function of soil infiltration and evaporative demand. Each
cotton plant in a linear row has access to a certain volume of soil water in the row and inter-
row space. The volume available is dependent on the row-spacing configuration. Wider row-
spacings allow for greater access of soil moisture per plant (Roche et al. 2006). However,
plant available soil moisture is limited by destructive management practices such as

uncontrolled traffic (Chan et al. 2006).

The Australian cotton industry is currently considering a transition to 1.5 m row-spacing. The
1.5 m row benefits WUE, soil health and enterprise integration. Plants have access to larger
volumes of soil water which increases utilisation of rainfall while reducing irrigations. Low
plant densities per hectare would assist in reducing water input requirements (Enciso-Medina

et al. 2002; Brodrick et al. 2012b). Current practice involves uncontrolled traffic in fields.
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This increases compaction and negatively impacts bulk density, mechanical impedance,
porosity and hydraulic conductivity (Radford et al. 2000; Chan et al. 2006). The 1.5 m row-
spacing enables Controlled Traffic Farming (CTF) where all machinery is driven on the same
3 m wheel tracks. Compaction is minimised to 15 — 20% of the total land area and allows for
the soil structure to recover. Over time, water infiltration and root penetration will expand,
demonstrated by an increase in yield (Tullberg 2000; Tullberg et al. 2007; Hamza and
Anderson 2005; Antille et al. in press). The 1.5 m row-spacing enables enterprise integration
through crop rotations with grains. Currently, 3 m is the factory standard wheel track width of
a combine harvester. It is simpler for other machinery (e.g. pickers and spray rigs) to be
adjusted to this track width than to adjust the combine. The combine is required during wheat
harvest, the other major crop in a cotton rotation (Chan et al. 2006). Hence compaction is
minimised on the entire farm all year round. The benefits of CTF are then experienced by all

crops.

Conventional row-spacing in Australia is on 1.0 m rows (CRDC 2013). The reason being, that
this was the width required for a mule to pass between crop rows with minimal trampling.
Since then, multi-row cotton pickers have been arranged to fit this 1.0 m standard.
Progressively plant breeding and cotton genetics followed suit and were evaluated on their
ability to yield successfully in this configuration. CTF cannot be implemented in these
systems as machinery would have wheels on a hill and a furrow in a 1.0 m row-spacing
configuration (Masek et al. 2010) (Figure 1). Machinery implements would have to be offset
to compensate for the three rows that would need to be picked in one run as opposed to the
normal two. The centre for gravity would be quite high creating an engineering issue.
Logistically this would become unnecessarily difficult (Tullberg et al. 2007), especially since

1.5 m wide row spacing accommodates for 3 m tracks comfortably.
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In recent times other configurations have become increasingly more common (Clark and
Carpenter 1992). These include Ultra Narrow Row (UNR) (< 0.4 m) and Narrow Row (0.75
m) (Roche et al. 2006). Row configurations influence yield, plant vigour as well as WUE
(Figure 2). To determine the most suitable row spacing farm managers must consider a
variety of factors. These include water availability, local climate, soil type and machinery
logistics (Roth et al. 2013). Increasing or decreasing row spacing from the conventional 1.0 m
can provide various advantages and disadvantages (Clark and Carpenter 1992). UNR and
narrow row spacing reduces time to crop maturity (i.e. when the plant stops producing new
fruit) and increases in yield per hectare (Brodrick and Bange 2010). This is important in
regions where cotton seasons are particularly short (e.g. Riverina in NSW) (Jost and Cothren
2001; Brodrick et al. 2013). CTF can be implemented into a narrow row system but WUE is
found to decrease with decreasing row-spacing, therefore it is not a suitable configuration for
the water limited regions of northern NSW (Stone and Nofziger 1993). A substantial amount
of research has been conducted on UNR and narrow row spacing in cotton (Clark and
Carpenter 1992; Jost and Cothren 2001; Brodrick and Bange 2010; Brodrick et al. 2013).
However little is known about the effect of 1.5 m row configurations on WUE, yield and fibre

quality compared with conventional row spacing.
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Figure 1. Cotton with 1.0 m row spacing and 2 m wheel tracks (a). 1.0 m row spacing with 3 m wheel tracks (b).
Wide row (1.5 m) cotton with 3 m wheel tracks for CTF (c). Plant lines are expressed with x line.
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Figure 2. Example of the difference in plant vigour and boll count of two cotton plants with different row
spacings (50 cm rule). Left: 1.5 m, Right: 1.0 m

Hence, this investigation aims to assess the effects of 1.5 m row-spacing on cotton yield, fibre
quality and WUE in comparison to the traditional 1.0 m row-spacing system. The primary
hypothesis is: A 1.5 m row-spacing cotton system has a similar gross margin to 1.0 m row
spacing cotton due to increased WUE, similar fibre quality and increased yield per plant in
response to greater soil water resource access. In order to interrogate the aim, the following

objectives must be met:

1. Compare water inputs and losses for 1.5 m and 1.0 m row-spacing cotton systems,
including soil water balance resulting from infiltration differences

2. Assess cotton yield and fibre quality characteristics for the two systems

3. Economically compare the two systems with respect to production and profitability

4. Evaluate the potential differences in the systems due to changes in machine traffic

footprint
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Materials and Methods

The experiment was located at Auscott Warren (31.78° S 147.77° E, 195 m above sea level).
Auscott Warren is situated 11 km south-west of Warren, NSW, Australia. This semi-arid
region receives 513 mm of annual rainfall. Summers are characteristically hot (mean
maximum temperature is 32.5°C) while winters exhibit slightly cooler conditions (mean

maximum temperature is 16.3°C) (BOM 2015).

This replicated plot experiment comprised of a randomised complete block design (RCBD)
which contained nine blocks (one replicate from each treatment in each block). An RBCD
design reduces experimental error in field research by minimising variability by known
sources. Randomisation occurs separately, each treatment has the same probability of being
assigned to a particular block. This design included nine replicates each of 1.0 m and 1.5 m
row treatments (Figure 3; Table 1) (Jayaraman 2015). The cultivar Sicot 74BRF was used and
treatments ran the full length of the field. This experiment was conducted over two cotton

growing seasons, 2013-14 and 2014-15.

10
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Figure 3. Cotton growing by system (top) and diagram representing these systems (bottom) by (A) 1.0 m row
spacing and (B) 1.5 m row spacing. Lines with x represent plant line; vertical solid lines represent machinery

wheel tracks.

Table 1. Experimental design and row configuration for row spacing experiment in 2014-15. (A) treatment
represents 1.0 m row spacing. (B) treatment represents 1.5 m row spacing. (X) represent wheel tracks for
spraying rigs. Blocks are 12 m in width with a 24 m buffer of wide row cotton on the southern border (top of

Table).
Treatment | Replicate | AB line Description Swath width (m) Currzz:?tlve
B 0 Buffer 12 12
B 1 Buffer 12 24

11
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Soil gravimetric analysis

A gravimetric analysis was conducted in the 2014/15 season from three sites in each treatment
to determine the initial volumetric soil water at the beginning of the season. VVolumetric soil
water was determined to a depth of 0.9 m at intervals of 0.1.0 m. Rows subjected to this
practice were chosen at random in the top, middle and bottom sections of the field. Samples
were oven-dried to determine soil dry weight. Bulk densities were obtained from Dr Patrick

Holmes and in-field, Volumetric Soil Water (VSW) was calculated using the following

formulae:
b i1 vol _ Drysoil (g)
1y SOTVOIUIME = Bk density
_ Water weight (g)

VSW =

Dry soil volume

The average accumulation of these values were used to determine the initial volumetric soil
water in ML/ha for each treatment. This method assisted in confirming whether each

treatment started with similar amounts of soil moisture.

Water balance

To determine the WUE of each treatment, net water was calculated in the 2014/15 season
through measurement of water inputs and outputs (Figure 4). Water inputs included: irrigation
applications and rainfall. Water outputs included: field evapotranspiration, deep drainage and
run-off captured in the tail drain. The change in volumetric soil water throughout the season
was also monitored in-field with a capacitance probe to make this method more rigorous. A

single probe was installed to monitor this change for each treatment in a random row.

12
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» Automatic rain gauge
. Rain Eva potransplration I
Water in IRRIsat Water out
Mace meter Mace meter

SIRMOD Il

Figure 4. Diagram demonstrating the inputs and outputs of water in a cotton field as well as the methods which
were used to measure them.

Irrigation occurred separately for each treatment. The amount of water added into the head
ditch was measured using a flow meter on the inlet pipe (see ANCID 2015 for more
information). Likewise there was another flow meter attached to the outlet pipe at the end of

the head ditch which measured water which left the field.

An automatic rain gauge measured seasonal rainfall (October — April). Knowing that 1.0 mm
of rainfall is equal to 0.01 ML/ha and the total area each treatment covered, the amount of

water which entered the system was able to be calculated.

Evapotranspiration for cotton was determined through the formula:

ETc=ETo X K¢
Where ET¢ is the crop water requirement, K¢ is the crop coefficient and ETo is the standard
value based on the ET of fully green alfalfa. IRRIsat (Figure 5) (see Montgomery et al. 2015
for more information), a program which utilises Normalised Difference Vegetation Index
(NDVI) and Landsat 8, was used to determine Kc values. Evapotranspiration was determined
for each treatment block. ETo values were sourced from the nearby Trangie Research Station.

13
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This information was available from the Bureau of Meteorology (BOM) who use the adapted
Penman-Monteith equation recommended by the United Nations Food and Agriculture
Organisation (FAO56-PM equation) (Webb 2010). In IRRIsat, ETc values were determined

for each replicate and an average was calculated for each treatment plot.

14
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Figure 5. IRRIsat interface displaying Field 12 at Auscott Warren. (a) Evapotranspiration was measured
separately for each treatment block. (b) IRRIsat provided NDV1 for each treatment block. (c) Crop coefficient
(Kc) was determined for each treatment block.

Deep drainage was estimated using a computer program called SIRMOD I11 (Walker 2003)
on a single irrigation. The estimated deep drainage from the program was compared against

15
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peer-reviewed studies conducted under similar conditions to determine the reliability of the

data.

Hand segment picked cotton

Six individual linear metre rows were randomly selected from plots in each treatment to be
handpicked. These samples were further separated into eight plant fruiting segments (Figure
6). Plant numbers were noted per linear metre while boll numbers were recorded per segment.
These samples were processed in experimental gins at Cotton Seed Distributors (CSD), Wee
Waa, where sample yield and quality characteristics were identified using the High Volume
Instrument (HV1) (see Suh and Sasser 1996). Treatments were compared on a brown hectare
rather than green hectare basis. Brown ha refers to the total area required to grow the 1.5 m
cotton in hectares. Green ha refers only to the area occupied by plant rows and does not
account for the additional inter-row space. This ensured a fair comparison considering the 1.5
m row spacing treatment had access to a larger area (1.5 m?) which would present data from
this treatment more favourably. Handpicked yield data was obtained from Quigley (2014)

which provided two years of data for analysis.

16
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Figure 6. Segment picking diagram outlining cotton fruiting segments 1-8. (1) Mainstem fruiting nodes
1-4 position 1. (2) Mainstem fruiting nodes 5-8 position 1 (3) Mainstem fruiting nodes 9-12 position 1.
(4) Mainstem fruiting nodes 13+ position 1. (5) Mainstem fruiting nodes 1-4 position 2+. (6) Mainstem
fruiting nodes 5-8 position 2+. (7) Mainstem fruiting nodes 9+ position 2+. (8) Vegetative branches
(identified by smooth stem on the other side of where a boll is formed)

Machine picked cotton

This in-field experiment occurred in an 18.42 ha paddock over two seasons. Each replicate
was 12 m wide. The 1.0 m row configurations contained 12 rows of cotton while 1.5 m row
configurations only contained 8 rows. A 24 m buffer zone occupied the southern border to
reduce field edge effects on the results of the experiment. Cotton was planted at the opposite
edge of the field for the 2013/14, but this was not present for the 2014/15 season. The 1.5 m
cotton occupied 9.68 ha while the 1.0 m treatment occupied 8.74 ha. Each treatment was
machine harvested separately and were ginned independently to provide an in-field broad
scale comparison between 1.0 m and 1.5 m row spacing (Table 1). Data was utilised from

Quigley (2014) which provided two years of yield data for Field 12.

17
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Determining WUE

WUE was defined as the number of bales (227 kg) of cotton produced per megalitre of water
(bales/ML). Once yield data per ha was acquired WUE could be determined using the total

amount of ML/ha available for use by plants in each treatment.

Economic analysis

To compare the economic sustainability of the two cotton row configurations, a
comprehensive gross margin (GM) analysis was created, which incorporated industry
standard values for the Macquarie Valley. The response of each treatment’s GM to increasing
and decreasing water pricing was determined with a sensitivity analysis. This provided a
theoretical response to increased variability in future water availability, which is the greatest
influence on the price of water. Besides water, all other input costs and the price received for
cotton seed was determined using the NSW DPI cotton gross margin template for furrow

irrigated cotton in central and northern NSW (NSW DPI 2015).

Data analysis

Data from 2013-14 was analysed using a one-way analysis of variance (ANOVA) in Genstat
V16 (see VSN International Ltd. 2015) for machine picked (227 kg bales/ha), handpicked
yield, bolls/m?, lint per boll, fibre strength and fibre length. Data from 2014-15 was analysed
using a t-test to compare the difference between means in JMP 12 (see SAS Institute Inc.
2015) for handpicked yield, machine picked yield, bolls/m?, lint per boll, fibre strength and
fibre length. Linear regressions were fitted for lint yield, lint per boll (g), and number of bolls

per m? for both 2013-14 and 2014-15.

18
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Results
Water balance

The 1.0 m treatment experienced a deficit of 1.66 ML in net available water compared with
the 1.5 m row spacing. The difference in water outputs (deep drainage and evapotranspiration)
between the two treatments was minimal. The 1.5 m row spacing had greater initial soil water
(by 1.0 ML) and captured more rainfall per unit of cotton, as it covered a large area than the
1.0 m row spacing. One linear metre of 1.5 m cotton occupied a 1.5 m? area while a linear
metre of 1.0 m cotton only occupied a 1.0 m% However, the 1.0 m row spacing had a slight
increase in applied irrigation. The 1.5 m row-spacing requirement was less per hectare to
maintain crop productivity (Table 2).

Table 2. Total treatment inputs and outputs of the 2015 water balance in ML. Accounting for initial soil
moisture and displaying total available water for each treatment in ML/ha.

Row spacing 1.0m 15m
Initial soil moisture (ML) 14.25 15.29
Rainfall (ML) 13.90 15.40
Irrigation input (ML) 184.89 202.40
Irrigation runoff (ML) 113.62 131.53
Deep drainage (ML) 1.31 1.45
Evapotranspiration (ML) 7.23 7.57
Net water (ML) 90.88 92.54
ML/ha 10.40 9.56

Water use efficiency

More water was available per hectare for the 1.0 m treatment (0.84 ML/ha) which resulted in
a greater yield compared with the 1.5 m system. The 1.5 m row-spacing achieved a greater
yield per ML. This equated to a slight difference in WUE (bales/ML) in favour of the 1.5 m

row spacing (Figure 7).

19
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Figure 7. Difference between 1.5 m (light grey) and 1.0 m (dark grey) row spacing in cotton in bales/ML, total
ML/ha and bales/ha (227 kg bales) when incorporating a full water balance (inputs and outputs).

When irrigation efficiency was compared based only on applied irrigation water there was a

greater difference between 1.5 m and 1.0 m row spacing than in Figure 7 (Figure 8).

1.6
Bales/ML
1.5
7.3
ML/Ha O15m
8.1 m1.0m
11.6
Bales/Ha
12.3
0 2 4 6 8 10 12 14

Units

Figure 8. Difference between 1.5 m and 1.0 m row spacing in Bales/ML, ML/ha and bales/ha considering only
applied irrigation water.
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Machine picked and handpicked yields in the 2013-14 and 2014-15 seasons (in 227 kg bales)

In both the 2013-14 and 2013-14 seasons, 1.0 m row out yielded 1.5 m row cotton in both the

machine picked (P<0.001) and handpicked field experiments (P<0.001) when compared on a

brown ha basis (Figure 9). A 16% (2013-14) and 6% (2014-15) yield difference was observed

in the machine picked fields. This equated to a reduced yield/ha for the 1.5 m row-spacing of

almost 2 and 1 bale/ha, respectively compared with 1.0 m row. A similar trend was witnessed

in the handpicked cotton with a 23% (2013-14) and 9% (2014-15) lower yield in the 1.5 m

row compared with 1.0 m row. Both seasons (2013-14 and 2014-15) experienced below

average (283 mm) in-season rainfall at 206 mm and 160 mm, respectively. Accumulative day

degrees for the cotton growing season were 1814 °Cd (degree days) for 2013-14 and 1897°Cd

for the 2014-15 season.

20.0
18.0
16.0
14.0

s 12.0
10.0
8.0
6.0
4.0
2.0
0.0

Bales/h

19.5

18.2
175 £

15.7
T
] 142 14.6
123 130
115 16 121
9.7
1.0m 1.5 m (Brown ha) 1.5 m (Green ha)

Row-spacing

OMachine picked
(2013-14)

@ Machine picked
(2014-15)

O Hand picked
(2013-14)

®m Hand picked
(2014-15)

Figure 9. Cotton lint yields (227 kg bales) by machine and by hand from cotton grown on 1.5 m and 1.0 m row
spacing in the 2013/14 and 2014/15 seasons. Brown ha refers to the total area required to grow the 1.5 m cotton
in hectares. Green ha refers only to the area occupied by plant rows and does not account for the additional
interow space. Error bars represent standard errors of the mean. Some error bars are not visible due to low
standard errors (below 0.02).
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Figure 10 demonstrates the distribution of yield (2014-15) (bales/ha) across Field 12. Yield
was affected by overflow from the tail drain during irrigations, which may have caused

waterlogging. Hence the lighter colour at the bottom of the field.

yield_all_data L
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Figure 10. Yield map containing data from 2014-15 which includes both 1.0 m and 1.5 m row-spacings to
demonstrate the distribution of yield amongst Field 12.

Economic analysis

The 1.5 m row cotton had a $191.30/ha higher gross margin (GM) than 1.0 m row
($2657.50/ha and $2466.20/ha, respectively) at a cotton price of $500/bale and water price of
$200/ML (industry average prices for the 2014-15 cotton season) (Figure 11). Water inputs
were the most significant cost. The town of Warren, being located in the Macquarie Valley,
Central West NSW, is a region with low water availability and inconsistent water allocations.
A sensitivity analysis of each GM to variable water prices revealed that the 1.5 m cotton
production system always had a greater GM than the 1.0 m cotton. The difference between

the GMs increased with increasing water price.

22
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Figure 11. A sensitivity analysis demonstrating the sensitivity of gross margins to variable water prices in 1.5 m
and 1.0 m cotton production systems. All other input and output prices remained constant (e.g. $500/bale).

Segment picking (2013-14 and 2014-15)

The majority of the lint yield on the 1.0 m row spacing was found on fruiting positions 1-8
with some fruit on the lower vegetative branches. Yield on the 1.5 m row spacing was
primarily established on the vegetative branches (Figure 12). The number of bolls per square
meter for each fruiting segments follows this trend (Figure 13). There was an increased
amount of vegetative fruit on the 1.5 m cotton in 2014-15. More cotton was found on 2" pos+

in the 2013-14 season compared with the 2014-15 season.

The average weight of bolls in the first position from each fruiting segment was spread fairly
evenly amongst both the 1.5 m and 1.0 m row spacing treatments. However, 1.5 m row
spacing had slightly more lint in second position fruit in fruiting branches 1-12 (Figure 14).

Boll numbers in 1.0 m row cotton were reduced in 2014-15 compared with 2013-14.

23
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Figure 12. The 2013-14 and 2014-15 yields of handpicked cotton separated into each fruiting segment (227 kg
bales) in (a) 1.0 m from Quigley (2014), (b) 1.5 m from Quigley (2014), (c) 1.0 m from Bartimote (2015) and (d)
1.5 m row-spacing from Bartimote (2015) in bales/brown ha.
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Figure 13. The number of bolls per metre of handpicked cotton (2013-14 and 2014-15) separated into various
fruiting positions (bolls/m?) in (a) 1.0 m from Quigley (2014), (b) 1.5 m from Quigley (2014), (c) 1.0 m from
Bartimote (2015) and (d) 1.5 m row-spacing from Bartimote (2015) in bales/brown ha.
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Figure 14. The average weight of lint per boll in grams for each fruiting segment for each season (2013-14 and
2014-15) in (a) 1.0 m from Quigley (2014), (b) 1.5 m from Quigley (2014), (c) 1.0 m from Bartimote (2015) and

(d) 1.5 m row-spacing from Bartimote (2015).

A strong correlation was observed between the number of bolls per fruiting segment and the

lint yield per fruiting segment (R?= 0.99) (Figure 15). There were similar relationships for 1.5

m row and 1.0 m row cotton between lint per boll and lint yield per fruiting segment (Figure

16) as well as between the number of bolls and lint per boll (Figure 17).
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Figure 15. The relationship between the number of bolls (bolls/m?) and yield (227 kg bales/ha) across all
fruiting segments.
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Figure 16. The relationship between the average lint weight (g) per boll and the yield (227 kg bales/ha) across
all fruiting segments.
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Figure 17. The relationship between the average lint weight (g) per boll and the number of bolls per m* across
all fruiting segments.

Fibre quality of the handpicked cotton from 2014-15

Fibre length in the first and second position fruit was longer in all fruiting segments below
fruiting position 13 in the 1.5 m row compared with the 1.0 m row spacing (Figure 18). In
2013-14 1.5 m cotton fibres were longer than 1.0 m cotton fibre (P < 0.031). This occurred

again in 2014-15 (P < 0.022).
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Figure 18. Fibre length (1 inch = 25.4 mm) of the handpicked cotton from 2013-14 and 2014-15 presented in
separate fruiting positions; (a) 1.0 m from Quigley (2014), (b) 1.5 m from Quigley (2014), (c) 1.0 m from
Bartimote (2015) and (d) 1.5 m row-spacing from Bartimote (2015).

Marginally stronger fibres were observed in each fruiting segment aside from fruiting
positions 1-4 in the 1.5 m compared with the 1.0 m cotton. Bolls on the vegetative branches of
1.5 m cotton had significantly stronger fibres than the 1.0 m cotton (33 g/tex and 30 g/tex,
respectively) (Figure 19). In 2013-14, 1.5 m fibre was stronger than 1.0 m fibre (P < 0.020).

This occurred again in 2014-15 (P < 0.037).
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Figure 19. Fibre strength (g/tex) of the handpicked cotton from 2013-14 and 2014-15 presented in separate
fruiting positions; (a) 1.0 m from Quigley (2014), (b) 1.5 m from Quigley (2014), (c) 1.0 m from Bartimote
(2015) and (d) 1.5 m row-spacing from Bartimote (2015).

Discussion
Water use efficiency

Water has been identified as the most limiting factor to production in the many Australian
cotton producing regions (Roth et al. 2013). Hence irrigators must employ strategies to
improve their WUE even if it involves a slight yield loss per ha as the increase in gross

margins ($/ha) will compensate for this initial loss.

The 1.5 m row-spacing required less water per hectare to produce a similar yield to that of the
1.0 m row-spacing (1.21 bales/ML and 1.18 bales/ML, respectively). Overall, 1.0 m cotton

received more water than the 1.5 m cotton per ha. The biggest differences in inputs were
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rainfall and initial soil moisture. The 1.5 m cotton experienced higher amounts of these inputs
compared with the 1.0 m cotton. An expected outcome since the 1.5 m cotton had a greater
catchment area per plant than the 1.0 m cotton (33% more area per row). The largest water
input was irrigation water. WUE increased when only applied irrigation water alone was
considered (1.59 bales/ML and 1.50 bales/ML, respectively). An important outcome since

irrigation efficiency has a direct impact on the gross margin of irrigated cotton production.

WUE increased with reduced traffic. In the two years this experiment was conducted, IWUI
was found to increase in 2014-15. As traffic was controlled, soil compaction was reduced, the
soil given time to recover, and water infiltration increased (McGarry and Chan 1984;
McGarry 1990; Braunack et al. 1995; Chan et al. 2006). The size of the infiltration boundary
increased improving the soils water holding capacity. This contributed to an increase in water
content in the volume of soil available to each plant and improvement of soil health (e.g.
porosity, bulk density hydraulic conductivity). This reduction in compaction would not have
been evident in the data of 2013-14 as there had not been any traffic on Field 12. Hence, the
reduced infiltration boundary conditions in the 1.0 m system after traffic, which affected the
2014-15 yield, would not have been seen prior to the 2013-14 harvest where an effect on yield
and WUE would not be expected (Figure 20) (Barley 1963; Braunack et al. 1995; Bennett et

al. 2015a).
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Figure 20. A cross-section of the soil profile which displays the average soil strength for the (A) 1.0 m and (B)
1.5 m cotton row treatments in Field 12 at Auscott Warren after two years (2013-14 and 2014-15) of controlled
(1.5 m) and uncontrolled (1.0 m) traffic. High soil strength is depicted by light grey and the darker grey sections
towards the bottom. This data corresponds with the bulk density of the soil. The higher soil strength in the non-
traffic rows under the 1.5 m system are a function of evaporation from the furrows and the weight of water
increasing soil density (sourced from Bennett et al. 2015a).

The Australian cotton industry is placing more importance on the cotton yield produced per
unit of water. This is expressed in the form of defining appropriate benchmarks growers
should aim to achieve (Montgomery and Bray 2014). Benchmarks are determined every few
years as technology and management practices improve. They involve two performance
indicators: (1) Gross Water Use Index (GPWUI), which compares yield against all water
inputs on farm; and (2) Irrigation Water Use Index (IWUI), which measures the amount of
cotton produced per volume of irrigation water applied (Montgomery and Bray 2014). These
benchmarks were the result of increasing scrutiny by the public towards WUE in the
Australian cotton industry and encouraged more research to be conducted to determine its
current state (Cameron and Hearn 1997; Tennakoon and Milroy 2003; Tennakoon et al. 2004;
Payero and Harris 2007; Williams and Montgomery 2008; Wigginton 2011). These
benchmarks provide an average industry WUE. Comparisons can be made to data from this

experiment, identifying their importance for other growers in rain-limited cotton growing

regions.
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WUE has increased over time (Figure 21). In the space of 10 years there has been an increase
of 40% in GPWUI and IWUI (Montgomery and Bray 2014). The GPWUI in both the 1.0 m
and 1.5 m treatments in this experiment is greater than industry averages observed in other
studies, with 1.5 m cotton obtaining the highest GPWUI. IWUI of the two treatments (1.0 m
and 1.5 m) in the current study was similar to the industry average over the last six years. In
addition, 1.5 m cotton was the only treatment above the industry IWUI average of 1.5

bales/ML obtained from Tennakoon et al. (2004) data.
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Figure 21. A combination of experimental data from Cameron and Hearn (1997), Tennakoon et al. (2004),
Payero and Harris (2007), Williams and Montgomery (2008), Wigginton (2011), Quigley (2014) and this
experiment (Bartimote 2015). This figure demonstrates the change in WUE (bales/ML) (227 kg bales/ha) in the
last fifteen years. WUE was compared by means of Irrigation Water Use Index (IWUI) and Gross Water Use
Index (GPWUI).

The WUE (IWUI) increased in this experiment (2014-15) compared with the data obtained in
the 2013-14 cotton season (Quigley 2014). Yield was higher in 2014-15 than in 2013-14 for

both treatments and the difference in yield between treatments was reduced (Table 3). The
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yield increase observed in the 1.5 m cotton between 2013-14 and 2014-15 is due to an
increase in the size of the effective infiltration boundary, a result of reduced traffic. High soil
strength is limited to the profile beneath the wheel tracks. The impact on 1.0 m cotton yield
would only be observed in the 2014-15 season as that field had not experienced any

compaction prior to the 2013-14 season (Bennett et al. 2015a).

Table 3. Comparison in water inputs and IWUI between two years of data (2013-14 and 2014-15) which
compared 1.0 m and 1.5 m row-spacing irrigated cotton in north-west NSW. Utilised data from Quigley (2014).

Season Quigley (2013-14) Bartimote (2014-15)
Row-spacing 1.0m 15m 1.0m 15m
Yield (bales/ha) 11.52 9.73 12.33 11.64
Applied water (ML/ha) 10.43 7.27 8.20 7.30
In crop rainfall (ML/ha) 1.24 1.86 1.59 1.59
IWUI (bales/ML) 1.10 1.34 1.50 1.59

The 1.5 m row-spacing had a greater WUE (GPWUI and IWUI) than the 1.0 m row-spacing.
The greatest water saving was in the applied irrigation water. In both seasons (2013-14 and
2014-15), the difference in applied irrigation water between the two treatments (1.0 m and 1.5
m) was 1 to 3 ML/ha. The significance of this being that cotton crops grown on 1.5 m row-
spacing require smaller irrigations or employ longer water cycles. Water savings improve the
sustainability of irrigated cotton production in regions where water is most-limiting
(Tennakoon 2004). Incorporating new technologies and practices to improve WUE will
provide long-term stability in a volatile industry. The shift in public opinion towards diverting
water resources to maintain environmental flows will heighten the requirement for increased

WUE amongst cotton growers (Meyer 2000).

Wide row configurations aim to conserve soil water alongside each planted row. During

periods of rain this will extend plant growth, especially in regions where soils (e.g. Vertosols)
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have a high water holding capacity. Each plant has access to a larger volume of soil water
(larger bucket) and requires less irrigation to maintain optimal plant growth and development
(Bange et al. 2005). Coupling this with a controlled traffic program, such as that employed in

the 1.5 m system, serves to enhance this benefit (Bennett et al. 2015a, 2015b).

Gillies (2012) conducted an extensive analysis of irrigation practices on clay soils (e.g.
Vertosols) to determine the optimum water velocity and run-time. Running water above 4.5
L/s and irrigating for less than 12 h was found to reduce deep drainage from the industry
average of 28.4 mm to 15 mm (0.15 ML/ha). Deep drainage in this experiment was
determined by conducting an analysis on a single irrigation with SIRMOD I11 (Walker 2003).
No deep drainage was observed in that irrigation due to a high water velocity (7 L/s) and
reduced run-time of 11.5 h. Hence the optimised average (0.15 ML/ha) was adopted and used

as the deep drainage measurements for this experiment.

Yield

Crop yields (bales/ha) have a direct impact on the gross income of cotton producers.
Incorporating new technologies and better management practices into production assists in
improving the economic sustainability. Crop yields are influenced by different factors,
including: cultivar selection, climate, pests, diseases, management decisions and timing of
operations (Bakhsh et al. 2005; Antille et al. in press). Row-spacing has a large impact on
yield performance as it influences the number of plants per hectare which can provide various
advantages or disadvantages. One meter row-spacing has become standard practice for cotton,
due to harvesting implement frontage and the size of tyres (Lal 2006), hence numerous
cultivars and machinery has been designed to suit this system (Clark and Carpenter 1992). A

greater yield was observed in the 1.0 m cotton compared with 1.5 m cotton in both seasons
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(2013-14, 2014-15) this experiment was conducted. This equated to an 18% in the first year
(2013-14) and reduced to a 6% difference in yield in the second (2014-15). Soil compaction
was reduced in the second year (2014-15) contributing to an increase in yield (Bennett et al.

2015a).

Generally yield potential decreases with increasing row-spacing. In water deficient
environments, wide row systems can minimise yield penalties due to: reduced risk of crop
failure; allowing for the extension of water cycles; maintaining, fibre quality; better use of in-
crop rainfall; and, reduction of other on-farm costs e.g. seed/ha; factors which were observed
in the 1.5 m cotton. In particular, fibre quality was significantly improved in the 1.5 m cotton

fibres compared to 1.0 m cotton fibres.

Single skip and 1.5 m row-spacing are two popular wide row options (CRDC 2012). Single
skip involves skipping one plant row in every four and is typically utilised in rain-fed cotton
production as it maximises rainfall use efficiency (Figure 22). Irrigated single skip yields are
comparable to solid 1.5 m row spacing yields as both options occupy 67% of the available
land per ha (Pyke 1991; Bange et al. 2005). Single skip cannot employ CTF, unlike 1.5 m

row-spacing. Hence compaction will occur.
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Figure 22. Diagram demonstrating the difference between (a) solid 1.0 m row-spacing, (b) single skip row-
spacing and (c) wide row 1.5 m row-spacing.
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Narrow row cotton (0.75 m) and Ultra Narrow Row (UNR) (< 0.4 m) are row-spacing
configurations which aim to maximise yields when water is non-limiting. These are typically
grown in the southern cotton growing regions of Australia where water is highly available and
seasons are shorter (Brodrick et al. 2012a). Yields are maximised by increasing the plant
density per ha. On average yields are 14.4% (P < 0.05) greater in UNR configurations
compared with 1.0 m row-spacing. However, they tend to have a greater irrigation
requirement (Brodrick et al. 2010). The 1.5 m cotton had a greater WUE than the 1.0 m
cotton. Hence it is more suitable than UNR and narrow row for regions with limited water e.g.

Macquarie Valley.

Data from this experiment is consistent with those from other studies which span across
multiple seasons and in various climatic zones (Figure 23) (Brodrick et al. 2010; CSD 2010;
Brodrick 2012; Quigley 2014; CSD 2015). Comparisons indicate that the 1.5 m and 1.0 m
row-spacing data is slightly above average indicating a more suitable season for achieving
higher yielding cotton. Data from Quigley (2014) is slightly below average for 1.5 m cotton
and slightly above for 1.0 m cotton. On average yield increased with decreasing row spacing.
Brodrick et al. (2010) conducted an experiment to determine the yield difference between 1.0
m and UNR (0.25 m) row-spacing in cotton. This experiment occurred in three different
locations over three growing seasons. Yield was greater in UNR cotton but uptake of this
configuration was theorised to be low due to associated logistical difficulties (Brodrick et al.
2010; Brodrick et al. 2012a). Cotton Seed Distributors (CSD) have conducted multiple field
experiments comparing 1.0 m row spacing with single skip cotton in fully and semi-irrigated
production systems. Single skip cotton produced a lower yield compared to conventional

spacing but in each experiment single skip was found to have a greater WUE, essential for the
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water limited environments of north-west NSW (Bourke) and south-east QLD (Goondiwindi)

where these experiments were conducted (CSD 2010; CSD 2015).
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Figure 23. Data comparison of CSD field experiments (CSD 2010; CSD 2015), Brodrick’s UNR field
experiments (Brodrick et al. 2010; Brodrick et al. 2012a), Quigley’s field experiment (Quigley 2014) and using
machine picked data from this experiment (Bartimote 2014-15). It compares yields from multiple row
configurations (UNR, 1.0 m, 1.5 m and single skip) from these experiments and against a calculated average of
all the available data. Grey bars represent yields from various other studies.

Yield in each fruiting segment (bales/brown ha) in both the 1.0 m and 1.5 m row-spacing
treatments was directly correlated (R? = 0.99 and R? = 0.99 respectively) with the number of
bolls per fruiting segment (bolls/m?) (Figure 15). Increasing the number of bolls/m® has a
positive impact on yield (Constable et al. 2001). Hence the introduction of narrow row and
UNR row configurations under optimal irrigated conditions (Brodrick et al. 2012a), which

may suggest that yield in a 1.5 m row-spacing system could be hampered.

The lower yield per ha for both years of the experiment (2013-14 and 2014-15) was in the 1.5

m cotton compared with 1.0 m cotton could be attributed to those plants reaching their
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seasonal yield potential (as light interception may be limiting due to reduced early season
canopy cover). Where the performance of a crop in particular conditions is determined by
their genetic potential. Inputs were not limiting as the experiment was fully irrigated with
nitrogen being applied as required. This suggests that each plant reached fruiting capacity,
hence restricting yield, as demonstrated in Gibbs (1995). Lower plant densities, such as those
in the 1.5 m row-spacing system, are known to inhibit yield (Bednarz et al. 2000), although
cotton plants are capable of compensating yield, as was observed in the current project.
Where the 1.5 m cotton had reduced plant density in comparison to the 1.0 m cotton, it also
produced more bolls per plant, particularly in the vegetative branches. In the Spring 2015
Spotlight Magazine, it was suggested yield potential will increase each season as new genetics
and better management practices are introduced by cotton breeders and utilised by growers
(CRDC 2015). Hence seasonal yield potential may have been one factor among others which

influenced yield, e.g. insect damage and disease.

There was a large difference between handpicked and machine picked yields in both seasons
(2013-14 and 2014-15) of this experiment, which is similar to a 10% difference in yield
measurement methods observed by Brodrick et al. (2010). Average rows were selected for
segment picking with at least eight plants per metre to present a normal population. Samples
from these segments were then ginned individually at CSD. Ginning smaller amounts at a
time would improve overall accuracy and increase the lint turnout percentage in the
handpicked cotton compared with the machine picked cotton. Furthermore high yielding
plants in the 1.5 m treatment would increase the difficulty of harvest for pickers, producing a
high volume of cotton, impacting harvest efficiency, as pickers harvested 4 rows in the 1.5 m

cotton and 6 rows in the 1.0 m cotton (width = 6 m) (Bennett et al. 2015b). Especially since
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the 2014-15 cotton season was highly favourable in the Macquarie Valley with early season

rain, high temperatures mid-season and no rain during harvest (CRDC 2015).

Fibre quality and fruit segment distribution

The 1.5 m row spacing produced cotton plants which were wider and taller than their 1.0 m
counterparts. Brodrick et al. (2010) observed the opposite in UNR cotton compared with 1.0
m cotton. Individual plants in UNR cotton were shorter and had fewer mature bolls past the
1% and 2" positions. This was attributed to lower light interception, a result of a denser
canopy. Cotton plants tend to invest resources only in bolls which they intend to keep,
meaning boll weight is an indication of which fruiting positions were prioritised (Jackson and
Gerik 1989). Hence, as 2" position bolls were heavier than in 1.0 m cotton, it is deduced the
1.5 m cotton plants had less competition for soil water and nutrients. Furthermore, the
majority of the lint from 1.5 m cotton was found on the vegetative positions (branches) while
in 1.0 m cotton the majority of the yield was found on fruiting positions 1 to 8. Thus plants in
the 1.5 m row-spacing matured slower as faster maturing plants tend to have the majority of

their lint in the higher fruiting positions (Brodrick et al. 2010).

Data from the handpicked segments revealed higher fibre length and strength in 1.5 m
compared with 1.0 m row-spacing. Final fibre length is determined at the end of the fibre
elongation period. This occurs around 25 days after flowering and pollination (Bange et al.
2009). Water stress during this time can have a detrimental effect on fibre length (Hearn 1976;
Constable and Hearn 1981). The 1.5 m cotton has access to a larger profile of soil water

which sustains plants through drier periods, alleviating water stress, resulting in longer fibres.

Fibre was significantly better quality in the 1.5 m row-spacing in both strength and length
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compared with 1.0 m row-spacing. Fibre strength is a measure of the maximum resistance to
stretching forces and measured in grams force. Fibre strength has a direct correlation to fabric
strength and durability. Strength is determined by maturity. Moisture stress in the later part of
boll filling can reduce fibre strength. Hence the vegetative bolls had the greatest fibre strength
since they were the most mature. One metre cotton fibre is less mature as the majority of the
lint appears on the fruiting positions 1-8, which occur later in the season (Bange et al. 2009;
Roth et al. 2013). As fibre quality impacts the price per bale growers receive at the gin,
quality needs to be within certain parameters to minimise penalties (Table 4). Both the 1.0 m
and 1.5 m cotton is within these parameters. However, 1.5 m cotton fibre is stronger and
longer hence if downgrades due occur due to limited water and high plant stress there is an

insurance policy against a loss in quality.

Table 4. Cotton fibre quality parameters (Bange et al. 2009).

Fibre Trait Ideal range Premium range
Length > 1.125 inches > 1.250 inches
Strength > 29 g/tex > 34 gltex

Economics

There is a significant difference of $191.30/ha in gross margins between the two row-spacings
in favour of the 1.5 m cotton. The 1.0 m cotton received greater yields resulting in a higher
gross income but with a higher input cost, whilst the 1.5 m cotton had a lower yield, but a
lower cost per ha. Subsequently, the most expensive input cost was water for irrigation

although technology fees and ginning costs also had an important impact (Table 5).
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Cotton lint was given the average representative price of $500 per bale (227 kg per bale). This
price was representative of the prices being received in the Macquarie Valley in the 2014-15
season, but fluctuates depending on supply and demand. It can be affected depending on the
gin, the region and the country it is sold in. Changes in cotton price would affect the outcomes
of the gross margin. An increase in cotton price would reduce the difference between gross
margins and make the 1.0 m cotton more competitive. It would only break even with the 1.5
m cotton at $803/bale. In a poor cotton market the 1.5 m row-spacing would the most

competitive system.

The price of water is known to fluctuate depending on availability and the region. In a wet
year it can be as low as $50 per ML while in a dry year it can reach $300 per ML. The price
of water had the most significant impact on the gross margin. Through consultation with
various growers and consultants in the Macquarie Valley a $200/ML value was used as the
average water price (Pers Comm Sustainable Soil Management, Auscott Warren, NSW DPI).
A sensitivity analysis revealed that the difference in gross margins between 1.0 mand 1.5 m
cotton increased with an increasing water price (Figure 24). This was due to a greater WUE in
the 1.5 m cotton which reduced the irrigation requirement compared to the 1.0 m cotton. This
suggests that 1.5 m row-spacing is more economically sustainable production system in

regions where water is limiting.

42



Timothy Bartimote 2015 312077041

$300.00 ~
$250.00
$200.00 -
$150.00 +

$100.00

Difference in GM's ($/ha)

$50.00

$- T T T T 1
$100.00 $150.00 $200.00 $250.00 $300.00

Price of water (ML)

Figure 24. Sensitivity analysis which demonstrates the change in the difference between the gross margins of
1.5 mand 1.0 m cotton as a result of an increasing and decreasing price of water ($/ML). This difference reveals
that the 1.5 m has a better performing gross margin when water prices are high.

A reduction in technology fees was observed in the 1.5 m cotton compared with the 1.0 m
cotton. The 1.5 m row-spacing only grows on 67% of the total area planted in 1.0 m row-
spacing. Due to the large adoption of genetically engineered Bollgard 11™ and Roundup

Ready Flex™ cotton technology fees have become a substantial cost ($400/green ha).
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Table 5. The expected gross margins of 1.0 m and 1.5 m row-spacing (based on NSW DPI cotton gross margin template for Central & Northern NSW 2014-15).

Income Yield Price Income 1.0 m ($/ha)  Yield Price Income 1.5 m ($/ha)
Lint income 12.3 500.0 6150.0 11.6 500.0 5800.0
Seed income 3.1 80.0 248.0 2.9 80.0 232.0
Total income 6398.0 6032.0
Operation Volume Cost Applicationcost Cost1.0m ($/ha)  Volume Cost Application cost Cost 1.5m ($/ha)
Bed forming 2.0 25.0 50.0 2.0 25.0 50.0
MAP 100.0 1.0 96.0 84.0 1.0 80.6
Seed 13.0 8.0 9.0 113.0 8.7 8.0 9.0 78.3
Nitrogen

fertiliser 275.0 11 298.9 231.0 11 251.1
Water 8.1 200.0 1620.0 7.3 200.0 1460.0
Herbicide 4.0 9.0 6.0 60.0 4.0 9.0 6.0 60.0
Insecticide 1.0 15.0 15.0 30.0 1.0 15.0 15.0 30.0
Defoliation 3.0 25.0 15.0 120.0 2.0 25.0 15.0 80.0
Picking 272.0 271.8 272.0 271.8
Module wrap 115 6.0 69.1 9.7 6.0 58.4
Ginning 11.5 60.0 691.2 9.7 60.0 583.8
Technology 1.0 400.0 400.0 0.7 400.0 266.7
Levies 11.5 4.5 51.8 9.7 4.5 43.8
Consultant 60.0 60.0 60.0
Total costs 3931.8 3374.5

Gross margin 2466.2 2657.5
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Limitations

The WUE component of this experiment is limited by having only one large replicate field
block. Measurement of irrigation applications could not be separated into the individual
blocks. To alleviate this problem flume meters would be required to measure water flow into
and out of each row. Otherwise multiple fields with a complete block design would provide
several replicates to enable statistical analysis of the water balance. Extrapolation of the data

from this experiment would be useful in informing further work in other regions.

Future research

This experiment has collected two years of data which improves the reliability of the data.
However this only occurred in the Macquarie Valley, limiting the practical transfer of this
information into other cotton growing regions (e.g. Gwydir Valley, Riverina and Macintyre
Valley). The Macquarie Valley receives 513 mm of annual rainfall (BOM 2015) and water
allocations for irrigators were low in the 2014-15 season. The 1.5 m row-spacing performed
better in these water limited conditions than the 1.0 m row-spacing as it had a greater WUE
and required less irrigation per ha. The Riverina has an annual rainfall of 236-617 mm and
has a large irrigation resource in the Murray-Darling basin and conjoining river systems
(Office of Environment and Heritage 2015). If water prices are lowered revaluation of the
economic sustainability of the 1.5 m row-spacing in this new environment would be required.
However, 1.0 m row-spacing does not allow for CTF, increasing compaction of soils. In areas
where water is not entirely limited, compaction may be; hence performing this study in those
regions would provide a better indication of the suitability of the 1.5 m production system to

other climates and environments (Tullberg 2010; Bennet et al. 2015b.; Antille et al. in press)
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Conclusions

This experiment demonstrated that 1.5 m cotton had a greater WUE by producing 0.09 more
bales per ML ($20.43 /ML; $227 /bale), compared with 1.0 m cotton. This small difference
meant a lower irrigation requirement resulting in 1.5 m cotton outperforming 1.0 m cotton in
terms of gross margin ($2657.50/ha and $2466.20/ha, respectively). This outweighs the fact
that 1.0 m cotton out yielded 1.5 m cotton by 1.8 bales/ha (16%) in 2013-14 and by 1.09
bales/ha (6%) in 2014-15, and reinforces the fact that yield should be considered in terms of

system inputs.

Segment picking revealed that the majority of the fruit from the 1.0 m cotton was from
fruiting positions 1-8, while the majority of the lint yield for 1.5 m cotton originated from
vegetative branches. However, there were only minor differences in fibre quality between 1.0

m and 1.5 m cotton that were considered within industry parameters.

The use of 1.5 m row-spacing cotton appears to be best suited to water limited environments
based on its ability to enhance WUE. It should be noted that much of the Australian cotton
industry would be historically categorised as water limited in terms of both irrigation
allocation and rainfall. Hence, future research should replicate this experiment in other
climates and environments of dominant cotton regions to see which row-spacing
configuration is most suitable in different situations. Importantly, the 1.5 m system lends itself
to incorporation of true CTF capable of integrating with the wheel track of 3 m found in the

majority of machinery.

46



Timothy Bartimote 2015 312077041

Acknowledgements

I thank my supervisors, Associate Professor Daniel Tan, Dr John Bennett of the University of
Southern Queensland and Dr Rose Brodrick of CSIRO Agriculture for supervising me in this
exciting project. They provided detailed advice and comments throughout the entire
experiment. | thank David Duncan and Patrick Holmes of SSM for assistance and provision
of equipment, Jim Purcell of Aquatech Consulting for his support in conducting Sirmod
simulations, Bob Ford of Cotton Seed Distributors (CSD) for assisting with fruit mapping and
fibre quality measurements, Associate Professor Brett Whelan for help in kriging and plotting
the cotton yield maps and Sinclair Steele and Jake Hall of Auscott for allowing me access to
their field experiments. Generous financial support from the Cotton Research and

Development Corporation is also gratefully acknowledged.

47



Timothy Bartimote 2015 312077041

References

ANCID (Australian National Committee on Irrigation and Drainage) (2015) ‘Know the Flow
— Flowmeter Training Manual.” (ANCID: Tatura)

Antille DL, Bennett JM, Jensen TA (In Press) Soil compaction and controlled traffic
considerations in Australian cotton farming systems. Crop and Pasture Science.

Bakhsh K, Hassan I, Magbool A (2005) Factors Affecting Cotton Yield: A case study of
Sargodha (Pakistan). Journal of Agriculture and Social Sciences 1, 332-334

Bange MP, Carberry PS, Marshall J, Milroy SP (2005) Row configuration as a tool for
managing rain-fed cotton systems: review and simulation analysis. Australian Journal
of Experimental Agriculture 45, 65-77

Bange MP, Constable G, Gordon S, Long R, Naylor G, Van der Sluijs M (2009) ‘FIBREpak
A guide to improving Australian cotton fibre quality.” (Cotton Catchment
Communities Cooperative Research Centre: Narrabri)

Barley KP (1963) Influence of soil strength of growth of roots. Soil Science 96, 175-180

Bednarz CW, Bridges DC, Brown SM (2000) Agronomy Journal 92, 128-135

Bennett JM, Antille DL, Jensen TA (2015a) Highlighting the importance of CTF for heavy
cotton harvest machinery. International Controlled Traffic Farming conference, June,
Prague

Bennett JM, Woodhouse NP, Keller T, Jensen TA, Antille DL (2015b) Advances in Cotton
Harvesting Technology: a Review and Implications for the John Deere Round Baler
Cotton Picker. Journal of Cotton Science 19, 225-249

BOM (2015) Bureau of Meteorology — Climate Statistics for Australian locations. Available
from URL.: http://www.bom.gov.au/climate/averages/tables/cw_051124.shtml
[accessed 3 October 2015]

Braunack MV, McPhee JE, Reid DJ (1995) Controlled traffic to increase productivity of
irrigated row crops in the semi-arid tropics. Australian Journal of Experimental
Agriculture 35, 503-513

Brodrick R, Bange MP (2010) Determining physiological cutout in ultra-narrow row cotton.
In “‘Food Security from Sustainable Agriculture’. (Eds H Dove, RA Culvenor) pp. 15-
18. (15th Agronomy Conference 2010: Lincoln, New Zealand)

Brodrick R, Bange MP, Milroy SP, Hammer GL (2010) Yield and Maturity of Ultra-Narrow
Row Cotton in High Input Production Systems. Agronomy Journal 102, 843-848

Brodrick R, Bange MP, Milroy SP, Hammer GL (2012a) Physiological determinants of high
yielding ultra-narrow row cotton: Biomass accumulation and partitioning. Field Crops
Research 134, 122-129

Brodrick R, Quinn J, Lowien Z, Jackson R, Montgomery J, Stone M, Young A, Fox R,
Robinson J (2012b) Semi-irrigated cotton: Moree limited water experiment. In ‘14th
Australian Cotton Conference’ (Cotton Australia: Sydney)

Brodrick R, Bange MP, Milroy SP, Hammer GL (2013) Physiological determinants of high
yielding ultra-narrow row cotton: Canopy development and radiation use efficiency.
Field Crops Research 148, 86-94

Cameron J, Hearn AB (1997) Agronomic and economic aspects of water use efficiency in the
Australian cotton industry. “A report compiled for the Cotton Research and
Development Corporation of Australia, Narrabri, NSW, unpublished.

Chan KY, Oates A, Swan AD, Hayes RC, Dear BS, Peoples MB (2006) Agronomic
consequences of tractor wheel compaction on a clay soil. Soil and Tillage Research 89,
13-21

Chartres C, Williams J (2006) Can Australia Overcome its Water Scarcity Problems? Journal
of Developments in Sustainable Agriculture 1, 17-24

48



Timothy Bartimote 2015 312077041

Clark LJ, Carpenter EW (1992) Cotton Row Spacing Studies, Safford Agricultural Centre.

Constable G, Hearn A (1981) Irrigation for crop in a sub-humid environment. Irrigation
Science 3, 17-28

Constable G, Reid P, Thomson N (2001) Approaches utilized in breeding and development of
cotton cultivars in Australia. Genetic improvement of cotton: Emerging technologies.
(Science Publisher Inc.: Enfield)

Cotton Australia (2015) Fact Sheets — Water. Available from URL.:
http://cottonaustralia.com.au/cotton-library/fact-sheets/cotton-fact-file-water [accessed
24 October 2015]

CSD (2010) Semi irrigated cotton — lesson so far. Cotton Seed Distributors

CSD (2015) Semi irrigated cotton configurations — Case Study “Redbank”, 2010-11. Cotton
Seed Distributors.

CRDC (2012) “WATERpak — a guide for irrigation management in cotton and grain farming
systems.” (CRDC Publishing: Narrabri)

CRDC (2013) “Cotton Growing Practices 2013 — Findings of CRDC’s survey of cotton
growers.” (CRDC: Narrabri)

CRDC (2015) “Spotlight On Cotton R&D — Spring 2015.” (CRDC Publishing: Narrabri)

Cull PO, Hearn AB, Smith RCG (1981) Irrigation Scheduling of Cotton in a Climate with
Uncertain Rainfall. Irrigation Science 2, 127-140

Enciso-Medina J, Unruh BL, Henggeler JC, Multer WL (2002) Effect of row pattern and
spacing on water use efficiency for subsurface drip irrigated cotton. Transactions of
the ASAE 45, 1397-1403

FAO (2009) Global agriculture towards 2050. Paper presented at High-Level Expert Forum —
How to feed the world 2050, October 2009, Rome

Fraiture CD, Wichelns D, Roskstrom J, Kemp-Benedict E (2007) Looking ahead to 2050:
scenarios of alternative investment approaches. In "Water for food, water for life: A
comprehensive assessment of water management in agriculture.' (Ed. D Molden) pp.
91-145. (Earthscan: Colombo)

Gibb D (1995) Cotton production during drought. Cooperative Research Centre for
Sustainable Cotton Production Narrabri.

Gillies M (2012) Benchmarking furrow irrigation. In “The Australian cotton water story: a
decade of Research and Development 2002-2012". (Eds J Trindall, G Roth, S
Williams, G Harris, D Wigginton) pp. 34-58. (Cotton Catchment Community CRC:
Narrabri)

Hamza MA, Anderson WK (2005) Soil compaction in cropping systems: A review of the
nature, causes and possible solutions. Soil Tillage Research 82, 121-145

Hearn A (1976) Response of cotton to nitrogen and water in a tropical environment. 111. Fibre
quality. The Journal of Agricultural Sciences 86, 257-269

Howell TA (2000) Irrigation’s role in enhancing water use efficiency. Proceedings of the
fourth decennial national irrigation symposium, Phoenix, Arizona, 66-80

Jackson BS, Gerik TJ (1989) Boll Shedding and Boll Load in Nitrogen-Stressed Cotton.
Agronomy Journal 82, 483-488

Jayaraman K (2015) “A Statistical Manual For Forestry Research.” (Food and Agriculture
Organization of the United Nations: Bangkok)

Jost PH, Cothren JT (2001) Phenotypic alterations and crop maturity differences in ultra-
narrow row and conventionally spaced cotton. Crop Science 41, 1150-1159

Lal R (2006) ‘Encyclopaedia of Soil Science 2™ edition, volume 1.” (CRC Press: Melbourne)

Masek J, Kroulik M, Kumhala F (2010) Benefits of controlled traffic farming. Engineering
for Rural Development 8, 54-58.

49



Timothy Bartimote 2015 312077041

McGarry D, Chan KY (1984) Preliminary investigation of clay soil’s behaviour under furrow
irrigated cotton. Australian Journal of Soil Research 22, 99-108

McGarry D (1990) Soil compaction and cotton growth on a vertisol. Australian Journal of
Soil Research 28, 869-877

Meyer WS (2000) Irrigation and the competition for water: will improved water use
efficiency deliver everyone’s aspirations? Irrigation Australia: The Official Journal of
Irrigation Australia 15, 10-16

Montgomery J, Bray S (2014) Benchmarking water use efficiency in the cotton and grains
industries. Paper presented at thel17th Australian Cotton Conference, August 2014,
Broadbeach

Montgomery J, Hornbuckle J, Hume I, Vleeshouwer (2015) IrriSAT — weather based
scheduling and benchmarking technology. www.agronomy2015.com

Murray Darling Basin Authority (2015) Irrigated Agriculture in the Basin — Facts and Figures.
Available from URL: http://www.mdba.gov.au/about-basin/irrigated-agriculture-in-
the-basin [accessed 24 October 2015]

NSW DPI (2015) Cotton Gross Margins: Furrow Irrigated Cotton — Central and Northern
NSW — 2014-2015. Available from URL:
http://lwww.dpi.nsw.gov.au/__data/assets/pdf_file/0003/577902/cotton-gross-margins-
2014-2015-central-and-northern-nsw.pdf [accessed 20 October 2015]

Office of Environment and Heritage (2015) Riverina — climate. Available from URL:
http://www.environment.nsw.gov.au/bioregions/Riverina-Climate.htm [accessed 20
October 2015]

Payero JO, Harris G (2007) Benchmarking water management in the Australian cotton
industry. Report submitted to the Cotton Catchment Communities CRC. Queensland
Department of Primary Industries and Fisheries.

Pyke B (1991) Choosing a row spacing configuration for dryland cotton. The Australian
Cotton Grower 12, 62-64

Quigley R (2014) Effect of 1 m and 1.5 m row spacing on yield and fibre quality of upland
cotton in Warren, NSW, Australia. Thesis Project — The University of Sydney

Radford BJ, Bridge BJ, Davis RJ, McGarry D, Pillai UP, Rickman JF, Walsh PA, Yule DF
(2000) Changes in the properties of a Vertisol and responses of wheat after
compaction with harvester traffic. Soil and Tillage Research 54, 155-170

Roche R, Bange M, Vaessen S, Hely T, Mitchells M (2006) Which cotton row spacing is the
better option for southern NSW? CSIRO plant industry

Roth G, Harris G, Gillies M, Montgomery J, Wigginton D (2013) Water-use efficiency and
productivity trends in Australian irrigated cotton: a review. Crop and Pasture Science
64, 1033-1048

SAS Institute Inc. (2015) JMP — statistical discovery™. Available from URL:
http://www.jmp.com/en_us/home.html [accessed 23 October 2015]

Stone JF, Nofziger DL (1993) Water use and yields of cotton grown under wide-spaced
furrow irrigation. Agricultural Water Management 24, 27-38

Suh MW, Sasser PE (1996) The Technological and Economic Impact of High VVolume
Instrument (HV1) Systems on the Cotton and Cotton Textile Industries. Journal of the
Textile Institute 87, 43-59

Tennakoon SB, Milroy SP (2003) Crop water use and water use efficiency on irrigated cotton
farms in Australia. Agricultural Water Management 61, 179-194

Tennakoon SB, Richards D, Milroy S (2004) Water use efficiency in the Australian cotton
industry, in Dugdale H et al., Ed, (2004) “WATERpak - A guide for irrigation
management in cotton”, Cotton Research and Development Corporation.

50



Timothy Bartimote 2015 312077041

Tullberg JN (2000) Wheel Traffic Effects on Tillage Draught. Journal of Agricultural
Engineering Research 75, 375-382

Tullberg JN (2010) Tillage, traffic and sustainability — A challenge for ISTRO. Soil and
Tillage Research 111, 26-32

Tullberg JN, Yule DF, McGarry D (2007) Controlled traffic farming—From research to
adoption in Australia. Soil and Tillage Research 97, 272-281

VSN International Ltd. (2015) Genstat. Available from URL:
http://www.vsni.co.uk/software/genstat/ [accessed 23 October 2015]

Walker WR (2003) ‘SIRMOD |11 - Surface Irrigation Simulation, Evaluation and Design —
Guide and Technical Documentation’. (Utah State University: Logan)

Webb CP (2010) ‘Bureau of Meteorology Reference Evapotranspiration Calculations’.
(Bureau of Meteorology: Brisbane)

Wigginton DW (2011) Whole farm water balance: Summary of Data 2009 — 2011, Cotton
Catchment Communities CRC, Narrabri

Williams D, Montgomery J (2008) Bales per Megalitre — An Industry Wide Evaluation of the
2006/07 season. Paper presented at the 14" Australian Cotton Conference, August
2008, Broadbeach

o1



	Abstract
	Materials and Methods
	Soil gravimetric analysis
	Water balance
	Hand segment picked cotton
	Machine picked cotton
	Determining WUE
	Economic analysis
	Data analysis

	Results
	Water balance
	Water use efficiency
	Machine picked and handpicked yields in the 2013-14 and 2014-15 seasons (in 227 kg bales)
	Economic analysis
	Segment picking (2013-14 and 2014-15)
	Fibre quality of the handpicked cotton from 2014-15

	Discussion
	Water use efficiency
	Yield
	Fibre quality and fruit segment distribution
	Economics
	Limitations
	Future research

	Conclusions
	Acknowledgements
	References

